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Neutron Resonance in the Cuprates and Its Effect on Fermionic Excitations
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The Electronic Nature of High Temperature Cuprate Superconductors

M. R. Norman, C. Pepin (CEA-Saclay, France)
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Peculiarities of Spin Reorientation in a Thin YIG Film
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c.  Purpose

Condensed matter theory research contacts the materials research program at ANL through a mix of individual theoretical studies, and collaborative studies with the experimental groups. These frequently involve detailed modeling of complex materials and phenomena for which new theoretical methods and concepts are developed as needed.

e.  Approach

A. A. Abrikosov (100%), A. Koshelev (50%), K. Matveev (100%), M. R. Norman (100%), V. Vinokur (50%), A. Klironomos (Postdoc, 100%), R. Ramazashvili (Postdoc, 100%)

Current research programs are carried out in four thrust areas:

Superconductivity

Aspects of superconductivity being investigated theoretically include:
· Exploration of the nature of the spin response observed by inelastic neutron scattering in high temperature cuprate superconductors, and its relation to the electronic structure

· Connection of the electronic inhomogeneities in the CuO2 planes in cuprate superconductors and the anomalous pseudogap observed in such materials

· Analysis of optical conductivity data in terms of kinetic energy lowering in the superconducting state of the cuprates

Spectroscopy   

Investigations currently underway include the following:

· Utilizing angle-resolved photoemission (ARPES) data to unravel the microscopic physics of cuprate superconductors.  This includes understanding the nature of the normal state, the pseudogap state, and the superconducting state, by analysis of ARPES data

· Extraction of the temperature, momentum, frequency, and doping dependence of the electron self-energy from ARPES, with particular emphasis on the various phases of cuprate superconductors

· Effect of the spin resonance seen by neutrons in cuprates on tunneling and ARPES spectra

Magnetism

Current studies in magnetism include:

· Modeling transport in nanowires with more than one magnetic element

· Formulation of microscopic models to explain quantum critical behavior and associated transport properties in magnetic metals

· Analysis of magnetic inelastic x-ray scattering data

Mesoscopics

Current projects in mesoscopics include:

· Transport in quantum wires, including interplay of phonons and the Coulomb interaction

· Spin-charge separation and Wigner crystal formation in quantum wires

· Study of double-barrier resonant tunneling devices

f.  Technical Progress

Superconductivity

Modeling the insulating antiferromagnetic phase in layered cuprates as a spin density wave, the experimentally observed appearance of a local antiferromagnetic region around an impurity atom was analyzed. It was assumed that this phenomenon is due to the excess positive charge (compared to copper) of the impurity ion and the corresponding decrease of the hole concentration in its vicinity.  The size of the antiferromagnetic “bubble” was found to be of the order of several lattice constants, in agreement with the experimental data.

The theory of the metal-insulator transition in layered cuprates was used to explain the phenomenon of weak antiferromagnetism observed by neutron diffraction in YBCO. Since the transition is a result of the appearance of carriers due to oxygen doping, their concentration can be inhomogeneous leading to patches of antiferromagnetic and nonmagnetic metallic phases. The concentration of dopant atoms in the patches is described by a Gaussian distribution, which defines the average staggered magnetization. It is assumed that although the magnetic periodicity is defined by the location of copper atoms, and hence is the same in all patches, the directions of the staggered magnetization are random. Only when the concentration of magnetic patches reaches the percolation threshold, 1/2, does the direction become ordered through the whole sample.

Recent experiments involving atomically flat tunnel junctions on the a-axis face of YBCO reveal the presence of a very unusual spectra of electronic states within the superconducting energy gap.  Our proposed explanation of these results is the presence of strong particle-hole asymmetry due to scattering off intermediate strength impurities imbedded in a d-wave superconductor.

Spectroscopy

One of the major issues in interpreting photoemission data is how much of the observed photocurrent is due to intrinsic processes, and how much to extrinsic ones.  Exploiting the dependence of the photocurrent on the incident photon energy, we have been able to successfully extract these two components for a cuprate superconductor.  Guided by this, we have developed a new background subtraction procedure based on the fact that data taken as a function of momentum at constant energy (momentum distribution curve) can be modeled as a momentum independent piece (extrinsic part) and a Lorentzian (intrinsic part).

Recently, we have studied the momentum anisotropy of the photoemission data for various dopings.  This is of obvious interest since a d-wave superconductor implies that the many-body interactions are anisotropic in nature.  What we found for an overdoped compound where superconductivity did not exist was an isotropic lineshape around the Fermi surface.  For an optimal doped (maximum Tc) compound, though, we found a highly anisotropic lineshape.  We have discovered that the anisotropy of the lineshape tracks the anisotropy of the pseudogap above Tc for this doping value.

Much attention has been focused recently on the presence of dispersion anomalies in cuprate superconductors.  The reason is that the interactions responsible for these anomalies will reflect the interactions responsible for superconductivity.  In the so-called antinodal regions where the energy gap is largest, the dispersion has a characteristic S-shape which turns on below Tc.  We have given strong evidence that this “S” is due to interaction with a spin resonance observed by neutron scattering.  In contrast, the nodal regions are characterized by a dispersion kink.  We have been able to model this kink by taking into account the singular processes due to node-antinode scattering in a d-wave superconductor.

Magnetism

Recent experiments on vanadium doped chromium indicate several unusual transport anomalies near the concentration where the spin density wave state disappears (quantum critical point).  We have recently developed an analytic formalism for calculating both the longitudinal and Hall conductivities in such situations, and find critical exponents consistent with recent experimental data.  These analytic results have been verified by detailed electronic structure calculations of doped chromium in its magnetic phase.

In related work, it has been proposed that the unusual transport anomalies observed in vanadium doped chromium is due to the presence of a pseudogap.  To test this, we have derived the fluctuation corrections due to a 3D spin density wave state caused by Fermi surface nesting (as appropriate for chromium) and found them to be less singular than for a normal 3D antiferromagnet.  Even under the assumption of a flat Fermi surface, these fluctuation corrections turn out to be too weak to cause a pseudogap in the single particle spectrum.

An explanation is given for the resonant x-ray magnetic scattering effects at the K edge of nonmagnetic ions observed in recent experiments.  By using a description that goes beyond the usual fast-collision approximation, we can relate the scattering amplitude to the orbital moments on sites neighboring the nonmagnetic ion where the absorption takes place. The finite scattering amplitude is directly related to the resonant process, which explains the strong enhancement over the non resonant intensity.

Mesoscopics

We have studied the effect of phonons on the resistance of quantum wires.  This issue has been addressed before, but the important effects of the Coulomb interactions in the wire had been ignored.  We have found that these interactions lead to a large renormalization of the electron-phonon coupling due to Luttinger liquid effects.  This is contrary to the cases of 2D and 3D systems, where the main effect of the interactions is screening of the electric potential created by the phonons, which leads to a reduction of phonon effects.  We have found that the phonons give rise to significant enhancement of the resistance of the wires at temperatures of order of a few Kelvin.

We have studied the conductance of quantum wires in the regime of low electron density.  The interest in this issue is stimulated by recent experiments observing the so-called "0.7 structure" in the conductance of the wires.  The experiments indicate that at low electron density the conductance drops below its value at the first quantized plateau.  This effect is small in short wires, but grows with the wire length and reaches 50% in the longest devices.  The most common interpretation of this phenomenon is based on the idea of spontaneous spin polarization in the wire.  Our study shows that at low density the electrons in the wire form a Wigner crystal, and as a result the coupling of electron spins, while remaining antiferromagnetic, becomes extremely weak.  The phenomenon leads to the suppression of conductance by a factor of 2, in excellent agreement with experiments.
g.  Future Accomplishments

Superconductivity

In previous work, some properties of the pseudogap phase of the cuprates were analyzed considering only the superconducting regions.  The next step is to consider properties associated with the normal regions, such as electrical resistance, and the connection between the dynamic spin response and the superconducting transition temperature.

We would like to explore in more detail the mechanism of very high-temperature superconductivity based on the possibility of synthesizing a semimetal with a large mass ratio between carriers of different charge. To be established is a more reliable criterion for the mass ratio, and, in the case of a reasonable ratio, to analyze the superconducting properties of such a model. An alternate configuration to be considered is a sandwich of two metals with carriers of different charge and a large mass ratio.

Recent optical experiments have indicated the presence of a “violation” of the optical sum rule suggesting that the formation of superconductivity in the cuprates is due to lowering of the electron kinetic energy.  The degree of this “violation” is dependent on cut-off energy, since the optical sum rule with infinite cut-off must be conserved (f sum rule).  To  understand the energy scale at which the sum rule is recovered requires an evaluation of the optical response (Kubo bubble).  We plan to take model self-energies which have been designed to fit photoemission data in the normal and superconducting states, and calculate the optical integral as a function of cut-off energy.

Unpublished neutron scattering data on two cuprates have revealed an incommensurate pattern to the spin excitation spectrum which undergoes an unusual rotation by 45 degrees when moving from low energies to high energies.  Such a rotation has been seen in earlier RPA calculations of the dynamic susceptibility, but it is unknown at this time whether such calculations can reproduce the fact that the spin response is still strong at very high energies.  Our plan is to perform such calculations, and use them to interrelate the spin dispersion seen by neutrons as compared to the single particle dispersion seen by photoemission.

Spectroscopy

Superconductivity is due to an instability of the normal state of a material.  In cuprates, this instability is so strong, it occurs at high temperatures.  This limits our understanding of the nature of the underlying normal state of the material which would exist at low temperatures if the material was not superconducting.  We plan to address this issue by performing photoemission experiments at low temperatures in the presence of a critical current.  This will allow us to map out the phase diagram without the complication of superconductivity, and thus address the nature of the putative quantum critical point thought to be associated with the pseudogap.  The major challenge to overcome is the effects of Joule heating due to the transport current.

The momentum anisotropy of the photoemission lineshape in the cuprates is known to be strongly dependent on doping.  Our plan here is to investigate the temperature dependence of this lineshape, its relation to the formation of the pseudogap and superconducting phases, and the possible connection of this anisotropy with the putative quantum critical point associated with the formation of the pseudogap phase.

The nature of the energy gain due to the formation of the superconducting ground state (the condensation energy) is of obvious interest when attempting to ascertain why superconductivity occurs.  We have been able to show that this condensation energy is related to the change in spectral function between the normal and superconducting states.  To address this experimentally requires very precise photoemission measurements with good signal to noise ratio.  We plan to do such experiments for the cuprates at various dopings.

An alternate to photoemission has been the development of Fourier transformed STM (scanning tunneling microscopy).  For normal metals, this has been used to directly image the Fermi surface.  For cuprates, this technique has yielded a variety of experimental data, the interpretation of which is strongly debated.  Using our knowledge of photoemission spectra, we plan to do calculations of such Fourier STM spectra in all relevant phases (normal, superconducting, and pseudogap), and at various energies, to understand in detail what is being measured.  In particular, we are interested in whether information about the momentum dependence of the many-body interactions can be extracted from such measurements.

In related work, an analogous quantity to what is being measured in Fourier transformed STM of cuprates can in principle be constructed directly from photoemission data.  We plan to do this for various dopings and temperatures, and relate this quantity to the STM data.  This project should clarify what is being measured in such STM experiments.

Magnetism

We plan to extend our work concerning transport near magnetic quantum critical points to the calculation of more exotic quantities, such as the thermopower and the Nernst effect.  This project is motivated by recent experimental results of the Nernst effect in heavy fermion magnets which are poorly understood at the present time.

We plan to study the magnitude of the exchange constant in a 1D Wigner crystal.  Although it is clear that the exchange is exponentially weak, the existing approaches to its evaluation fail to account for many-body effects.  The idea is to evaluate the level repulsion caused by the tunneling of a pair of neighboring electrons through the Coulomb potential separating them, while simultaneously keeping track of the movement of all the other electrons.  We expect to be able to find the exact value of the numerical factor in the exponential for the exchange constant, and possibly also obtain the prefactor.

Mesoscopics

We will study the separation of the spin and charge degrees of freedom in quantum wires.  We expect this phenomenon to occur when the electron-electron interactions in the wire are strong.  In the case of long-range interactions the wire is in a Wigner crystal state, and one can easily show that the spin degrees of freedom are separated from the charge ones and are described by the Heisenberg model.  The same happens in the case of strong point-like scattering, where this result follows from the known properties of the Hubbard model.  We intend to demonstrate that this is a generic property of electron systems with strong repulsive interactions, regardless of their effective range.  This research is expected to advance our understanding of transport of spin and charge in quantum wires and carbon nanotubes.

We plan to work on the problem of a single impurity in interacting 1D systems in a strong magnetic field.  It is well known that interactions lead to renormalization of the impurity potential, thereby enhancing the effect of disorder.  The situation is less clear in systems where the spin-charge separation is destroyed, for example by applying an external magnetic field.  Recent progress in evaluating the correlation exponents in the Hubbard model enables one to reexamine the quantum impurity problem and to account for the magnetic field.  We expect that when the field is strong enough, the renormalization of weak impurities will change sign, and they will effectively become weaker.

We will study the phenomenon of decay of metastable states in double-barrier resonant tunneling structures.  These devices are known to show bistable behavior in a certain region of bias.  One of the two states is always metastable, and the systems will switch to the stable state given enough time.  In practice the switching time is very long, and this process occurs only near the boundaries of the bistable region.  In this regime one can study the switching process in some detail.  Unless the system in too close to the boundary of the bistable region, the switching should occur via a nucleation process similar to the creation of a new phase in first-order phase transitions.  We will study both the exponential dependence of the switching time on bias, and the prefactor.
h.  Relationships to Other Projects

This program involves strong collaborations with ANL Materials Science programs on Superconductivity and Magnetism (58906), Magnetic Thin Films (58918), Photon Science at Synchrotrons (58926), Neutron and X-Ray Scattering (58701), Naturally Layered Manganites (58802), Laterally Confined Nanomagnets (58830), and Emerging Materials (58916); and with university programs at Northwestern University, University of Illinois at Chicago, Northern Illinois University, Notre Dame University, Purdue University, University of Wisconsin, Duke University, Rice University, University of Colorado, and the California Institute of Technology.  In addition, collaborations exist with several foreign institutions, the University of Bordeaux (France), the SPhT, Saclay (France), the University of Karlsruhe (Germany), the ESPCI (France), the Tata Institute (India), and RIKEN (Japan).

The research accomplishments and plans of A. Koshelev and V. Vinokur can be found in the Superconductivity and Magnetism FWP (58906), which in addition connects with programs on Dynamics of Granular Materials (58806) and Mesoscopic Superconductivity (58823).




