REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
22-03-2012 Final Report 1-Oct-2007 - 30-Sep-2011
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Final Report: Ultrafast Magnetoelectronic Devices WOIIL1NF-07-1-0643

5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER
611102

6. AUTHORS 5d. PROJECT NUMBER

Andrew D. Kent

Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT
New York University NUMBER
Office of Sponsored Programs
New York University
New York, NY 10003 -
9. SPONSORING/MONITORING AGENCY NAME(S) AND 10. SPONSOR/MONITOR'S ACRONYM(S)
ADDRESS(ES) ARO
U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 52906-EL.15

12. DISTRIBUTION AVAILIBILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

This research project explored new methods to coherently control magnetization dynamics in nanostructures based
on a recently discovered strong and short-range quantum mechanical interaction between a spin-current and
background magnetization—known as spin-transfer. This was accomplished through the fabrication and study of
prototype spin-transfer devices. Specifically, we pursued the following approaches: (1) Fabrication of magnetic
devices in which the magnetic anisotropy is controlled through oriented, layered or epitaxial film growth; (2)

15. SUBJECT TERMS
nanomagnetism, spin-transfer, spin-transfer torques, magnetic random access memory, spin-transfer magnetic random access
memory, MRAM, STT-MRAM

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 15. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT |b. ABSTRACT |c. THIS PAGE ABSTRACT OF PAGES Andrew Kent

uu uu uu uu 19b. TELEPHONE NUMBER
212-998-7773

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title
Final Report: Ultrafast Magnetoelectronic Devices

ABSTRACT

This research project explored new methods to coherently control magnetization dynamics in nanostructures based on a recently discovered
strong and short-range quantum mechanical interaction between a spin-current and background magnetization—known as spin-transfer.
This was accomplished through the fabrication and study of prototype spin-transfer devices. Specifically, we pursued the following
approaches: (1) Fabrication of magnetic devices in which the magnetic anisotropy is controlled through oriented, layered or epitaxial film
growth; (2) Realization of magnetic devices that combine low moment and high moment materials; and (3) High speed electrical
measurements of magnetization switching and precession.

We had a number of significant experimental results that have become benchmarks in the field:

1. We demonstrated spin-transfer switching with current pulses shorter than 300 psec. We also studied how the switching threshold depends
on current pulse amplitude and duration for pulses between 100 ps and 1 s in duration.

2. We developed an all electrical method to study magnetization relaxation in a nanomagnet with 50 ps time relaxation and used this method
to determine the relaxation time of a nanomagnet in a prototype spin-transfer device.

3. We explored highly non-linear magnetization dynamics excited by microwave spin-currents.

4. We also characterized transition metal multilayer and alloy thin films of interest in spin-transfer torque devices using broadband (1-50
GHz) ferromagnetic resonance spectroscopy.
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Abstract:

This research project explored new methods to coherently control magnetization
dynamics in nanostructures based on a recently discovered strong and short-range
quantum mechanical interaction between a spin-current and background magnetization—
known as spin-transfer. This was accomplished through the fabrication and study of
prototype spin-transfer devices. Specifically, we pursued the following approaches: (1)
Fabrication of magnetic devices in which the magnetic anisotropy is controlled through
oriented, layered or epitaxial film growth; (2) Realization of magnetic devices that
combine low moment and high moment materials; (3) High speed electrical
measurements of magnetization switching and precession.

In this we project we had a number of significant experimental results that have become
benchmarks in the field:

1. We demonstrated spin-transfer switching with current pulses shorter than 300 ps.
We also studied how the switching threshold depends on current pulse amplitude
and duration for pulses between 100 ps and 1 s duration.

2. We developed an all electrical method to study magnetization relaxation in a
nanomagnet with 50 ps time relaxation and used this method to determine the
relaxation time of a nanomagnet in a prototype spin-transfer device.

We explored highly non-linear dynamics excited by microwave spin-currents.
4. We also characterized thin films of interest in spin-transfer torque devices using
broadband (1-50 GHz) ferromagnetic resonance spectroscopy.
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Scientific Progress and Accomplishments (over entire period of the contract)

This research program investigated devices that have the capability of exhibiting ultra-
high speed switching of the magnetization and high frequency magnetization precession.
This was accomplished through the fabrication and study of prototype spin-transfer
devices. Specifically, we are pursuing the following approaches:

(1) Fabrication of magnetic devices in which the magnetic anisotropy is controlled
through oriented, layered or epitaxial film growth;

(2) Realization of magnetic devices that combine low moment and high moment
materials;

(3) High speed electrical measurements of magnetization switching and precession

We have made progress on all the items listed above: (1) We realized magnetic
multilayers with strong perpendicular anisotropy that function as the spin-polarizing layer
in a spin-transfer device. (2) We fabricated thin films of Fe, V, with variable
magnetization density and low Gilbert damping. These materials may be used to fabricate
magnetic devices that combine low moment and high moment materials. Their low
Gilbert damping may prove to be effective in lowering the threshold currents for
switching and magnetization precession. (3) We have conducted studies of switching
with short current pulses in all-perpendicularly magnetized spin-valve nanopillars. Also
on item (3) we have installed, fully automated and commissioned a new high speed
measurement station that permits studies of high speed magnetization switching with a
high speed pulse generator in combination a real-time high bandwidth oscilloscope.
(4) We have conducted and analyzed spin-torque driven ferromagnetic resonance
experiments conducted in a highly nonlinear regime of magnetization dynamics.

In this period grant (October 1, 2007 to December 31, 2011) we published 12 articles and
have one manuscript submitted and under review. A majority of the articles were in high
impact journals such as Nature Materials (2 articles) and Applied Physics Letters (5
articles). We also submitted and published a patent, which was licensed by a start-up
company, Spin-Transfer Technologies Inc. Here we summarize the key scientific results
during the entire period of the project.

FMR Measurements of Confined Magnetic Layers in Nanopillar Junctions: Spin-
torque driven ferromagnetic resonance (ST-FMR) was used to study thin Co/Ni synthetic
layers with perpendicular anisotropy confined in spin-valve based nanojunctions. Field
swept ST-FMR measurements were conducted with a magnetic field applied
perpendicular to the layer surface. The resonance lines were measured under low
amplitude rf excitation, from 1 to 20 GHz. These results were compared with those
obtained using conventional rf field driven FMR on extended films with the same Co/Ni
layer structure. The layers confined in spin valves have a lower resonance field, a
narrower resonance linewidth and approximately the same linewidth vs. frequency slope,
implying the same damping parameter. The critical current for magnetic excitations was
determined from measurements of the resonance linewidth vs. dc current and is in accord



with the one determined from I-V measurements. Published in Applied Physics Letters
92,012507 (2008).

Finite size effects in FMR of Confined Magnetic Layers in Nanopillar Junctions:
Spin-torque driven ferromagnetic resonance (ST-FMR) is used to study the magnetic
excitations in a Co/Ni synthetic layer confined in nanojunctions. Field swept ST-FMR
measurements were conducted with a magnetic field applied perpendicular to the layer
surface. The resonance lines were measured under low amplitude excitation in a linear
response regime. The resulting resonance fields were compared with those obtained using
conventional rf field driven FMR on extended films with the same Co/Ni layer structure.
A lower resonance field is found in confined structures. The effect of both dipolar fields
acting on the Co/Ni layer emanating from other magnetic layers in the device and finite
size effects on the spin wave spectrum, were considered in understanding the “blue’ shift
of the resonance. Published in Journal of Applied Physics 103, 07A502 (2008).

Ferromagnetic Resonance Study of Polycrystalline FeV Alloy Films: Ferromagnetic
resonance was used to study the magnetic properties and magnetization dynamics of
polycrystalline Fe, ,V, alloy films with 0<x<0.7. Films were produced by co-sputtering
from separate Fe and V targets, leading to a composition gradient across a Si substrate.
FMR studies were conducted at room temperature with a broadband coplanar waveguide
at frequencies up to 50 GHz using the flip-chip method. The effective demagnetization
field u M, and the Gilbert damping parameter have been determined as a function of V
concentration. The results were compared to those of epitaxial FeV films. Published in
Journal of Applied Physics 103, 07B519 (2008).

Strong perpendicular magnetic anisotropy in Ni/Co(111) single crystal superlattices:
Single crystal Ni/Co(111) superlattices have been grown by molecular beam epitaxy. The
Ni thickness is 3 ML whereas the Co thickness varies from 0.2 to 4 ML. The superlattices
were studied using magnetometry and ferromagnetic resonance spectroscopy and they all
exhibit strong perpendicular to the plane magnetic anisotropy. The maximum
magnetocrystalline anisotropy is obtained for one cobalt monolayer. Kerr microscopy
measurements show the variation of domain pattern as the Co layer thickness changes.
Published in Applied Physics Letters 94, 262504 (2009).

Annual spin-transfer memory element: An annular magnetic memory that uses a spin-
polarized current to switch the magnetization direction or helicity of a magnetic region is
proposed. The device has magnetic materials in the shape of a ring (1 to 5 nm in
thickness, 20 to 250 nm in mean radius and 8 to 100 nm in width), comprising a reference
magnetic layer with a fixed magnetic helicity and a free magnetic layer with a changeable
magnetic helicity. These are separated by a thin non-magnetic layer. Information is
written using a current flowing perpendicular to the layers, inducing a spin-transfer
torque that alters the magnetic state of the free layer. The resistance, which depends on
the magnetic state of the device, is used to read out the stored information. This device
offers several important advantages compared to conventional spin-transfer magnetic
random access memory (MRAM) devices. First, the ring geometry offers stable
magnetization states, which are, nonetheless, easily altered with short current pulses.



Second, the ring geometry naturally solves a major challenge of spin-transfer devices:
writing requires relatively high currents and a low impedance circuit, whereas readout
demands a larger impedance and magnetoresistance. The annular device accommodates
these conflicting requirements by performing reading and writing operations at separate
read and write contacts placed at different locations on the ring. Published in IEEE
Transactions on Nanotechnology 10, 129 (2011). A US patent application on this device
was filed June 2009 and granted March 2012, US 7,911,832 B2

Ferromagnetic resonance linewidth in ultrathin films with perpendicular magnetic
anisotropy: Transition metal ferromagnetic films with perpendicular magnetic
anisotropy (PMA) have ferromagnetic resonance (FMR) linewidths that are one order of
magnitude larger than soft magnetic materials, such as pure iron (Fe) and permalloy
(NiFe) thin films. A broadband FMR setup has been used to investigate the origin of the
enhanced linewidth in NilCo multilayer films with PMA. The FMR linewidth depends
linearly on frequency for perpendicular applied fields and increases significantly when
the magnetization is rotated into the film plane. Irradiation of the film with Helium ions is
used to reduce the PMA and the distribution of PMA parameters. This leads to a great
reduction of the FMR linewidth for in-plane magnetization. These results suggest that
fluctuations in the PMA lead to a large two-magnon contribution to the linewidth for in-
plane magnetization and establish that the Gilbert damping is enhanced in such materials
0=0.04, compared to a=0.002 for pure Fe). Published in Physical Review B Rapid
Communications 80, 180415(R) (2009).

Spin-torque driven ferromagnetic resonance in a nonlinear regime: Spin-valve based
nanojunctions incorporating ColNi multilayer’s with perpendicular anisotropy were used
to study spin-torque driven ferromagnetic resonance (ST-FMR) in a nonlinear regime.
Perpendicular field swept resonance lines were measured under large amplitude
microwave current excitation, which produces large angle precession of the Co$I$Ni
layer magnetization. With increasing rf power the resonance lines broaden and become
asymmetric, with their peak shifting to lower applied field. A step jump in ST-FMR
voltage signal was also observed at high powers. The results are discussed in in terms of
the foldover effect of a forced non-linear. Published in Applied Physics Letters 95,
172513 (2009).

Time-Resolved Magnetic Relaxation of a Nanomagnet on Subnanosecond Time
Scales: In this article we present a two-current-pulse temporal correlation experiment to
study the intrinsic subnanosecond nonequilibrium magnetic dynamics of a nanomagnet
during and following a pulse excitation. This method is applied to a model spin-transfer
system, a spin valve nanopillar with perpendicular magnetic anisotropy. Two-pulses
separated by a short delay (< 500 ps) are shown to lead to the same switching probability
as a single pulse with a duration that depends on the delay. This demonstrates a
remarkable symmetry between magnetic excitation and relaxation, consistent with a
simple finite temperature Fokker-Planck macrospin model of the dynamics. Submitted
for publication to Physical Review Letters.



