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Report Title

Final Report: Room-Temperature Spin-Mediated Coupling in Hybrid Magnetic, Organic, and Oxide Structures and
Devices

ABSTRACT

During the full period of this project we have (1) demonstrated room-temperature effects of the remanent magnetization from electrically-
isolated magnetic films on the conductivity and electroluminescence of organic devices, (2) developed and applied a percolation theory of
magnetoresistance to describe magnetic field effects on spin transport in organic semiconductors, (3) discovered and theoretically explained
the effects of traps and unpaired spins on room-temperature magnetoresistance, (4) developed a theory for spin diffusion in hopping
transport due to hyperfine interaction and spin-orbit interaction, (5) predicted and measured spatial interference patterns from multiple
coherent spin torque oscillators, (6) predicted spin-wave dispersion relations in magnonic crystals, (7) predicted electric-field control of spin-
wave propagation velocities and interferometers, (8) developed a theory for spin lifetimes and spin Hall conductivities for oxide two-
dimensional electron gases, (9) measured spin-orbit interactions in nanoscale wires in oxide semiconductor interfaces, (10) demonstrated
electrical control of ferromagnetism in the LAO/STO system, (11) demonstrated hybrid organic/inorganic spin valves, (12) developed
interfacial magnetic systems based on oxide superlattices, and (13) demonstrated GHz operation of sketched oxide transistors at the
LAO/STO interface.
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Scientific Progress



During the final year, which was a no-cost extension, some final projects were brought to completion or further ahead,
especially those associated with the oxide effort that had been delayed during Suzuki’s relocation to Stanford University.

Imaging spin-wave patterns with XMCD

Using XMCD the emission of spin-wave patterns from a spin torque nanocontact has been directly observed (slide #1 attached).
This was one of the main goals of this project. Magnetic soliton propagation can be seen as well, and temporally resolved. This
was work done at SLAC in collaboration with Dr. Hendrik Ohldag. We used his scanning x-ray transmission microscope (STXM)
at beamline 13-1 to image the excitation patterns in STNO. We focused on the Co L-edge and were able to observe localized
spin-waves at the electric contact to a NiCo multilayer film. We are presently analyzing the results and preparing an article on
these results for publication. This work represents the first time x-rays have been used to observe spin-waves associated with
the spin-transfer interaction.

Organic Magnetoresistance via traps and radical spins

A theory of organic magnetoresistance via traps has been formulated and is in agreement with the experimental measurements
previously reported for this MURI by the Wohlgenannt/Suzuki collaboration. The compared results are shown in slide #2,
attached. Enhancing the organic magnetoresistance was one of the main goals of this project, and this has now been achieved
and explained.

Controlled doping of an organic material using radical spins can suppress the organic magnetoresistance, due to the exchange
coupling between the radical spins and the spin transport sites. A new regime, where the radical spin exchange couples
strongly with one site of a bottleneck pair, has been demonstrated and the results published in PRB Rapid Communications.

Spin Hall effect in oxides

Collaborative work between Vignale and Flatté has shown that strain at the LaAlO3/SrTiO3 can suppress the spin Hall
conductivity, as shown in slide #3 attached. A paper on these results is in preparation for submission, including strain along
arbitrary axes.

Suzuki has made significant progress over the past year in understanding the role of disorder in the transport characteristics of
LaAlIO3/SrTiO3 interfaces through the study of mobility and carrier concentration in doped LaAIO3/SrTiO3 interfaces.
Furthermore she has found unexpected long-range antiferromagnetic correlations and structural distortions in
CaRu03/CaMnO3 superlattices that may explain the modulation of the interfacial ferromagnetism with CaMnO3 thickness.

Interfacial ferromagnetism in CaRuO3/CaMnO3 superlattices

Suzuki has performed studies of the structural distortions associated with these superlattices. Detailed analysis of half order
peaks in the X-ray diffraction indicates the doubling of the unit cell for superlattices with particular combinations of even and odd
CaMnO3 and CaRuOa3 layers. The doubling of the unit cell may be correlated with the modulation of the interfacial
ferromagnetism that we had observed previously. The interfacial moment alternates between 1uB/interface ion for even
CaMnQa3 layers and 0.5 uB /interface Mn ion for odd CaMnO3 layers. This modulation may be explained in terms of long-range
antiferromagnetic correlation of the bulk of the antiferromagnetic CaMnO3 layers combined with the doubling of the unit cell
observed by x-ray diffraction.

Doped quasi-2DEG at the interface of LaAIO3/SrTiO3.

Through her study of rare earth doped LaAIO3 on SrTiO3 interface, Suzuki has discovered that the presence of dopants on the
LaAlO3 side of the interface does not significantly affect the mobility, carrier concentration as well as magnetotransport
compared to undoped LaAlO3 films. (This is shown on slide #4 attached) The motivation behind the rare earth doping is to
insert additional spin-orbit coupling, in the case of Lu, and spin-orbit coupling as well as magnetic moment, in the case of Tm,
on the LaAlO3 side of the LaAIO3/SrTiO3 interface. We had previously found that there is (i) an inverse relationship between
mobility and carrier concentration that is not consistent with impurity scattering dominated transport and (ii) a steep dependence
of the mobility with carrier concentration similar to undoped LaAlO3/SrTiO3. Detailed analysis suggests that mobility and carrier
concentration values derived from Hall effect measurements are extremely sensitive to the assumptions associated with the
types of carriers. More specifically many groups appear to extract carrier concentration and mobility values by fitting a linear
dependence of Hall voltage on magnetic field. Non-linear Hall curves that appear at lower temperatures suggest that perhaps
multiband transport is at work. However since there is no unique fit of mobility and carrier values, it is extremely difficult to
accurately compare the trends in mobility and carrier concentration. This uncertainty combined with the similarity in doped and
undoped samples indicate that transport in this system is dominated by disorder.

Nanoscale control of the metal-insulator transition of the LaAIO3/SrTiO3 interface with a conductive-atomic force microscope (c-



AFM) technique by Levy has enabled a variety of electrical and photonic device concepts and provides a pathway for new types
of reconfigurable, oxide-based nanoelectronics. The oxide heterostructure LaAIO3/SrTiO3 supports a two-dimensional electron
liquid with a variety of competing phases, including magnetism, superconductivity, and weak antilocalization because of Rashba
spin-orbit coupling. Further confinement of this two-dimensional electron liquid to the quasi-one-dimensional regime can provide
insight into the underlying physics of this system and reveal new behavior.

Levy performed transport experiments with nanowire- based single-electron transistors at the interface between SrTiO3 and a
thin layer of lanthanum aluminate, LaAlO3. These experiments demonstrate the existence of a robust electronic phase in which
electrons pair without forming a superconducting state. Key experimental signatures are captured by a model involving an
attractive Hubbard interaction that describes real-space electron pairing as a precursor to superconductivity. Examples of these
recent results are shown in the attached slide #5.

Technology Transfer

Support has been received from the Ul GAP Fund to commercialize the fringe-field magnetoresistive devices. This funding

provides support for demonstration of a prototype using thermally-activated delayed fluorescence materials. A start-up company
is contemplated to further develop the technology.
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organic magnetoresistance from traps
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strain effect on SHC in STO 2degs
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rare-earth doping of LAO/STO
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electron pairing without superconductivity
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demonstration of single-electron transistor behavior in the sketch-FET, and the
negative-U model describes the filling. The negative-U is sufficient to pair the
electrons on the nanoscale



