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Introduction

With the discovery of high temperature superconducting properties of the lanthanum copper-oxides, chemists and crystal growers attempted to grow superconductors with high critical temperatures.  The only superconductor developed from these trials was Sr2RuO4 in 19941.  However, unlike the cuprates, its critical temperature is much to low to be practically useful or to be considered a novel high TC superconductor, around 1 Kelvin.  Because Sr2RuO4 has a similar structure to the superconducting cuprate parent compound La2CuO4, it has proven useful in examining properties properties of superconductors in general.

Structure of strontium ruthenate and the cuprates


Sr2RuO4 at first appears to be nearly identical to La2-xSrxCuO4 because they are structurally identical, but actually, the chemical structure is where their similarities end.    To begin, each ruthenate crystal unit cell has four valence electrons (arising from the ruthenium +4 formal valence) contrasting with one hole for every cuprate cell.  These four valence electrons attached to the ruthenium lattice point reside in the valence d-shell orbitals of that atom.  The ruthenium +4 ion lies at the center of a RuO6 octahedron (see figure 1) with the oxygen atoms lying on the x-, y-, and z- axes of symmetry.  The negative oxygen ions have a formal –2 valences and, as a result, contribute to the splitting of the five degenerate ruthenium 4d-orbital energies.  Because oxygen is very electronegative, it tends to have a high electron density in compounds.  In the RuO6 octahedron, oxygen’s local negative charge repels electrons in the central ruthenium and does so symmetrically.  Because lobes of the the dxy, dxz and dyz shells (t2g symmetry) lie off of the x-, y-, and z-axes, they overlap less with the oxygen p orbitals, which lie along the axes.   As such, the electronegative oxygen coulomb field favors electron occupancy        [image: image3.png]



Figure 1.  The perovskite structure of Sr2RuO4 and of the cuprate family La2-xSrxCuO4.  The spacing between the x-y plane layers is large enough that there is little energy dispersion along the z-axis, and the compounds can be legitimately considered planar
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Figure 2.  The threefold degenerate  t2g  4d orbitals, dxz, dyz and dxy of ruthenium.   Because these orbital lobes lie off-axis from the oxygen atoms’ p orbitals, the t2g d orbitals are lowered in energy compared to the other pair of 4d atomic orbitals.
.in the lower energy threefold t2g shells relative to the other two d-orbitals (of eg symmetry).  It is the electrons in these t2g orbitals that form the Fermi surface.
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Figure 3.  The eg and t2g energy levels and their occupancies.  Technically, the four electrons are evenly distributed between the three t2g orbitals, but that is not reasonable to show in a diagram.


The structure of strontium ruthenate, like that of the cuprates, is highly planar in that distances between planes along the z-axis are large enough that electrons are largely confined to the x-y planes.  In other words, energy disperses freely along the x-y planes but is restricted along the z-axis.  As a result, the xy orbitals have a full two-dimensional dispersion whereas the other two orbitals have only restricted one-dimensional dispersions.  In addition, the xy orbitals mix only extremely weakly with the yz and xz orbitals because of differing xy-plane reflection parities.  The four valence electrons of ruthenium are evenly distributed between these three orbitals.  This orbital behavior contrasts with that of the cuprates, where the dx^2-y^2 orbitals are occupied and share a strong ( overlap with the oxygen p orbital due to the hole’s attraction to oxygen’s lone pair electrons.  

The Fermi surface and ruthenate’s unusual Cooper pairs

The resulting Fermi surfaces for strontium ruthenate resemble three cylindrical sheets, which has been confirmed experimentally.  As much as the appearance and size of the band structure has been confirmed by experiment, band structure calculations differ significantly from experiment.  In particular, the effective mass of the electrons is measured at between three and five times the predictions, which agrees instead with the values determined from the specific heat coefficient’s linear dependence on temperature and is consistent with Landau theory.  The additional measurement of the T2 dependence of the resistivity and the electron effective mass enhancement, confirm that the predominant interaction for the electrons is electron-electron type rather than electron-phonon type.  In many other superconductors, the electron-phonon interactions induce the formation of superconducting pairs, but in Sr2RuO4 it is the much stronger electron-electron interaction that controls superconductivity, much more similar to liquid helium-3 than to its structural sibling, La2-xSrxCuO4.  


Strontium ruthenate’s unusual superconducting characteristics, especially its similarities to helium-3, have led to the proposal that the Cooper pairs in the compound are in a spin triplet state with a definite total angular momentum of l=1, a p wave state.  This suggestion was made in part because the closely related material SrRuO3 is a ferromagnet.5  The p-wave, spin-triplet state of Sr2RuO4 contrasts greatly with the d-wave, spin-singlet state of the antiferromagnetic cuprates.  The total symmetry of the superconducting state also requires the definition of the internal motion of the particles in the Cooper pairs as defined by the point group of the crystal.  The RuO4 subunit has tetragonal symmetry, but the crystal’s overall planar structure suggests that pairing must occur primarily within the planes rather than between the planes.  

Confirming that the pairs are in a spin triplet state is somewhat tricky, but can be done by measuring the Knight shift under nuclear magnetic resonance.  The Knight shift is the small change in resonance energy due to the weak spin polarization of electrons in a magnetic field.  In a spin singlet state, all of the spin pairs are anti-parallel, so the applied field does not change the resonance as the temperature decreases to zero.  In other words, the Knight shift vanishes as the temperature approaches absolute zero for spin singlet states.  In contrast, some spin triplet pairs have parallel spins lying in the plane.  The application of a magnetic field along the plane will change the relative numbers of pairs with spins parallel and antiparallel to the magnetic field.  As such, the Knight shift will remain unchanged as the temperature changes for triplet states.  In the case of Sr2RuO4, the Knight shift6 is shown in figure 4.


Figure 4.  The Knight shift for strontium ruthenate (straight line of solid dots).  Notice that the Knight shift does not vanish even at vanishingly low temperatures.  The other line is a prediction of the Knight shift if strontium ruthenate’s Cooper pairs were spin singlets.

Conclusions

In conclusion, strontium ruthenate exhibits many properties warranting additional research.  In particular, its structural similarity to the cuprates might suggest it would have similar properties to them, but its behavior is quite disparate from theirs.  Strontium ruthenate’s charge carriers are completely different from those in the cuprates and as a result,the ruthenates demonstrate superconductivity only at relatively low temperatures.  In addition, strontium ruthenate’s superconductivity is intrinsic, whereas the cuprates’ arises from doping.  Strontium ruthenate’s properties are interesting on their own, but comparison with the cuprates may eventually yield a better understanding of the high-temperature superconductors. 
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