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Tuscaloosa, Alabama
Dear Colleagues,
On behalf of the Organizing Committee it is my great pleasure to welcome you all here to
Tuscaloosa to the 2016 IEEE International Conference on Microwave Magnetics.
This conference is the fifth ICMM conference, which has been in existence for eight years all over
the world. After the success of Fort Collins (USA, 2008), Boston (USA, 2010), Kaiserslautern
(Germany, 2012) and Sendai (Japan, 2014), it is a privilege to host this conference here at the
University of Alabama and we would like to thank you for joining us at this conference.
The conference focuses on new developments in all branches of fundamental and applied
microwave magnetics.
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I would like to express my sincere gratitude to the Technical Program Committee and the
International Advisory Committee for organizing an excellent scientific program showcasing the
most recent, most interesting and most exciting developments from the five key areas of
microwave magnetics:






Magnetization Dynamics and Relaxation
Magnonics, Spin Waves, and Nonlinear Phenomena
Spintronics, Spin-Orbit Coupling, and Spin Transfer
High Frequency Magnetic Materials
RF, Microwave, and Millimeter Wave Devices

The growing interest in our field is evident from the continuous expansion of this conference over
the last eight years.
I look forward to what promises to be an exciting conference.

On behalf of the Organizing Committee I wish all participants a fruitful conference and an
enjoyable stay here in Tuscaloosa.

Tim Mewes
General Chair, IEEE ICMM 2016
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COMMITTEES
International Advisory Committee
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Douglas J. Adam (Northrop Grumman STC, Baltimore, USA; ret.)
Christian H. Back (Universität Regensburg, Regensburg, Germany)
Zbigniew Celinski (University of Colorado, Colorado Springs, USA)
Sergej O. Demokritov (Universität Münster, Münster, Germany)
Thibaut Devolder (Université Paris-Sud and CNRS, Orsay, France)
Gerald F. Dionne (Massachusetts Institute of Technology, Boston, USA)
Ron B. Goldfarb (National Institute of Standards and Technology NIST, Boulder, USA)
Konstantin Gusliyenko (Universidad del País Vasco, Bilbao, Spain)
Vincent G. Harris (Northeastern University, Boston, USA)
Huahui He (Huazhong University of Science and Technology, Wuhan, China)
Burkard Hillebrands (University of Kaiserslautern, Kaiserslautern, Germany)
Pavel Kabos (National Institute of Standards and Technology NIST, Boulder, USA)
Boris A. Kalinikos (Saint Petersburg Electrotechnical University LETI, Saint Petersburg, Russia)
Tim Mewes (University of Alabama, Tuscaloosa, USA)
Andrei N. Slavin (Oakland University, Oakland, USA)
Nicolas Vukadinovic (Dassault Aviation, Saint-Cloud, France)
Mingzhong Wu (Colorado State University, Fort Collins, USA)
Masahiro Yamaguchi (Tohoku University, Sendai, Japan)
Arthur Yelon (École Polytechnique de Montréal, Montréal, Canada)
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Technical Program Committee
•
•
•
•
•
•
•
•
•
•
•

Mingzhong Wu (Colorado State University, Fort Collins, USA) - chair
Haifeng Ding (Nanjin University, China)
Scooter Johnson (Naval Research Laboratory, USA)
Peng Li (Seagate Technologies, USA)
Hans Nembach (National Institute of Standards and Technology, USA)
Yan Nie (Huazhong University of Science and Technology, China)
Helmut Schultheiss (Helmholtz-Zentrum Dresden-Rossendorf, Germany)
Oleksandr Serha (Technische Universität Kaiserslautern, Germany)
Justin Shaw (National Institute of Standards and Technology, USA)
Rubem Luis Sommer (Centro Brasileiro de Pesquisas Físicas, Brazil)
Alexey Ustinov (St. Petersburg Electrotechnical University, Russia)

Organizing Committee
•
•
•
•
•

General chair: Tim Mewes (University of Alabama, Tuscaloosa, USA)
Treasurer: Patrick Kung (University of Alabama, Tuscaloosa, USA)
Technical Program Chair: Mingzhong Wu (Colorado State University, Fort Collins, USA)
Publication Committee Chair: Yang-Ki Hong (University of Alabama, Tuscaloosa, USA)
Local Arrangements Chair: Claudia Mewes (University of Alabama, Tuscaloosa, USA)
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Conference Venue
Tuscaloosa
Tuscaloosa is located along the banks of the Black Warrior River in West
Central Alabama. Tuscaloosa is home to just under 100,000 residents as
well as a thriving business community. Tuscaloosa is also known as
“Druid City” because of numerous water oak trees in its downtown
streets. In recent years, Tuscaloosa has been named the "Most Livable
City in America," one of Americas "100 Best Communities for Young
People," one of the "50 Best College Towns," and one of the "Best Places
to Launch a Small Business."

Black Warrior River

Native Americans arrived in the Southern United States almost 12,000
years ago. At the Moundville Archaeological Park south of Tuscaloosa
the remains of a large settlement of the Mississippians provide a
glimpse of the rich culture of the Native Americans living in the
Tuscaloosa area. It is believed that the Moundville site was occupied
from around AD 1000 until AD 1450 and consisted of twenty-six large
earthen mounds surrounding a central plaza. At its height the
Moundville Archaeological Park
Moundville site consisted of a
three hundred acre village with a population of about one thousand
and a total of ten thousand in the surrounding areas. The city of
Tuscaloosa was founded in 1819 and named after Tuskaloosa, a
chieftain of the Muskogean people, who fought Hernando de Soto in
the Battle of Mabila in 1540.
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Tuscaloosa was Alabama’s capital from 1826 until 1846, during this
time period the University of Alabama was founded.

Ruins of the old State Capitol

The University of Alabama

Founded in 1831 as the state’s first public college, The University of
Alabama is dedicated to excellence in teaching, research and service.
The University of Alabama offers programs of study in 13 academic
divisions leading to bachelor's, master's, and doctoral degrees.
Enrollment at The University of Alabama reached a record high of
37,100 for fall 2015. University of Alabama students continue to win
prestigious national awards. Forty-seven UA
Entrance to the University of Alabama
students have been named Goldwater
Scholars, including two in 2016 - 2017. The University of Alabama has produced
a total of 15 Rhodes Scholars, 16 Truman Scholars, 32 Hollings Scholars and six
Boren Scholars.

Thirty UA faculty have received NSF CAREER Awards, the nation’s most
prestigious recognition of top-performing young scientists, in disciplines ranging
from nanoscience and engineering to biological sciences. The University of
Alabama football program, also known as the Crimson Tide, was inaugurated in
1892 and has won a total of 16 national championships.
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Conference Location
Thank you for attending the 5th IEEE International Conference on Microwave Magnetics. The conference
takes place in the Bryant Conference Center, named after hall-of-fame football coach Paul “Bear” Bryant.
The conference center offers more than 30,000 square feet of flexible meeting space conveniently located
in the heart of Tuscaloosa on the campus of The University of Alabama, right next to the Hotel Capstone.
Presentations will be given in the Sellers Auditorium, the largest event room of the Bryant Conference
Center, measuring 10,044 square feet. A map of the conference center is provided below, more
information can be found online at http://bcc.ua.edu/.
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Additional information
Please find below some information that may assist you during your stay.
Bryant Conference Center
240 Paul Bryant Drive
Tuscaloosa, AL 35401
Telephone: 205-348-8600

Hotel Capstone
320 Paul Bryant Drive
Tuscaloosa, AL 35401
Telephone: 205-752-3200

The Mint Center
201 7th Avenue
Tuscaloosa, AL 35487
Telephone: 205-348-2516

Hampton Inn
600 Harper Lee Drive
Tuscaloosa, AL 35401
Telephone: 205-553-9800

Alabama Museum of Natural History
501 6th Avenue
Tuscaloosa, AL 35487
Telephone: 205-348-78550

Restaurants near the Bryant Conference Center
Legends, 320 Paul W. Bryant Dr, 205-752-3200
Jack’s, 1200 Hackberry Ln, 205-758-6520
Arby’s, 211 University Blvd, 205-345-1916
Newk’s, 205 University Blvd, 205-758-2455
Rama Jama’s, 1000 Paul Bryant Dr, 205-750-0901
Zoe’s Kitchen, 920 Paul Bryant Dr, 205-752-0454
T-Burger, 1014 7th Ave, 205-764-1976
Jimmy Johns, 1006 7th Ave, 205-752-7770
T-Town Café, 500 14th St, 205-759-5559
Bento, 1306 University Blvd, 205-758-7426
Buffalo Phil’s, 1149 University Blvd, 205-758-3318
Chipotle, 1203 University Blvd, 205-391-2121
El Rincon, 1225 University Blvd, 205-366-0855
Firehouse Subs, 1130 University Blvd, 205-248-0680
Hungry Howie’s, 1211 University Blvd, 205-366-1500
Moe’s, 1130 University Blvd, 205-523-0999
Swen Chinese, 1130 University Blvd, 205-391-9887
Ruan Thai, 1407 University Blvd, 205-391-9973
Steamer’s, 1301 University Blvd, 205-750-0203
Subway, 1306 University Blvd, 205-349-5782
Surin, 1402 University Blvd, 205-752-7970
Tut’s, 1306 University Blvd, 205-759-1004
Waffle House, 1307 University Blvd, 205-247-9919
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Bryant Conference Center, Tuscaloosa, AL

June 5		

5:00 PM
6:00 PM

Registration			
Reception				

Location: Registration Lobby
Location: Patio

June 6
8:45 AM

9:00 AM

9:30 AM

Opening Address
Tim Mewes, Chair Organizing Committee
Dr. John Higginbotham, Associate Vice President for Research
A1: MATERIALS
Chair: Takao Suzuki		
A1-01 Invited Lecture
Asuka Namai
Synthesis of Metal Substituted ε-Iron Oxide Exhibiting High Frequency Natural
Resonance
A1-02
Amit V. Singh
Substrate-Induced Strain Dependence Of Structural And Magnetic Properties Of 		
Nickel Ferrite Thin Films
A1-03
Houchen Chang
Growth of High-Quality Y3Fe5O12 Thin Films on Platinum via Sputtering
A1-04
Tao Liu
Growth of BaFe12O19 Thin Films via Sputtering and Spin Transfer across 			
BaFe12O19/Pt Interfaces
A1-05
Ranajit Sai
High frequency measurement of Co- and Ti-substituted SrM hexaferrite for its
applications in microwave devices
A1-06
Woncheol Lee
X-type Hexaferrite (BaCoxZn2-xFe28O46) for GHz Device Applications
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9:45 AM

10:00 AM

10:15 AM

10:30 AM

10:45 AM

Refreshment Break

11:00 AM

A1-07
Taryn Kittel
Structural and Magnetic Properties of Nickel Zinc-based Ferrite Thick Films Created 		
via Tape Casting Method for Wide-bandwidth Conformal Antennae
A1-08
Varun Karthik Y.S.
Investigation of defects/distortion/inter-diffusion in Bi-ferrite hetero-structures by 		
Rutherford backscattering
A1-09
Alexey Osipov
A reason for worse microwave performance of thick permalloy films: out-of-plane 		
anisotropy or eddy currents?
A1-10
Wei Quan
A Comparison between Different Models for Permeability calculation of Nanorods 		
Metal-Substituted Ferrites in Millimeter Wave

11:15 AM

11:30 AM

11:45 AM
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12:00 PM

		

Lunch

2:00 PM

A2-01 Invited Lecture
John Douglas Adam
Magnetostatic Wave Signal-to-Noise Enhance Model Development

2:30 PM

A2-02
Masahiro Yamguchi
Patterned Magnetic Thin-film Digital Noise Suppressor for
Future Telecommunication Systems RF IC

2:45 PM

A2-03
Ivan Lisenkov
Nano-Sized Phase Inverter for Magnonic Logic and Signal Processing

3:00 PM

A2-04 Invited Lecture
Nian X. Sun
Integrated Magnetics and Multiferroics for Compact and Power Efficient Sensing, 		
Power, RF and Microwave Electronics

A2: MICROWAVE DEVICES
Chair: Yang-Ki Hong
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3:30 PM

A2-05
Wei-Hua Zong
A Mobile Phone Antenna Loaded with Ferrite for Bandwidth Enhancement

3:45 PM

A2-06
Woncheol Lee
Harmonic Suppressed Ferrite Antenna

4:00 PM

A2-07
Bijoy K. Kuanr
Broad-band Microwave Monolithic Filter and phase shifter using Ni substituted
bismuth ferrites

4:15 PM

PS: POSTER SESSION I
Chairs: Ezio Iacocca & Patrick Kung

PS-01
Bijoy Kumar Kuanr
BaM/YIG Nano-composites; A new microwave material for C to U Band

PS-02
Xin Wang
Microwave magnetic properties of W-type ferrite Ba(Zn1-xCox)2Fe16O27 in the Ka band
PS-03
Tinghao Liang
60 GHz Self-bias Microstrip Hexagonal Nanoferrite Circulator for CMOS Integration
PS-04
Tae-Wan Kim
Calculation of Magnetization Value and Permeability Tensor of Ferrites Using
Cylindrical Dielectric Resonator
PS-05
Xin Wang
Influence of Exchange Interaction in Hard and Soft Composites on the Magnetic 		
Properties of FePt-based Films
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PS-06
Xin Wang
The Influence of Different Si/Cr Ratios on Microwave Permeability of Fe-Si-Al-Cr 		
Flake-Shaped Particles
PS-07
Shengxiang Huang
Microwave Absorbing Properties of Fe85Si9.5Al5.5 Flakes Coated by Fe3O4
PS-08
Xin Wang
Study of magnetic properties of ferromagnetic microstructured multilayer films
PS-09
Alexey B. Ustinov
Millimeter-Wave Thin-Film Multiferroic Slot Transmission Line
PS-10
B. G. Silva
Microwave absorption of electroplated NiFeCu/Cu multilayers deposited directly on Si
(100) substrates
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PS-11
Shingo Tamaru
Reduction of Frequency Fluctuation in Spin Torque Oscillator Stabilized by Phase 		
Locked Loop
PS-12
Bernhard Zimmermann
Implementation of a Spin-Seebeck Diode

PS-13
Billy Clark
Hexagonal Half-metallic Heuslers: Novel Candidates for Spintronic Applications
PS-14
Tao Liu
Anomalous Anisotropic Magnetoresistance in Ultrathin Ta Films Grown on 			
BaFe12O19
PS-15
T. Noack
Temporal evolution of the longitudinal spin Seebeck effect in YIG|Pt bilayers
PS-16
Oliver Reimer
A Novel Tool to investigate Anisotropic Effects in Spin Caloritronic Measurements
Dinner on your own

SPECIAL EVENING SESSION I
Chair: Mingzhong Wu
7:30 PM

Axel Hoffmann Plenary Lecture
Driving Magnetization Dynamics in Insulators Using Spin Hall Effects
Luke Fleet
Inside the Nature Publishing Group
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June 7		
8:30 AM

9:00 AM

9:15 AM

9:45 AM

B1: SPIN WAVES
Chair: Arun Gupta
B1-01 Invited Lecture
Haiming Yu
Sub-100 nm-wavelength spin wave propagation in metal/insulator magnetic
nanostructures
B1-03
D. E. Gonzalez-Chavez
Spin Wave Dynamics in Elliptical Py Objects Exhibiting Vortices:
The Role of Dipolar and Exchange Energies
B1-04 Invited Lecture
Philipp Pirro
Spin-wave majority gates for digital data processing
B1-05
Pratim Chowdhury
Parametric Pumping of Spin Waves by Acoustic Waves
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10:00 AM

Refreshment Break

10:15 AM

B1-06 Invited Lecture
R. L. Stamps
Dynamics of chiral spin systems: soliton lattices, defects and spinwaves
B1-07
Pasdunkorale A Janantha
Foldover of Nonlinear Eigenmodes in Magnetic Thin Film-Based Feedback Rings
B1-08 Invited Lecture
Stephan Breitkreutz-v. Gamm
Gyorgy Csaba
Design of on-chip readout circuitry for spin-wave devices
B1-09
Adam Papp
Signal processing by spin-wave interference
B1-10
Michael Vogel
Snell’s law for spin waves in a temperature gradient
B1-11
Dmitry Kalyabin
Spin Wave Edge Effects in Bounded Media

10:45 AM

11:00 AM

11:30 AM

11:45 AM

12:00 PM

12:15 PM
Lunch
		
B2: FMR & DAMPING
2:00 PM

2:30 PM

3:00 PM

Chair: Kilian Lenz 		
B2-01 Invited Lecture
Justin M. Shaw
Spectroscopic studies of the interfacial Dzyaloshinskii-Moriya interaction
B2-02 Invited Lecture
Martin A.W. Schoen
Finding the intrinsic damping of 3d transition metal alloys
B2-03
Amir Capua
Observation of Unconstrained free Spin Dynamics in Ferromagnetic Metals
10

3:15 PM

B2-04
Yoichi Shiota
Nonlinear ferromagnetic resonance excited by voltage-induced anisotropy change in 		
perpendicularly magnetized magnetic tunnel junctions

3:30 PM

B2-05
Benedetta Flebus
Landau-Lifshitz theory of the electron-magnon drag

3:45 PM

B2-06
Marie Yoshikiyo
Zero-Field Ferromagnetic Resonance of Metal-Substituted ε-Fe2O3

4:00 PM

B2-07
Mohammed Afsa
Ferromagnetic Resonance for Ba- and Sr-Micro and Nano Ferrites

4:15 PM

B2-08
Amir Capua
Observation of Rabi Nutations in Ferromagnets

4:30 PM

POSTER SESSION II		
Chairs: Michael Vogel & Adam Hauser
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PS2-01
Isao Kanada
Soft Magnetic Properties and Damping Parameter of Fe-Al Alloy Thin Films

PS2-02
Jinjun Ding
Growth of Nanometer-Thick, Low-Damping Yttrium Iron Garnet Films by Sputtering
PS2-03
Mikhail A. Cherkasskii
Bright and Dark Microwave Envelope Solitons in Ferrite-Ferroelectric Layered Structures
PS2-04
Jamileh Beik Mohammadi
Broadband Ferromagnetic Resonance Study of Interfacial Magnetic Anisotropy in 		
NiFe films
PS2-05
Zhe He
Well-controlled spin wave excitation in YIG micro-channel on Silicon

PS2-06
Dandan Wen
Intentional double resonance frequency in CoFeB amorphous film deposited by 		
oblique sputtering
PS2-07
Alison Elizabeth Farrar
Theoretical Investigation of Damping in Exchange Bias Systems

PS2-08
Irina Ustinova
Theoretical investigation of ferrite-ferroelectric dynamic magnonic crystal
PS2-09
Aleksei Nikitin
Multiferroic magnonic crystals based on a slot transmission line
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PS2-10
Bijoy K. Kuanr
Magnetization dynamics in one - Dimensional Fex Co1-x nanowires
PS2-11
Claudia Mewes
Effective anisotropy and magnetization dynamics in thin films with spatial
fluctuations of the first order anisotropy
PS2-12
Xiaojia Luo
FMR Regulated and Controlled by Microcell in Fe-Co Based Thin Film
PS2-13
Daniel Richardson
Study of Grain-to-Grain Exchange Coupling in Perpendicular Magnetic Recording 		
Media via Ferromagnetic Resonance
PS2-14
K. Dasari
Low-temperature anomalous magnetic behavior of Co2TiO4
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PS2-15
Paul Omelchenko
Study of Spin Transport in Tantalum Using Spin Pumping and Spin Sink Effects

6:00 PM

Transportation provided to the Alabama Museum of Natural History
Depart from Bryant Conference Center Registration Lobby
SPECIAL EVENING SESSION II
Chair: Tim Mewes		

6:30 PM

Dr. Stuart Bell, President, The University of Alabama
Honorary Award presentation to Dr. Bret Heinrich

Shin-ichi Ohkoshi Plenary Lecture
High frequency millimeter wave absorption and unique functionalities in ε-Fe2O3 nanomagnets
Banquet
Alabama Museum of Natural History

Afterwards

Transportation provided from the Alabama Museum of Natural History to the Bryant 		
Conference Center, Hotel Capstone and the Hampton Inn.
				
June 8		
C1: SPIN CURRENT, SPIN TORQUE, & OTHER SPIN EFFECTS
Session Chair: Robert L. Stamps		
8:15 AM

C1-01 Invited Lecture
Michael Vogel
Thermally Tunable Coupled Magnetic Vortex Oscillators

8:45 AM

C1-02 Invited Lecture
Randy K. Dumas
Recent Advances in Synchronizing Nanoscale Magnetic Oscillators

9:15 AM

C1-03
Tomohiro Taniguchi
Excitation of auto-oscillation in spin torque oscillator with perpendicularly
magnetized free layer

9:30 AM

C1-04 Invited Lecture
Sergei Urazhdin
Active magnetic nanostructures driven by spin currents
12

10:00 AM

Refreshment Break

10:15 AM

C1-05 Invited Lecture
Yaroslav Tserkovnyak
Bose-Einstein Condensation of Magnons Pumped by the Bulk Spin Seebeck Effect

10:45 AM

C1-06
Pasdunkorale A Janantha
Roles of Damping in Spin Seebeck Effect in Yttrium Iron Garnet Thin Films

11:00 AM

C1-07 Invited Lecture
Ezio Iacocca
Dispersive hydrodynamics in ferromagnets

11:30 AM

C1-08 Invited Lecture
Matthias B. Jungfleisch
Spin dynamics of artificial spin-ice systems

12:00 PM

C1-09
Pieter B. Visscher
Few-mode Analysis of STT-MRAM Switching Instability
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12:15 PM
Lunch
		
C2: FMR & DAMPING II
Session Chair: Justin Shaw
2:00 PM

C2-01 Invited Lecture
Kilian Lenz
Magnetization dynamics of a single Fe-filled carbon nanotube detected by
ferromagnetic resonance

2:30 PM

C2-02
Behrouz Khodadadi
A comprehensive ferromagnetic resonance study of asymmetric CoFe/Ru(x)/CoFe 		
exchange-coupled trilayers

2:45 PM

C2-03
Jamileh Beik Mohammadi
Unidirectional relaxation in CoFe/IrMn Exchange biased samples

3:00 PM

C2-04
Ashish Chhaganlal Gandhi
A Ferromagnetic Resonance Study of Exchange-Coupled Ni/NiO Nanoparticles

3:15 PM

C2-05
Amir Capua
New Approach for Extraction of Intrinsic Gilbert Damping from Time-Resolved MOKE 		
Measurements

3:30 PM

C2-06
Seungha Yoon
High frequency laser modulation for phase-sensitive ferromagnetic resonance
detection

3:45 PM

C2-07
Eric R. J. Edwards
Michelson Microwave Interferometer for Broadband Ferromagnetic Resonance Experiments

CLOSING REMARKS & POSTER AWARDS
Chair: Tim Mewes		
		
		
13
4:00 PM

Session A1:
Materials

Call for
Proposals
Takao Suzuki, Chair
June 6

14

Materials

A1-01

Invited

Synthesis of rhodium substituted ε-iron oxide exhibiting
large magnetic anisotropy and its natural resonance phenomenon
1

1

Asuka Namai *, Marie Yoshikiyo ,Shin-ichi Ohkoshi

1

1: The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
In 2012, our research group developed rhodium substituted ε-iron oxide (ε-RhxFe2-xO3：0 ≤ x ≤ 0.14)
nanomagnets, which exbihits high frequency millimeter wave absorption up to 209 GHz, by a chemical
nanoparticle synthesis method using mesoporous silica as template [1]. In this study, we show a new
synthesis of rhodium substituted ε-iron oxide, ε-RhxFe2-xO3 (0 ≤ x ≤ 0.19), nanoparticles in silica [2].
A feature of the present synthesis is a sol-gel method to coat the metal hydroxide sol containing iron and
rhodium cations with a silica sol via hydrolysis of the alkoxysilane to form a composite gel. TEM images
show that the obtained samples are barrel-shaped nanoparticles with average long- and short-axes
lengths of approximately 30 nm and 20 nm, respectively. The crystallographic structure study using X-ray
diffraction shows that ε-RhxFe2-xO3 has an orthorhombic crystal structure in the Pna21 space group.
3+
Among the four non-equivalent substitution sites (A–D sites), Rh ions mainly substitute into the C sites.
Electromagnetic wave absorption property was measured using using terahertz time domain
spectroscopy (THz-TDS). The observed electromagnetic wave absorption characteristics due to natural
resonance (zero-field ferromagnetic resonance) reveal that the natural resonance frequency shifts from
182 GHz (ε-Fe2O3) to 222 GHz (ε-Rh0.19Fe1.81O3) upon rhodium substitution. This is the highest natural
resonance frequency of a magnetic material, and is attributed to the large magnetic anisotropy due to
rhodium substitution. The estimated coercive field for ε-Rh0.19Fe1.81O3 is as large as 28 kOe. The present
material should be useful for high frequency millimeter wave absorbers, since the absorption frequency
corresponds to the highest window of air.
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Substrate-Induced Strain Dependence Of Structural And Magnetic
Properties Of Nickel Ferrite Thin Films
Amit V. Singh1, Behrouz Khodaddadi1,2, Jamileh Beik Mohammadi1,2, Sahar, Keshavarz1,2, Tim Mewes1,2,
Devendra Singh Negi3, Ranjan Datta3, Zbigniew Galazka4, Reinhard Uecker4, and Arunava Gupta1*
Center for Materials for Information Technology, 2 Department of Physics, The University of Alabama,
Tuscaloosa, Alabama, 35487, USA
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4 Leibniz Institute for Crystal Growth, Max-Born-Str. 2, 12489 Berlin, Germany
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Ferrites thin films have a number of
technological applications in areas such as
telecommunications
(microwave
and
millimeter wave devices), magneto-electric
coupling devices and are also promising
candidates for future spintronic devices.[1,2]
Epitaxial thin films of NiFe2O4 (NFO) deposited
on a variety of substrates (SrTiO3, MgO,
MgAl2O4, Al2O3 etc.), all having a lattice
mismatch of ~3-10% with NFO, suffer from a
number of structural and magnetic problems
Fig. 1(a) Plots of microwave frequency as a function of
such as formation of antiphase boundaries,
resonance field and (b) plots of variation of FMR linewidths
lower saturation magnetization, at least an with microwave frequency for all three samples..
order of magnitude higher ferromagnetic
resonance (FMR) linewidths as compared to the NFO bulk single crystals at comparable microwave
frequencies.[3-5]Moreover, non-linear variation of FMR linewidths with applied frequency making
calculation of Gilbert damping constant imprecise. We show that by using a suitable substrate we can avoid
formation of antiphase boundaries in NFO and obtain magnetic properties comparable to bulk single crystal.
We use MgGa2O4 substrate which has 0.8% lattice mismatch with NFO to obtain FMR linewidths equivalent
to the bulk single crystal at comparable frequencies and we are able to determine the Gilbert damping
constant for a thin film from a linear variation of linewidths with frequencies. We compare these results with
NFO films on two other substrates, MgAl2O4 and CoGa2O4, which have 3.1% and 0.2% lattice mismatches,
respectively. The former shows degraded magnetic properties whereas the latter film shows further
improvements from MgGa2O4 results. The improvements due to use of a structurally similar and better
lattice matched substrate will in-general apply to other ferrites such as Fe3O4, LiFe5O8 and CoFe2O4, which
also have similar structures and lattice constants as NiFe2O4.
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Growth of High-Quality Y3Fe5O12 Thin Films on Platinum via Sputtering
Houchen Chang1, Tao Liu1, P. A. Praveen Janantha1, and Mingzhong Wu1*
1: Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA
In recent years there is a strong interest in studying Y3Fe5O12 (YIG)-based spintronics, and such an interest
is mainly driven by the fact that YIG materials have a damping constant lower than any other magnetic
materials. The majority of the previous studies utilized YIG films that were grown on single-crystal
Gd3Ga5O12 (GGG) substrates first and then capped with thin normal metal (NM) layers (for example, Pt).
The use of the GGG substrates is crucial as they have a crystalline structure almost perfectly matching that
of YIG materials.
This presentation reports on the feasibility of using sputtering to grow high-quality YIG thin films on Pt films.
This feasibility is of great significance because it enables the fabrication of NM/YIG/NM layered structures.
Such structures will facilitate various interesting fundamental studies as well as device developments where
one can use one NM layer as a driving layer to either excite dynamics or induce magnetization switching in
the YIG film and use the other NM layer as a reading layer to probe the magnetization in the YIG film. The
fabrication process consisted of three main steps as follows: the growth of a Pt film on a (111) GGG
substrate by DC sputtering at about 400 °C, the growth of a YIG film by RF sputtering at room temperature,
and the annealing of the sample in O2 at about 700 °C. The Pt and YIG phases of the resultant bi-layered
structures were confirmed by X-ray diffraction measurements. Atomic force microscopy measurements
indicated that the samples had uniform and smooth surfaces, with an rms surface roughness of about 0.2
nm. Ferromagnetic resonance (FMR) measurements using perpendicular fields yielded a peak-to-peak
linewidth of about 10 Oe in the Ku-band frequency range and a Gilbert damping constant (α) in the 0.00040.0006 range, while field-in-plane FMR measurements yielded much larger linewidth and damping values
due to spin pumping. Measurements were also carried out that used a microwave field to drive the magnetic
moments in the YIG film to precess and a nano-voltmeter to probe spin pumping-produced inverse spin
Hall voltage in the Pt layer. The level of the measured voltages is on the same order as that in Pt/YIG/GGG
structures with similar dimensions. The spin pumping-produced damping enhancement and the strong
inverse spin Hall voltage signals together clearly indicate that the interfaces in the YIG/Pt samples in this
work have high quality in terms of transferring spins.
In the figure below, graphs (a) and (b) present peak-to-peak FMR linewidth data obtained with a YIG(36
nm)/Pt(10 nm) sample using perpendicular and in-plane magnetic fields, respectively. The linear fitting of
the data in (a) and (b) yielded α=0.00047 and α=0.00077, respectively. The latter is significantly larger
than the former, and this difference is because spin pumping is absent in the out-of-plane FMR
measurements but takes place and produces additional damping during the in-plane measurements.
Graphs (c) and (d) present the inverse spin Hall voltage map measured across the Pt layer, with the vertical
axes showing the frequency, the horizontal axes showing the field strength, and the color showing the
voltages. Graphs (c) and (d) show the data measured with opposite field orientations. One can see that
the reverse of the field direction flips the sign of the voltage but does not affect the voltage signal strength,
consistent with previous experiments.
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Growth of BaFe12O19 Thin Films via Sputtering and
Spin Transfer across BaFe12O19/Pt Interfaces
Tao Liu1, Peng Li1, Houchen Chang1, Wei Zhang2, J. Sam Jiang2, Gaurab Rimal3, Shengxiang Huang1,4,
Jinjun Ding1, Wei Li5, Mario Marconi5, Jinke Tang3, Axel Hoffmann2, and Mingzhong Wu1*
1: Department of Physics, Colorado State University, Fort Collins, CO, USA
2: Materials Science Division, Argonne National Laboratory, Lemont, IL, USA
3: Department of Physics & Astronomy, University of Wyoming, Laramie, WY, USA
4: School of Physics and Electronics, Central South University, Changsha, Hunan, China
5: Department of Electrical and Computer Engineering, Colorado State University, Fort Collins, CO,
USA
Due to its strong magneto-crystalline anisotropy, M-type barium hexagonal ferrites (BaFe12O19, BaM) have
high potential for memory applications. This may be realized, for example, by taking a BaM/Pt bi-layered
structure and using the spin Hall effect-produced spin currents in the Pt film to switch the magnetization in
the BaM film. Such switching is expected to be more efficient than that in the ferromagnetic metal/Pt
counterpart, thanks to the absence of the shunting current in the BaM film and the relatively low damping
of the BaM film. What’s more, perpendicular anisotropy in BaM films is intrinsic and the Curie temperature
in BaM materials is high (725 K), both desirable from the point of device applications.
This presentation reports on the growth of BaM thin films via sputtering and the demonstration of spin
transfer across BaM/Pt interfaces. The films were deposited by RF sputtering at room temperature and
subsequently annealed in O2 at high temperatures. The films with thicknesses of 4-10 nm show a rms
surface roughness of 0.2-0.4 nm, an effective perpendicular anisotropy field of about 17 kOe, and a
remnant-to-saturation magnetization ratio of 85%-97%. The experimental data clearly demonstrate the
feasibility of using sputtering to grow high-quality BaM thin films, which has technological significance as
sputtering is widely used in industry.
Multiple BaM(9 nm)/Pt(5 nm) Hall bar structures were fabricated by photolithography and ion milling. Those
structures show the anomalous Hall effect (AHE), the planar Hall effect, and magneto-resistance behavior,
which together clearly indicate the presence of strong interactions between the moments in the BaM and
the spins in the Pt at the interfaces. The switching in the BaM strongly depends on the charge current
applied to the Pt. When the normal component of the magnetization in the BaM was measured by sweeping
an in-plane field, the response manifested itself as a hysteresis loop, which evolved in a completely opposite
manner if the sign of the charge current was flipped. When the coercivity was measured by sweeping an
out-of-plane field, its value decreased or increased by as much as 200 Oe with applied charge currents.
These results provide strong evidence for spin transfer at the interfaces.
In the figure below, the X-ray diffraction spectrum in graph (a) indicates the c-axis orientation of the BaM
film. The in-plane and out-of-plane hysteresis loops in graph (b) were measured by VSM and provide strong
evidence for perpendicular anisotropy. Graph (c) presents the AHE resistance (RAHE) measured on a Hall
bar with a perpendicular field, which shows a loop response very close to the out-of-plane loop in (b). Graph
(d) presents the RAHE loops measured for two charge currents of opposite signs, which evolved in an
opposite manner.
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High frequency measurement of Co- and Ti-substituted SrM hexaferrite for
its applications in microwave devices
Ranajit Sai*1, Masahiro Yamaguchi1, Shigeru Takeda2, Shin Yabukami3 and S. A. Shivashankar4
1: Department of Electrical Engineering, Tohoku University, Sendai, Japan
2: Magnonotech Ltd., Kumagaya, Saitama, Japan
3: Department of Electrical Engineering, Tohoku Gakuin University, Tagajo, Japan
4: Centre for Nano Science and Engineering, Indian Institute of Science, Bengaluru, India
Future generations of mobile-communication systems are expected to be operated either in X- band (8-12
GHz) or in K-band (12-40 GHz) according to the latest 3GPP release. This necessitated the development
of magnetic materials suitable at aforesaid frequency bands for passive devices as conventional softmagnetic materials cannot be employed anymore owing to their extremely lossy characteristics at those
frequency bands. Reliable measurement of permeability and ferromagnetic resonance (FMR) of such
materials at such a high frequency is also looked for.
M-type hexaferrites are blessed with reasonably high permeability and high magnetocrystalline anisotropy
that restricts losses up to a few tens of GHz. However, Appropriate cation substitution in their crystal lattice
not only enable tuning of anisotropy but also transform it magnetically soft. Co- and Ti-substituted Sr-based
M-type hexaferrite can thus be of extreme importance owing to their suitable soft-magnetic properties in
the desired frequency regime.
In this work, the candidature of
SrCoxTixFe12-2xO19, x=1 (SrCoTiM)
polycrystalline powder as a suitable
material for its use in microwave
passives is assessed. Wellcrystallized hexagonal particles
exhibit MS and HC of 357 emu/cc
and 300 Oe respectively, while the
initial relative permeability is found Figure 1: (a) Powder XRD pattern of the SrCoTiM; (b) SEM micrograph and
to be ~4. ZFC/FC measurement (in inset) the particle size distribution of the test SrCoTiM sample; (c) The
reveals
the
absence
of frequency-dispersion of complex permeability of SrCoTiM-epoxy mixture
interparticular interactions, while measured by four different techniques.
the anisotropy field is calculated to
be ~567 kA/m. High frequency magnetic characteristics of SrCoTiM-epoxy mixture is investigated through
four different measurement techniques [1], [2], such as (i) microstrip probe, (ii) stripline measurement, (iii)
short-circuited coaxial line method calibrated by sample removal technique and (iv) short-circuited coaxial
line method calibrated by applying high DC magnetic field. Both microstrip probe and stripline
measurements are also calibrated by high external DC bias field. The resulting frequency dispersion of
permeability obtained from all four measurements agree well with each other as demonstrated in Figure 1c.
A major loss peak (µr”) is observed around 21 GHz in all measurement which is also in well agreement with
the calculated FMR frequency of non-interacting SrCoTiM multi-domain particles that is being studied here.
Another small FMR peak that is observed at 1.3 GHz can be attributed to the minute presence of impurity
phases as revealed by XRD (Figure 1a) and other characterization techniques.
The results outlined the suitability of CoTiM family of hexaferrites for their integration into future high
frequency passives. The work also highlights the strength and weaknesses of different broadband
measurement techniques for the investigation of high frequency magnetic characteristics of relatively low
permeable hexaferrites.
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X-type Hexaferrite (BaCoxZn2-xFe28O46) for GHz Device Applications
Woncheol Lee1, Yang-Ki Hong1,*, Jihoon Park1, Minyeong Choi1, Jaejin Lee2, In-Seung Baek3,
Nam-Pal Hur3, and Won-Mo Seong3
1: Department of Electrical and Computer Engineering and MINT Center, The University of
Alabama, Tuscaloosa, Alabama 35487, USA
2: Client Research and Development, Intel Corporation, Hillsboro, Oregon 97124, USA
3: Research and Development Center, E.M.W. Co., Ltd., Seoul 45924, South Korea
Recent mobile telecommunications provide a variety of GHz wireless services, since higher data rate and
channel capacity can be realized at GHz frequency range as compared to low-frequency communications.
However, due to the increase of wireless services and size limitations of the modern mobile devices, the
size of passive components, including antennas and inductors, should be reduced, while retaining good
antenna performance characteristics. For examples, antenna radiation efficiency and gain need a relatively
high permeability (μ′) and low magnetic loss tangent (tan δμ).
In this paper, we present low-loss dynamic characteristics of BaCoxZn2-xFe28O46 (CoxZn2-xX) hexaferrite for
GHz device applications. The CoxZn2-xX with various zinc contents (x = 0.8, 1.2, 1.6, 1.8, and 2.0) were
prepared by the conventional solid-state reaction method. The iron precursors were mixed with BaCO3,
Co3O4 and ZnO in an appropriate stoichiometric ratio, and followed by annealing the mixed powders in air.
It was found that μ′ of CoxZn2-xX decreases from 2.6 to 2.03 as x increases from 1.2 to 2.0. Noticeably,
CoxZn2-xX with x = 1.8 and 2.0 have a relatively low tan δμ and high μ′ of 0.087 and 2.3, and 0.084 and 2.29,
respectively, at 2 GHz. Therefore, these ferrites can be used for L-band (1 – 2 GHz) applications. In order
to investigate the effect of iron precursors, two different iron precursors, such as α-Fe2O3 and Fe3O4, were
investigated. A μ′ of Co2X prepared with Fe3O4 shows lower μ′ of 2.08 at 2 GHz than Co2X prepared with
α-Fe2O3. However, a low tan δμ of 0.062 was obtained, which is more suitable for GHz antenna or inductor
applications, as shown in Fig. 1. In addition, the effect of the annealing process on complex permeability
will be discussed in this paper.
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Structural and Magnetic Properties of Nickel Zinc-based Ferrite Thick Films
Created via Tape Casting Method for Wide-bandwidth Conformal Antennae
Taryn Kittel*, Golsa Naderi, Justin Schwartz1

1: Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC,
27695-7907, United States
Wide-bandwidth antennae have resisted dramatic size reductions due to the inability to develop
nanostructured materials at a technologically relevant scale. A critical component in achieving high
performance over a wide bandwidth is the development
of high impedance nanostructured materials that have
a high resistivity, a high relative permeability to
permittivity ratio, and a greater than unity relative
permeability across the frequency range of interest.
Nickel zinc ferrite (Ni0.5Zn0.5Fe2O4 (NZF)) and nickel
zinc cobalt ferrite (Ni0.19Zn0.28Co0.03Fe2.5O4) are
interesting materials for these high-frequency wideFigure 1: Schematic illustration of a Northropbandwidth antennae applications.
Grumman antennae design, showing the radiator atop
the ferrite substrate. The key element is the ferrite
substrate.

A primary challenge in developing these materials for
antennae applications is obtaining the desired
properties on a large-area scale. For a typical antenna,
such as the one shown in Figure 1, the total area of the ferrite is on the order of 1600 cm2 laterally and
between 2.5 mm to 10 mm in thickness. Here, we present a method for creating NZF and NZCF large-area
thick films by utilizing a tape casting system. The slurry, composed of ferrite powder, plasticizer, binder,
and dispersant, allows for the creation of flexible green tape. Thermogravimetric and differential thermal
analysis (TG-DTA) are used to study the burnout process of the binder.
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In this study, different processing conditions are examined including sintering temperature, heating rate,
and total sintering time. Scanning electron microscopy (SEM) is used to study the changes in density,
thickness, microstructure, and grain size with processing conditions. Electron backscatter diffraction
(EBSD) is employed to examine the crystallographic orientations of the grains. Densification is quantified
using image analysis for porosity area fraction. Variations in crystallographic texture are studied using XRay Diffraction (XRD). Magnetization behavior, including saturation magnetization and coercivity, is
characterized using vibrating superconducting quantum interference device (SQUID) magnetometer. A
short and open microstrip cavity is used to measure permeability and permittivity across a very wide range
of frequencies.
Relationships between processing conditions and magnetic properties were found. For instance, results
show that varying sintering time causes microstructural changes, in particular variations in crystallographic
texture and density, which lead to changes in magnetization behavior. Further, relative permeability was
found to increase with decreasing sintering time.
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Investigation of defects/distortion/inter-diffusion in Bi-ferrite heterostructures by Rutherford backscattering
Murtaza Bohra1*, Varun Karthik Y.S.1, K. Negi1, Nikhil Chowdary1, H. Chou2, X. Wang3 and W-K Chu3
1: Mahindra Ecole Centrale, Hyderabad, India
2: National Sun Yat-Sen University, Kaohsiung, Taiwan,
3: Texas Center of Superconductivity, University of Houston, USA.
Bismuth-ferrite (BiFeO3) layers were sputtered onto SrRuO3 coated SrTiO3 substrates at different growth
temperature (Tg). These Bi(Pb)FeO3/SrRuO3/SrTiO3 hetero-structures exhibit strain relaxation (reciprocal
space maps: Fig. a) at each interface and eventually exhibit two Bi(Pb)FeO3 peaks. Rutherford
backscattering (RBS) was employed to understand this unusual behaviour as to whether it is a mixture of
two phases, layer splitting or inter-diffusion of elements. RBS ratio (χmin: 34 to 100%) of aligned and random
spectra near surface regions (Fig. b) of Bi(Pb)FeO3 layers indicate the degradation of crystalline quality with
Tg. Fitting of RBS data of SrRuO3 layer suggest significant Ru vacancies at Bi(Pb)FeO3/SrRuO3 interface
compared to the SrRuO3/SrTiO3 interface, which also contributes in the strain relaxation process.
Surprisingly, at high Tg = 700°C, no difference between random and aligned spectra is observed, indicating
the presence of large amount of defects/distortions and lattice misfit at interface. These distortions can
enhance maximum backscattering even in (001) aligned configurations. The RBS composition analysis
gives clear evidence of inter-diffusion of Pb and Bi elements deep into SrRuO3/SrTiO3 interface, which
causes two RSM peaks of Bi(Pb)FeO3 and Sr(Bi,Pb)TiO3. Below TcSrRuO3, the magnetic properties of
Bi(Pb)FeO3/SrRuO3/SrTiO3 hetero-structures are greatly altered with Tg; the details will be discussed.
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Figure 1. Reciprocal space maps (a) and Rutherford backscttering spectrums (b) at different Tg.
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A reason for worse microwave performance of thick permalloy films:
out-of-plane anisotropy or eddy currents?
Alexey V. Osipov1*, Igor T. Iakubov1, Andrey N. Lagarkov1, Sergey A. Maklakov1, Sergey S. Maklakov1,
Andrey S. Naboko1, Dmitriy A. Petrov1, Konstantin N. Rozanov1, Ilya A. Ryzhikov,1 and Polina A.
Zezyulina1
1: Institute for theoretical and applied electromagnetic (ITAE), Moscow, Russian Federation
It is known that the use of thin magnetic films allows uniquely high values of microwave permeability to be
obtained, which is useful for many technical applications. However, sheets with relatively large thickness, of
several millimeters, are typically required, and the thickness is frequently a subject for variation to attain optimal
performance of the material. Thin films have good microwave magnetic performance only if the film is of submicrometer thickness. With larger thicknesses, the performance worsens because of the effect of eddy currents and of
appearance of out-of-plane magnetization. To reduce the eddy currents, multi-layer films with magnetic layers
separated by dielectric interlayers has been proposed [1]. Possible applications of multi-layer films arise
intensive studies of their microwave properties [2–5].
The study deals with magnetostatic and
microwave measurement of single-layer and
multi-layer permalloy films and is aimed at
revealing of the reason for the deterioration of
microwave magnetic performance with increase of
film thickness. The films are deposited onto a 12mcm thick mylar substrate with magnetron
sputtering. The dielectric interlayers are made of
SiO2. The magnetostatic data are obtained with a
vibrating sample magnitometer. The microwave
permeability is measured at frequencies of 0.1 to
12 GHz by a coaxial method.
A
measured
frequency
dependence
of
permeability for single-layer films of various
thickness, h, is shown in Fig. 1. The permeability Fig. 1. The measured frequency dependences of
desreases greatly when the film is thicker than permeability of permalloy films with various thicknesses.
0.22 mcm. The magnetostatic data confirms that
the reason is the appearance of perpendicular anisotropy in the film. In the multilayer films with alternating
dielectric and permalloy layers, the effect of the perpendicular anisotropy is reduced greatly. In a 25-layer
film, where the total thickness of permalloy layers is as large as 5 μm, no worsening of microwave
performance is observed arising either from eddy currents or the perpendicular anisotropy.
It can be concluded that the decay of high-frequency permeability with the film thickness arises mainly from
the appearance of the perpendicular magnetic anisotropy rather than from the effect of eddy currents. It is
also shown that multilayer films comprising alternating magnetic and dielectric layers are capable of reducing
both these effects and are therefore promising materials for developing magnets that possess high
permeability at high frequencies.
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A Comparison between Different Models for Permeability calculation of
Nanorods Metal-Substituted Ferrites in Millimeter Wave
Wei Quan1* and Mohammed Afsar1
1: Department of Electrical and Computer Engineering, Tufts University, Medford, MA 02155 USA
Hexagonal ferrites with high uniaxial anisotropic
magnetic fields are used as absorbers in millimeter
wave frequency range. Many ferrites in this group
such as M-type barium ferrite (BaFe12O19) and
have
natural
strontium
ferrite
(SrFe12O19)
ferromagnetic resonant frequency range from 40
GHz to 60 GHz. On the other hand, a series of
gallium-substituted ε-iron oxides (ε-GaxFe2-xO3) are
synthesized as suitable materials that support the
higher frequency ferromagnetic resonance. This
group of materials have ferromagnetic resonant
frequencies appearing over the frequency range 30
GHz to 150 GHz. All these nanorods ferrites samples
are synthesized by the sol-gel method and the
particle sizes are observed to be smaller than 100
nanometer. With the adjustment of x parameter, the Figure 1: Comparison between three models for
strong ferromagnetic resonances at different imaginary part of ε-GaxFe2-xO3. Schlomann model
frequencies are tunable. These nanorods ferrites shows shaper response, but some of
the
particles were characterized by the free space information around the wings got lost due to narrow
magneto-optical approach in millimeter waves. curve shape. Gelin model produces more reliable
Precise transmission spectra can be obtained by this value of permeability around the wings.
technique to determine the magnetic properties of all
these three kinds of metal-substitution nanorods ferrites in millimeter wave frequency range. After
measurements, three models are firstly used to calculate all the components of permeability tensor of these
three materials. Finally, the comparison between different models for the complex magnetic permeability
spectra of all these three ferrites will be shown and compared in graphic and tabular form.
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Magnetostatic Wave Signal-to-Noise Enhance Model Development
John D. Adam*
Millersville, MD 2110, USA
Signal-to-noise enhancers (SNEs) are non-linear ferrite devices that attenuate small signals but allow
simultaneous above-threshold signals to pass with reduced attenuation. Like ferrite limiters, SNEs are
frequency selective thus they function as autonomously tunable bandpass filters for large signals. Several
types of SNE have been reported and all rely on the abrupt power saturation of magnetostatic surface
wave (MSSW) transduction from a microstrip or other transmission line. The SNE of interest here [1] is
shown in fig.1(a), and consists of a YIG film in contact with a narrow microstrip line and the magnetic bias
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Figure 1. (a) Microstrip SNE, (b) Measured results for input power in range -6dBm to +10 dBm, (c) Modelled results
for device in (b) showing uniform threshold power and above threshold attenuation.

field applied parallel to the microstrip so that MSSW are launched into the YIG film. At low input power,
the power lost through transduction of MSSW can be represented by a constant radiation resistance
uniformly distributed along the microstrip line. The maximum power that can be carried by the MSSW is
determined by the MSSW power at threshold thus when the power in a section of microstrip exceeds the
threshold power, the radiation resistance decreases so that the radiated MSSW power is constant.
An initial model for SNE operation was based on theory developed for the above-threshold behavior of
MSW frequency selective limiters (FSLs) [2] modified as described by Emtage [3] to include the back
reaction of the MSSW fields on the current in the microstrip. However, this failed to predict the relatively
uniform threshold power and above-threshold attenuation observed over the complete MSSW band in fig.
1(b). Examination of the frequency limits for MSSW at frequency ω show that the ω/2 spin waves
generated in the power limiting process are completely within the magnetostatic backward volume wave
(MSBVW) frequency range. The component of the ω/2 MSBVW perpendicular to the microstrip has a
group velocity of sufficient magnitude to increase the threshold magnetic field as explained in [4] for
localized pumping. Making the width of the pumping region equal to the MSSW wavelength resulted in
calculated above-threshold attenuation, fig. 1(c), in reasonable agreement with the measured results in
fig.1(b). Planned improvements will include the power absorbed by ω/2 spin waves which accounts for
the residual loss within the MSSW band and increasing loss above the MSSW band at high input power.
ACKNOWLEDGMENTS
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Patterned Magnetic Thin-film Digital Noise Suppressor for
Future Telecommunication Systems RF IC
Masahiro Yamguchi1,2*, Yasushi Endo1, Pen Fan1, Satoshi Tanaka2 and Makoto Nagarta4
1: Dept of Electrical Engng., School of Engng., Tohoku Univ., Sendai 980-8579, Japan
2: New Industry Hatchery Creation Center(NICHe), Tohoku Univ., Sendai 980-8579, Japan
3: Graduate School of System Informatics, Kobe Univ., Kobe 657-8501, Japan
LTE-Advanced mobile communication system (1 Gbps, downlink) is growing rapidly and subsequent 4th
and 5th generation system are approaching toward social implementation. In order to ensure required
telecommunication performance against digital noise[1], a new integrated magnetic thin-film noise
suppressor has been developed [2], where magnetic thin-film dissipates the digital noise power by means
of ferromagnetic resonance (FMR) losses. Top portion in Fig. 1 shows the block diagram of a fully LTEcompatible receiver circuit chain (Band1, 2110-2170 MHz for downlink) implemented in a 5x5 mm2–size
65nm Si-CMOS technology [2], as shown in the bottom center photograph. This chip integrated with
crossed-anisotropy Co85Zr3Nb12 film successfully demonstrated the digital noise suppression and signal
through-put improvement simultaneously [2]. EM and circuit analyses predicted magnetic film suppressed
conductive (in-line) noise, rather than space-propagating noise.
In this work, three noise-carrying wire groups were extracted out of numerous on-chip wires through
systematic electromagnetic simulation. Then the patterned amorphous Co79.6Zr4.7Nb15.7 film (4πMs=0.63 T,
anisotropy field Hk=640 A/m and FMR frequency f r=0.8 GHz) [3] was integrated only along the extracted
wire groups on the test chip, as shown in the bottom right illustration. In detail, the stack of SiO2 (100 nm) /
[Co-Zr-Nb (250 nm)/ SiO2 (5 nm)]×4 / SiO2 (100 nm)/ [Co-Zr-Nb (250 nm)/ SiO2 (5 nm)]×4 / SiO2 (50 nm) (/
Glass substrate) was sputter-deposited and lifted-off on to the test chip, where the two [Co-Zr-Nb/ SiO2] ×4
stacks form crossed-anisotropy
RF receiver
multilayer structure [3]. The bare
LNA
chip was enclosed in a standard
spurious
128-pin package, driven by an
external control board, and
Frequency
measured the noise level and
LTE throughput performance.
Implementation of the divided
magnetic film pattern exhibited
Magnetic
lower in-band spurious tone
film
Analogue
(noise) by 11 dB as compared
Digital
with the original pattern, showing
the evidence of the extracted
noise-carrying wire groups, and
suggesting the noise diffusion in
Test RF IC with original
Divided magnetic film
the original larger film blocks.
Power
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Figure 1: Test RF IC chip, circuit diagram and magnetic film pattern.
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Nano-Sized Phase Inverter for Magnonic Logic and Signal Processing
Ivan Lisenkov1,2*, Steven Louis1, Sergey Nikitov2, Vasyl Tyberkevych1 and Andrei Slavin1
1: Oakland University, Rochester, MI 48309, USA
2: Institute of Radio-engineering and Electronics of RAS, Moscow, Russia
A signal phase instead of a signal amplitude will
be used to carry information in emerging novel
computational and signal processing systems
based on magnonic logic [1] and employing
neuromorphic [2] and holographic computing [3].
In this study, we present an element of the phasebased signal processing system that acts as
a GHz-frequency spin waves (SW) phase
inverter, which is able to change the phase of a
propagating SW by about π radians without
appreciable impact on the SW amplitude.
Moreover, the system is able to function without
Fig.1 The top view of an array of dipolarly-coupled
an external bias magnetic field, and the value of
phase shift can be controlled dynamically.
nano-pillars containing an FM line defect and an
The system consists of an array of cylindrical
additional single point defect (inside the yellow circle).
dipolarly-coupled magnetic nanopillars having a
square lattice, as shown in Fig. 1. The orientation
Dark blue and light colored pillars have opposite
of the static magnetization of each nanopillar is bistable along the cylinder axis. The ground state of
directions of the transverse static magnetization.
the dipolarly-coupled array is antiferromagnetic.
To guide the spin waves (SW) inside the array we
introduce a ferromagnetic (FM) line defect
consisting of pillars having their static
magnetization aligned in the same direction. This
line defect acts as a waveguide for SW that are
localized on the defect and well separated in
frequency from the bulk spectrum [4]. The phase
of the localized SW can be controlled by placing a
point defect near the waveguide. The frequency
dependences of the phase shift and the insertion
losses caused by the point defect are plotted in
Fig.2. In our case the phase shift is close to π
radians, which corresponds to the operation of the
phase inverter. Note, that the magnitude of the phase shift is robust, and does not change much in the most
frequency range of SW propagating along the line defect, see Fig.2. The insertion losses, however, vary
with the frequency in the lower part of the spectrum the losses introduced by the point defect are very low
(below 3dB).
Since the phase shift is achieved by changing the orientation of magnetization of a single pillar, it is
possible to dynamically control this phase shift. In addition, by changing the orientation of the pillars placed
further from the waveguide it is possible to vary the phase shift magnitude.
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Integrated Magnetics and Multiferroics for Compact and Power Efficient
Sensing, Power, RF and Microwave Electronics
Nian X. Sun*
W.M. Keck Laboratory for Integrated Ferroics, and Electrical and Computer Engineering Department,
Northeastern University, Boston, MA, USA

The coexistence of electric polarization and magnetization in multiferroic materials
provides great opportunities for realizing magnetoelectric coupling, including electric field
control of magnetism, or vice versa, through a strain mediated magnetoelectric coupling
in layered magnetic/ferroelectric multiferroic heterostructures [1-8]. Strong
magnetoelectric coupling has been the enabling factor for different multiferroic devices,
which however has been elusive, particularly at RF/microwave frequencies. In this
presentation, I will cover the most recent progress on new integrated multiferroic devices
for sensing, memory, RF and microwave electronics. Specifically, we will introduce novel
ultra-sensitive multiferroic antennas with φ200µm × 0.8µm or λ0/670 in size, -18dBi gain,
~0.2% bandwidth, self-biased operation and 1~2% voltage tunable operation frequency,
ultrasensitive RF NEMS magnetoelectric sensors with picoTesla sensitivity for DC and
AC magnetic fields, and novel GHz magnetic and multiferroic inductors with a wide
operation frequency range of 0.3~3GHz, and a high quality factor of close to 20, and a
voltage tunable inductance of 50%~150%. At the same time, I will also demonstrate other
voltage tunable multiferroic devices, including voltage tunable multiferroic bandpass
filters, tunable bandstop filters, tunable phase shifters, magnetoelectric random access
memory, etc. These novel integrated multiferroic devices show great promise for
applications compact, lightweight and power efficient sensing, power, RF and microwave
integrated electronics.
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A Mobile Phone Antenna Loaded with Ferrite for Bandwidth Enhancement
Wei-Hua Zong1*, Zhipeng Shi2, Hao Wang2, Xiao-Mei Yang1, Xia Xiao1
1: College of Electronic Information, Qingdao University, Qingdao, Shandong, 266071, P.R. China
2: College of Physics Science, Qingdao University, Qingdao, Shandong, 266071, P.R. China
Antennas for mobile phone applications are required with low profile and wide bandwidth. It is not easy
to balance the two characteristics simultaneously. The adoption of magnetic material with high permeability
or permittivity in mobile phone antenna can obtain size reduction and maintain wide bandwidth [1]-[4]. In
this paper, we proposed a novel mobile phone antenna with YIG ferrite bulk loaded in a printed slot antenna
to enhance the bandwidth. The configuration of the proposed antenna is shown in Figure 1. The slot
antenna is printed on a 0.8 mm thick FR-4 board with size of 75mm×150mm. Simulation results are shown
in Fig. 2.The bandwidth of the slot antenna without ferrite box is 0.68-1 GHz and 1.95-3 GHz. With loading
of ferrite, the bandwidth is enhanced to 0.68-0.97GHz and 1.85-3 GHz, covering bands of LTE700 (0.6980.787GHz), GSM850 (0.824-0.894GHz), GSM900 (0.88-0.96 GHz), GSM1900 (1.850-1.990GHz), UMTS
(1.92-2.17GHz), LTE2300 (2.305-2.4GHz), LTE2500 (2.5-2.69GHz), and WLAN 2.4GHz (2.4-2.4835 GHz).
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Figure 1: Antenna Configuration, (a) bottom view,
(b) top view, (c) side view.

Figure 2: Simulated |S11|.

ACKNOWLEDGMENTS

This work was supported by the Natural Science Foundation of China (No. 61501277, 61307050), and
Shandong Province Higher Educational Science and Technology Program (No. J14LN86).
REFERENCES

[1] J. Lee, J. Lee, K. Min, and Y. Cheon, IEEE Antennas Wireless Propagat.vol. 13, pp. 935-98, 2014.
[2]J. Lee, Y. K. Hong, W. Lee, J. Park, T. Tanaka, and C. Yun, Microwave and Optical Technology Letters,
vol. 56, no. 7, pp.151-1534, 2014.
[3] J. K. Ji, G. Ho. Kim, W. M. Seong, Microwave and Optical Technology Letters, vol. 53, no.1, pp. 87-90,
2011.
[4] [2] J. Lee, Y. K. Hong, W. Lee, G. S. Abo, J. Park, W. M. Seong, and W. K. Ahn, Journal of Applied
Physics. 113, 073909 (2013).
*corresponding author: weihuazong@126.com

30

Microwave Devices

A2-06

Harmonic Suppressed Ferrite Antenna
Woncheol Lee1, Yang-Ki Hong1,*, Jihoon Park1, Minyeong Choi1, Jaejin Lee2, In-Seung Baek3, Nam-Pal
Hur3, Won-Mo Seong3, and Myung-Hwa Jung4
1: Department of Electrical and Computer Engineering and MINT Center, The University of
Alabama, Tuscaloosa, Alabama 35487, USA
2: Client Research and Development, Intel Corporation, Hillsboro, Oregon 97124, USA
3: Research and Development Center, E.M.W. Co., Ltd., Seoul 45924, South Korea
4: Department of Physics, Sogang University, Seoul 04107, South Korea
High level of harmonic radiation
Table I. Real part of complex permeability and magnetic loss
becomes a big issue because
tangent of ferrites at f0, f2, and f3 used in antenna simulation.
intended signals can be distorted by
900 MHz
1.8 GHz
2.7 GHz
harmonic signals. This issue can be
μ′
tan
δ
μ′
tan
δ
μ′
tan δμ
μ
μ
resolved
by
suppressing
the
harmonic resonances or radiation
Ferrite A
16.7
0.276 13.7
1.464
gain. In this paper, we report the
Ferrite B
3.7
0.193
3.5
0.379
3.3
0.636
design of a harmonic suppressed
Ferrite C
2.3
0.012
2.3
0.028
2.4
0.051
antenna with ferrite.
We have simulated a multi-ferrite
core (MFC) patch antenna (HSPA) performance. The harmonic radiation of the MFC-HSPA was compared
to those of patch antenna (PA) and photonic bandgap (PBG)-HSPA [1]. Three different ferrites, namely A,
B, and C in Table I, were used in our MFC-HSPA design. Fig. 1 (a, b) show reflection coefficients and
realized antenna gains, respectively, for PA, PBG-HSPA, and MFC-HSPA. The harmonic reflection
coefficients of PBG-HSPA are insignificant in Fig. 1(a), but other antennas show strong harmonic
resonances. Peak realized gain (PRG) is given by PRG = η·D·(1-|Γ|2), where η is the efficiency, D is the
directivity, and Γ is the reflection coefficient. The PRG remains the same at the fundamental frequency (f0)
for all designed antennas. However, it is noted that gains at the second and third harmonic frequencies (f2,
f3) for the MFC-HSPA are significantly suppressed (< -10 dBi) without scarifying its PRG at the f0. Other
antennas show much higher PRG than -10 dBi. Therefore, ferrite loading has a key role in suppressing
harmonic radiation.
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Fig. 1. Antenna performance of PA, PBG-HSPA, and MFC-HSPA: (a) reflection coefficient and (b) peak
realized gain.
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Broad-band Microwave Monolithic Filter and phase shifter using Ni
substituted bismuth ferrites
Vinay Sharma1, Priyanka Rani1 and Bijoy K. Kuanr1,2,*
1: Special Centre for Nanoscience, Jawaharlal Nehru University, New Delhi, India
2: Physics Department, University of Colorado, Colorado Springs, USA
Recently, low-power multiferroic based
radio
frequency
(RF)/microwave
components have potential to lower the
size, weight, and power needs of future
generation of communication systems1-3.
Multiferroic materials consists of both
magnetic and ferroelectric phase and they
offer the possibility of magneto-electric
coupling. The purpose of this research is to
show wide-band application of multiferroics
(Nickel doped BFO – BiFe1-xNixO3)
nanoparticles (NPs). The NPs showed
magnetic field control of the ferromagnetic
resonance (FMR) frequency. NPs of BiFe1xNixO3 (x=0.01 -0.1) were prepared by solgel method. The XRD graph confirms the
formation of pure phase Bismuth Ferrite
NPs. It also exhibits a left shift of BiFe1xNixO3 NPs with respect to BFO NPs. This is an indication of increment in lattice parameters. It may be due
to the large ionic radius of Ni3+ (∼0.74 Å) in comparison with Fe3+ (∼0.69 Å). Average particle sizes as found
from the TEM images were ~ 80 nm. Ferromagnetism of un-doped BFO NPs were enhanced by Ni
substitution by more than 10-folds.
Monolithic microwave2,3 band-stop filters and phase shifters were designed and fabricated (as shown
above) in co-planar waveguide (CPW) geometry. BiFe1-xNixO nanoparticles were deposited using
electrophoretic deposition method (EPD) on top of CPW. Filter and phase shifter response were recorded
at frequency-sweep mode. As seen above the operating frequency was tuned by application of magnetic
field (H) over a wide range (5 to 25 GHz) with a field up to 15 kOe. This results in a tunability of 1.4 GHz/kOe
with an almost constant band-width (~3 GHz). The pass-band insertion loss is ~3dB and return Loss is >12 dB. The stop-band suppression is > -10 dB. Addition of Ni into BFO tuned the center frequency from 18
to 21.5 GHz (Fig.C) and with an almost constant band-width (Fig.D). This is in agreement with the VSM
data shown in Fig. (C) and (D). It is important to mention here that the operating frequency can also be
tuned by voltage (V).
The designed phase shifter can be controlled with magnetic field (/voltage) from 0 to 15 kOe. This provides
a continuously variable phase shift of 10 to 120 degrees at 25 GHz (Fig.C), with consistent low insertion
loss versus phase shift and frequency. A typical low phase error of ±15 degrees over a wide bandwidth is
observed.
In order to produce same phase shift, conventional phase shifters require much-increased RF device size
than the proto-type BiFe1-xNixO3 NPs-based phase shifters. The designed phase shifters can be used for
electronic steering of antenna arrays. Hence, replacement of fixed/narrow-band devices with ultra-wideband tunable devices presented in this work will save space and cost for RF front-end applications.
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Driving Magnetization Dynamics in Insulators Using Spin Hall Effects
Axel Hoffmann1*, Joseph Sklenar1,2, M. Benjamin Jungfleisch1, Wei Zhang1, Shaozhen Li1,3,
Wanjun Jiang1, Junia Ding1, Houchen Chang4, Frank Y. Fradin1, John E. Pearson1, Valentine Novosad1,
John B. Ketterson2, and Mingzhong Wu4,
1: Materials Science Division, Argonne National Laboratory, Argonne, IL, U.S.A.
2: Department of Physics and Astronomy, Northwestern University, Evanston, IL, U.S.A.
3: School of Physics and Institute for Quantum Materials, Hubei Polytechnic University, Huangshi
435003, P. R. China
4: Department of Physics, Colorado State University, Fort Collins, CO, U.S.A.
Electric charge currents in nonmagnetic conductors with appreciable spin-orbit coupling give rise to
transverse spin currents resulting in spin accumulations at the boundaries – a phenomenon know as the
spin Hall effect [1]. The spin accumulation can interact with the magnetization in an adjacent ferromagnet
material and thereby give rise to a spin-transfer torque, which can generate and manipulate magnetization
dynamics. Due to its transverse geometry, no charge current is required to flow across the interface
between the conductor and an adjacent ferromagnetically ordered material, and thus spin Hall effects
enable to exert spin-transfer torques even for insulating materials. The latter has gained increased interest
in the spintronics community due to the very low damping observed in special ferromagnetic insulators,
such as yttrium iron garnet (YIG) [2], which are envisioned as a key to future low-power information
technologies [3]. We explored the possibility of driving magnetization dynamics with spin Hall effects in
bilayers of YIG/Pt by adopting a spin-transfer torque ferromagnetic resonance (ST-FMR) approach, which
had previously pioneered in all-metallic heterostructures. Here a rf charge current generates a time varying
spin-transfer torque from the spin Hall effects. This spin-transfer torque gives rise to a resonant
enhancement of the magnetization dynamics upon sweeping an external magnetic field, when the magnetic
field-dependent resonance frequency matches the frequency of the excitation. In all-metallic systems the
magnetization dynamics can be detected by a homodyne detection via the anisotropic magnetoresistance
of the ferromagnetic layer, which is absent in ferromagnetic insulators. Instead, we show that for the case
of YIG/Pt the spin Hall magnetoresistance provides a sufficiently strong homodyne signal for detecting the
ferromagnetic resonance. In addition there is also a voltage generated from spin pumping. Our measured
voltage spectra can be well fitted to an analytical model, which accounts for both of these contributions.
The very large signal-to-noise ratio of this approach even enables ferromagnetic resonance measurements
in small patterned YIG samples, and using spatially-resolved Brillouin light scattering spectroscopy the
excitation due to the spin Hall effects may give rise to the formation of a large spin-wave bullet localized in
the sample center [5]. We furthermore developed a new pathway for lithographically defining patterned
YIG structures with submicron dimensions [6], which enables to further investigate the influence of
geometric confinement.
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Sub-100 nm-wavelength spin wave propagation in metal/insulator magnetic
nanostructures
H. Yu1, 2*, O. d’Allivy Kelly3, V. Cros3, R. Bernard3, P. Bortolotti3, A. Anane3, F. Brandl1, F.
Heimbach1, and D. Grundler4*

1: Physik Department E10, Technische Universität München, James-Franck-Strasse 1,
D-85748 Garching b. München, Germany
2: Fert Beijing research institute, School of electronic and information engineering, Beihang
University, Xueyuan Road 37, 100191 Beijing, China
3: Unité Mixte de Physique CNRS/Thales and Université Paris Sud, 1 avenue Augustin Fresnel,
Palaiseau, France
4: Laboratory of Nanoscale Magnetic Materials and Magnonics, Institute of Materials,
Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland
Spin waves [1] have the potential to provide beyondCMOS applications, e.g. parallel processing in
cellular networks [2]. However, magnonic devices
realized so far using metallic ferromagnets such as
permalloy suffer from the relatively short spin wave
decay length. Insulating magnetic oxides provide a
solution. Here we report on spin excitations in the
insulating thin-film ferrimagnet yttrium iron garnet
(YIG) that offers decay length of several 100s μm at
room temperature [2]. Based on such YIG thin film,
we excite propagating spin waves at GHz frequency
with wavelengths λ down to 88 nm, when applying the
Figure 1: Spin waves with sub-100nm
recently reported nanomagnonic grating coupler [3].
wavelength excited and detected using
The grating coupler consists of an array of Permalloy conventional coplanar waveguide.
or CoFeB nanodisks with large saturation
magnetization that are fabricated on top of the thinfilm YIG. A large spin-wave signal strength is obtained when we excite the grating coupler at its own
ferromagnetic resonance frequency. The wavelength of the propagating spin waves is smaller by five orders
of magnitude compared to the electromagnetic wave that is used for excitation (in free space). The findings
are straightforwardly extended to even smaller wavelengths by further optimizing nanomagnets and array
parameters as well as the material of the naonodisks. The results are important for the implementation of
nanomagnonic devices combined with conventional microwave technology.
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Spin Wave Dynamics in Elliptical Py Objects Exhibiting Vortices: The Role
of Dipolar and Exchange Energies
D. E. Gonzalez-Chavez, R. Dutra and R. L. Sommer
Centro Brasileiro de Pesquisas Físicas, 22290-180 Rio de Janeiro, RJ, Brazil
We investigate ferromagnetic resonance modes of
magnetic vortex states on Ni81Fe19 ellipses, in the
GHz range, by means of broadband ferromagnetic
resonance measurements and micromagnetic
simulations. Experimental results show resonance
absorption spectra rich in resonant modes, with
absorption peaks amplitudes dependent on the
direction of the proving radio frequency field hRF.
Simulation results reproduce the main features of the
experimental measurements (See Figure 1). A
detailed analysis of the resonant modes around zero
field was performed. It is shown that the observed
absorption profiles are the result of an overlapping of
absorption peaks of resonant modes which have an
increasing complexity with the frequency. The spatial
distribution of magnetic energy and effective field are
correlated to oscillation modes. As frequency
increases, the dynamical part of the effective field,
due to dynamical dipolar and exchange interactions,
becomes more relevant (See Figure 2). These effects
are taken into account to explain efficiency of the
radio frequency field to excite the resonant modes.
The simplest resonant modes are not the ones that
shows the larger absorption amplitudes.

Figure 1: Experimental and simulated and
absorbed power spectra of the vortex
magnetization in an ellipse.
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Spin-wave majority gates for magnonic data processing
Philipp Pirro1*, Thomas Brächer2, Burkard Hillebrands1, Andrii Chumak1
1: Fachbereich Physik and Forschungszentrum OPTIMAS, Technische Universität Kaiserslautern,
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With the fast growth in the volume of information being processed, researchers are charged with the primary
task of identifying new ways for fast and efficient processing and transfer of data. Spin excitations – spin
waves and their quanta magnons – open up a promising branch of high-speed and low-power information
processing. Down-to-nm wavelengths, GHz-to-THz frequency range, Joule-heat-less transfer of spin
information, and access to novel wave-based computing concepts allow for the development of this novel
technology without drawbacks inherent to modern semiconductor electronics [1].
In magnonic logic devices, information can be encoded in the amplitude [2] or the phase [3-5] of the spin
waves, or, for advanced schemes, in both degrees of freedom. The approach to code in phase allows for a
trivial embedding of a NOT logic element in magnonic circuits by changing the position of a read-out device
by a half-wavelength distance. Moreover, it opens an easy implementation of majority logic gates in the
form of a multi-input spin-wave combiner, which is the main topic of my talk. The very recent experimental
realization of a macroscopic majority gate based on an Yttrium-Iron Garnet (YIG) film patterned into the
form of a three-input spin-wave combiner will be presented in the talk. The device was studied using
microwave technique and its full functionality was proven.
However, for real applications, we need to address the miniaturization of such a majority gate down to the
micrometer scale and below. Thus, we have proposed a fully functional design of a microstructured spinwave majority gate and tested it by micromagnetic simulations [4]. The spin-wave mode selection principle
was realized in order to ensure the functionality of the device. It was shown that the same majority gate can
perform AND, OR, NAND, and NOR logic operations if one of its inputs serves as a control input. Such a
majority gate can allow for a drastic decrease of the device footprint. For example, only 3 majority gates
instead of 28 transistors in CMOS are needed in order to build a full adder.
To overcome the limitations of anisotropic in-plane magnetized majority gates, a novel design of the
microstructured majority gate operating with isotropic spin waves in normally-magnetized structures was
presented in Ref. [5]. It was shown by numerical simulations that the proposed out-of-plane magnetized
majority gate can achieve a higher spin-wave transmission through the gate, which enables a reduced
energy consumption of these devices. Moreover, the functionality of the out-of-plane majority gate is
increased due to the lack of parasitic generation of short-wavelength exchange spin waves.
Finally, an important milestone for functional spin-wave logic devices will be addressed: the read-out of the
spin-wave phase which carries the result of the performed logic operation. We show that using nonadiabatic parametric amplification [6], the phase information of the spin waves can be efficiently converted
into a spin-wave intensity. This can allow for a convenient read-out of the spin wave phase in
microstructured circuits using intensity sensitive detection schemes like the inverse spin Hall effect or spin
diodes. As a proof-of-concept, we demonstrate how the phase-to-intensity conversion can be applied to
read out the phase of spin-wave majority gates.
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Parametric Pumping of Spin Waves by Acoustic Waves
Pratim Chowdhury1, Albrecht Jander1, Pallavi Dhagat1*
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In recent years, there has been a resurgence of
interest in spin wave research mainly due to the
possibility of utilizing spin waves as information
carriers in spintronic devices [1]. It is well known that
magnetic dissipation greatly limits the propagation
length of spin waves. Even in high quality yttrium iron
garnet (YIG) films, which have the lowest known spin
wave damping, the propagation length is only on the
order of a few millimeters. It is therefore imperative to
develop viable mechanisms to amplify the spin waves
to compensate for damping, and increase their Figure 1 a) Schematic of experimental device
propagation length.
consisting of a GGG substrate with a YIG film on one
It has already been demonstrated that spin waves can side and a piezoelectric thin film acoustic transducer
be amplified in thin ferromagnetic films by parametric on the opposite side. b) Longitudinal acoustic waves
pumping using externally applied microwave magnetic propagate from the transducer through the GGG
fields [2]. In our work reported here, parametric substrate and couple magneto-elastically to spin waves
amplification of spin waves in thin film YIG using bulk propagating in the YIG film.
acoustic waves has been demonstrated for the first
time. Backward volume magnetostatic spin waves in
the frequency range of 1.2 GHz - 1.3 GHz are
amplified in YIG films using bulk acoustic wave
resonators driven at resonances of twice the spin
wave frequency. Spin wave amplification is seen in
the continuous pumping mode at acoustic power up to
316 mW. It is observed however, that for pump power
beyond 316 mW the amplitude of the transmitted spin
wave begins to diminish, possibly due to non-linear Figure 2: Intensity of transmitted spin wave as a function
interactions with spin waves parametrically pumped of frequency and acoustic power.
from the thermal background. In further confirmation of
the non-linear pumping process, the idler spin wave frequency is observed in the case of non-degenerate
parametric pumping, i.e., when the pump frequency is not precisely twice the signal frequency.
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Dynamics of chiral spin systems: soliton lattices, defects and
spinwaves
R. L. Stampsa, Y. Lia, S. McVitiea, and Y. Togawab

a
SUPA School of Physics and Astronomy, University of Glasgow, Glasgow, G128QQ UK
bOsaka Prefecture University, Japan
In this talk, I will discuss unusual features associated with chiral interactions and geometries that lead to
chiral ordering. A central theme of the talk will be chirality in spin systems—its manifestation as skyrmionic
and helicoidal textures, the possibility of its emergence in artificially designed structures, and potentials for
its application.[1,2] Interface induced Dzyaloshinskii interactions can have significant effects on domain wall
structure and mobility in thin ferromagnetic films. Moreover, spin wave propagation can be strongly affected,
especially in regards to scattering from magnetic domain walls.[3]
ACKNOWLEDGMENTS

Call for
Proposals
This work was supported by EPSRC under contract number EP/M024423/1.
REFERENCES

[1] Silva, R. L., Secchin, L. D. , Moura-Melo, W. A. , Pereira, A. R., and Stamps, R. L. (2014) Emergence
of skyrmion lattices and bimerons in chiral magnetic thin films with nonmagnetic impurities. Physical Review
B, 89. p. 054434

[2] Togawa, Y., et al. (2015) Magnetic soliton confinement and discretization effects arising from
macroscopic coherence in a chiral spin soliton lattice. Physical Review B 92 p. 220412

[3] Garcia-Sanchez, F. ,Borys, P. ,Soucaille, R. ,Adam, J. ,Stamps, R. , Kim, J-V. (2015) Narrow

Magnonic Waveguides Based on Domain Walls, Physical Review Letters 114, 247206

*corresponding author: Robert.Stamps@glasgow.ac.uk

41

Spin Waves

B1-07

Foldover of Nonlinear Eigenmodes in Magnetic Thin Film-Based Feedback
Rings
P. A. Praveen Janantha1, Boris A. Kalinikos1,2, and Mingzhong Wu1*
1: Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA
2: St. Petersburg Electrotechnical University, 197376, St. Petersburg, Russia

S21(dB)

S21(dB) S21(dB)

Active feedback ring systems that consist of a closed loop of a dissipative transmission line and an active
element to compensate for the dissipation constitute an excellent testbed for exploring nonlinear dynamics
in driven damped systems. Example systems include electromagnetic transmission line ring oscillators,
optical fiber rings, and magnetic thin film-based feedback rings. Such systems not only sustain the selfgeneration of envelope solitons, but have also enabled the observation of symmetry-breaking nonlinear
modes, chaotic solitons, and soliton fractals.
This presentation reports that active feedback rings also
(a)
-20
support another fascinating nonlinear effect - the foldover
n=
21
22
20
23
effect. This effect originates from the nonlinearity in which the
-30 19
L=16.5 dB
oscillation frequency varies with the amplitude, and manifests
-20
itself as the bending of the resonant peak in an oscillation
-30
L=8.5 dB
amplitude vs. frequency plot. It occurs in nonlinear systems as
diverse as driven pendula, spring-based oscillators, electrical
-20
resonant circuits, and precessional magnetic moments in both
-30
L=3.5 dB
insulating and metallic magnets.
-20
The experiments made use of an active feedback ring that
consists of an Y3Fe5O12 (YIG) thin film strip serving as a spin-30
L=2.0 dB
wave transmission line and a microwave amplifier which
-20
amplifies the output signal from the YIG strip and then feeds it
back to the input of the YIG strip. This ring system has a
-30
L=1.0 dB
sequence of resonant eigenmodes for which the phase per
3.42
3.43
3.44
3.45
round trip satisfies constructive interference conditions.
Frequency (GHz)
Thanks to these eigenmodes, the amplitude vs. frequency
(b)
response of the ring shows resonant peaks at certain
frequencies [1], as shown in Fig. 1. With a decrease in the
-22
L=1.0 dB
overall ring loss and an increase in the ring resonance
L=3.5 dB
-24
amplitude, some resonant peaks evolved from symmetric
L=16.5 dB
peaks to asymmetric ones and then folded over to higher
-26
frequencies (see the three peaks in the middle in Fig. 1(a)).
This foldover effect is intrinsic and originates from the
-28
nonlinearity-caused frequency shift of the traveling spin wave.
3.434
3.435
It is not associated with either high-power heating or four-wave
Frequency (GHz)
interactions, as evident from the experimental data. To better
understand the physical origin of the observed foldover effect, Figure 3: (a) Ring amplitude-frequency
theoretical calculations were carried out that took into account responses measured at different ring overall
the nonlinearity of the spin waves. The theoretical results not net loss (L) levels, with the ring eigenmode
only confirmed the experimental observations, but also index n indicated at the top. (b) Amplitudeshowed the rolling over of the top part of the resonant peaks frequency responses for the n=21 eigenmode
measured at three L levels.
which cannot be measured experimentally.
S21 (dB)

S21(dB)

S21(dB)
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Design of on-chip readout circuitry for spin-wave devices
Stephan Breitkreutz-von Gamm1, Wolfgang Porod2 and György Csaba2*
1: Institute for Technical Electronics, Technical University of Munich, Munich, Germany
2: Center for Nano Science and Technology, University of Notre Dame, Notre Dame, IN, USA
Spin-wave-based computing devices are emerging as
a possible post-CMOS computing paradigm. It has
been shown that they can perform Boolean [1] and nonBoolean [2][3] processing tasks alike, at potentially
ultra-low power consumption. In a research
environment, network and spectrum analyzers may be
used to detect spin-wave signals. To our knowledge,
on-chip input and output (I/O) structures were not yet
studied for these devices. It is anticipated that the
eventual practicality of spin-wave devices will hinge on
the feasibility of low-cost, integrable I/O structures. This
paper inverstigates whether on-chip oscilloscope Figure 10 a) schematics of spin-wave based signal
(OCO) designs, if adopted to spin-wave readout, may processing device b) block diagram of a possible OCO
lead to practically useful spin-wave devices.
The studied system is sketched in Fig 1. Spin-waves are straightforwardly created by waveguides
(microstrip / coplanar), spin-torque oscillators or spin-Hall (SHE) effect based inputs in a metallic (Permalloy
/ CoFe) or ferrimagnetic (YIG) film. The interference pattern carries the result of the processing. The spinwave output is picked up by either loop antennas (which are feasible on an insulating YIG film) or by GMR
/ TMR / SHE structures in the film. One expects at most millivolts (-50 dBm) for ideal TMR devices, and
few-ten microvolts (-80 to -90 dBm) for inductive and GMR-based outputs in the 10-50 GHz range. A
wideband, low-noise amplifier (LNA) amplifies the signal and delivers it to sample-and-hold circuitry, for
statistical or delay-based analysis, which extracts amplitude, waveform or phase of the spin-wave signals.
The LNA is the most critical and power-hungry part of the circuit, however, designs for characterizing
electromagnetic interference (EMI) [4] or wireless amplifiers [5] can be readily adopted. Noise from thermal
agitation of magnetic moments and Johnson–Nyquist noise (especially in case of highly resistive TMRbased readout) limit processing speed and complexity to the subsequent signal-processing unit.
Preliminary circuit simulations on the coupled spin-wave / circuit system show that on-chip, integrated readout of spin-waves is possible, but it requires significant circuitry with power consumption and area
significantly exceeding that of the spin-wave system. Even considering this overhead, spin-wave-based
computing systems are attractive for non-Boolean spaces - which may require relatively few I/O channelsand for high-frequency signal processing applications.

Call for
Proposals
ACKNOWLEDGMENTS

The authors thank to L. Heiß, C. Yilmaz, M. Becherer, J. Russer and G. Ziemys from TUM and A. Papp
from ND for fruitful discussions.
REFERENCES

[1] A.V. Chumak A.A. Serga, B. Hillebrands, Nature communications 5, 4700 (2014).
[2] G. Csaba, A. Papp, W. Porod, Journal of Applied Physics 115, 17C741 (2014).
[3] A. Kozhevnikov, F. Gertz, G. Dudko, Y. Filimonov, A. Khitun, Applied Physics Letters 106, 142409
(2015).
[4] J.A. Russer, N. Uddin, A.S. Awny, A. Thiede, P. Russer, IEEE Electromagnetic Compatibility Magazine
4, pp. 79-85 (2015).
[5] A. Bevilacqua, A.M. Niknejad, IEEE Journal of Solid-State Circuits 39, pp. 2259-2268 (2004)
*corresponding author: gcsaba@nd.edu

43

Spin Waves

B1-09

Signal processing by spin-wave interference
Adam Papp1,2, Wolfgang Porod1, György Csaba1*
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2: Pázmány Péter Catholic University, Faculty of Information Technology, Budapest, Hungary
By means of micromagnetic simulations we
demonstrate that spin-wave interference can be used
to decompose a microwave signal into its spectral
components. In particular, we show that the
realization of the Rowland circle geometry is possible
with spin waves.
The Rowland circle [1] is well established in X-ray
spectroscopy. Its main element is a patterned,
reflecting surface, acting as a combination of a
diffraction grating and a concave mirror. In this
geometry, waves are first diffracted by the grating,
depending on their wavelength and then
subsequently focused by the mirror on different points
of the Rowland circle. Different wavelengths
correspond to different foci.
A spin-wave-based implementation for the Rowland
geometry is shown in Fig. 1. This shows an actual
micromagnetic simulation an approx. 3 x 2.5
micrometer size Permalloy film. The bottom of the film Figure 11 Figure 1: Micromagnetic simulation of the spinwave device. The colormap shows a magnetization
is patterned in such a way that it performs both the
snapshot of the magnetic film. Along the Rowland circle
diffracting and focusing functions. The resulting different diffraction orders of one frequency component can
structure is significantly simpler than our earlier be seen.
proposal for a spin-wave lens [2], as it requires no
non-uniform magnetic fields for the manipulation of spin-waves.
A static uniform external magnetic field is required to set the magnetic film to a single-domain state, and
this magnetic field is also used to define the cutoff frequency and the dispersion relation for spin waves.
The intensity peaks of the spin-wave intensity distribution along the Rowland circle correspond to the
frequency components of the excitation. In an actual device these peaks may be picked up by
magnetoresistive or inductive sensors.
While the Rowland circle can be implemented in ferromagnetic metallic films (such as Permalloy or CoFe),
YIG films enable long-range spin-wave propagation and the formation of complex interference patterns [3].
Spin-wave optical devices, such as the presented device, may enable the replacement of surface acoustic
wave (SAW) devices or perform the processing functions of complex, power-hungry high-frequency
circuitry.
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Snell’s law for spin waves in a temperature gradient
Michael Vogel1, Johannes Stigloher1, Martin Decker1, Bernhard Zimmermann1, Michael Müller1 and
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1: Institut für Experimentelle und Angewandte Physik, Universität Regensburg, Regensburg, Germany
Snell’s law [1] describes the relationship between
incidence and refracted parts of a wave in media with
different group velocities by following Fermat’s
principle of least time. It is mainly prominent for its use
in optics [1] but due to only being based upon a
translational symmetry argument [2] applicable to
many phenomena of wave nature such as ultrasonic
waves [3], electrons [4] and as shown recently spin
waves [5]. The dispersion relation for spin waves
depends on the saturation magnetization 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 [6]. The
saturation magnetization itself is a function of the Figure 1: Excited spin waves travel at an angle
temperature [7]. It has been shown that it is possible through a locally heated area of the Py-film on
to change the wave vector amplitude 𝑘𝑘𝑘𝑘 of spin waves
top of the Si-N membrane. This causes a change
in a temperature gradient due to the change in 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 [7]. in wavelength and direction of the spin waves.
Here the transition of spin wave through a locally
heated Permalloy (Py) film is studied (see Fig.1). A
change of the angle of propagation as well as a change in the wave vector amplitude is observed depending
on the temperature distribution.
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The aim of the current work is to study edge effects induced due to nonrecirocity of spin waves propagating
in bounded magnetic media. Namely we consider two different geometry: 1D magnonic crystals with
symmetric/asymmetric boundary conditions and finite ensemble of magnetic inclusions.
We consider different types of 1D magnonic crystals. To study propagation of surface magnetostatic spin
waves in such structures we develop mathematical model based on Plane Wave Expansion method.
According to obtained results nonreciprocity of geometry leads to asymmetry in dispersion curves
(displacement of Bragg-like inside Brillouin zone). We have also developed a theory which is capable to
calculate scattering of magnetostatic spin waves propagating in a ferromagnetic film with finite array of
cylindrical inclusions. We have restricted our analysis by considering magnetic inclusions having different
value of magnetization in comparison with a material of the film and considering a case of a magnetic
structure being saturated in a magnetic field perpendicular to the film surface.
The main result here is that due to spin wave multiple scattering by an ensemble of finite number of
inclusions in circular array bound wave modes are excited along the path connecting inclusions. Scattered
field spatial-phase modulation is related to spin wave reciprocity breaking due to asymmetric magnetic
susceptibility tensor. Further, this fact leads to that the plane spin wave scattering by a single inclusion
transforms the magnetic field potential in a form of helix lines. Such scattering can also be visible for a
greater number of inclusions depending on the product of the wave number of the spin wave on distant
between two nearest inclusions in circular array (collective wave parameter).
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Spectroscopic studies of the interfacial Dzyaloshinskii-Moriya interaction
Justin M. Shaw, Emilie Jue, Eric Edwards, Mathias Weiler, Tom Silva and Hans T. Nembach
National Institute of Standards and Technology, Boulder, CO, 80305, USA
We use Brillouin light scattering spectroscopy to measure and quantify the interfacial DMI at
ferromagnetic/normal metal interfaces. We find that the magnitude of the DMI and the symmetric
Heisenberg exchange, which we determined from temperature dependent measurements of the magnetic
moment, are proportional to each other. In addition, we find that the magnitude of the DMI depends strongly
on material parameters and the quality of the interface. In addition to these recent findings, I will present an
overview of the interfacial DMI and the methods we developed to quantify it.

norm. Intensity (arb.units)

Spin-orbit torques such as the DzyaloshinkiiPy(1.3 nm)/Pt(5 nm)
a
Moriya interaction (DMI) gives rise to chiral magnetic
ordering [1], which lead to several phenomena such
as magnetic skyrmions and chiral magnetic domains
walls. The interfacial DMI can be found in systems
Py(2.0 nm)/Pt(5 nm)
b
where a ferromagnet is in contact with a material with
large spin-orbit coupling such as Pt. There has
recently been an emerging interest in these systems
for applications in novel memory and logic devices.
H<0
c
H>0
However, direct measurement of the interfacial DMI
Py(2.0 nm)
has remained challenging. Recently, Moon et al. [2]
and Kostylev [3] predicted that the presence of
interfacial DMI will produce a shift of the spinwave
-16
-14
-12 11 12 13 14 15 16
Frequency (GHz)
frequency depending on their propagation direction.
Inspired by these theoretical works, we used Brillouin Figure 1: Normalized spin-wave spectra, as
light scattering (BLS) to measure the spinwave measured by BLS. The spin-wave frequency is
frequency of surface spinwave modes (Damon- clearly shifted by reversal of the magnetization
Eshbach modes). In our geometry, the Stokes and direction in both a and b, which consist of a thin
Anti-Stokes signal correspond to two different permalloy Ni80Fe20 layer in contact with Pt. The
surface spinwave modes with opposite propagation frequency shift is reduced for the thicker
directions. The presence of the DMI, therefore gives
permalloy sample, as predicted for the interfacial
rise to an asymmetry in the spectrum, where the DMI. As a control sample c is a spectrum of a
Stokes and Anti-Stokes signals have different similar permalloy layer that is not in contact with
frequencies. Examples of this effect are shown in another metal. Here, the frequency shift is
Figure 1 in samples with and without DMI. As a eliminated.
result, we are able to determine the magnitude of the
interfacial DMI based on the respective shifts of these spinwave modes. Determining the fundamental DMI
energy requires only knowledge of the spectroscopic g-factor and the saturation magnetization which are
determined from ferromagnetic resonance spectroscopy and SQUID magnetometry, respectively. We
apply this method to study the fundamental origins of the DMI as well as how it depends on material
parameters. [4]
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Finding the intrinsic damping of 3d transition metal alloys
Martin Schoen1,2*, DANNY THONIG3, Juriaan Lucassen4,MICHAEL SCHNEIDER1, THOMAS SILVA1, HANS
NEMBACH1, OLLE ERIKSSON3, OLOF KARIS3, and JUSTIN SHAW1
1Quantum

Electromagnetics Division, National Institute of Standards and Technology, USA
of Experimental and Applied Physics, University of Regensburg, Germany
3Department of Physics and Astronomy, University Uppsala, Sweden
4Department of Applied Physics, Center for NanoMaterials (cNM),Eindhoven University of Technology, The
Netherlands
2Institute

In ferromagnetic resonance measurements many factors can contribute to the measured damping,
depending on sample properties and geometries. Identification and precise determination of all
contributions to the damping is necessary in order to identify the material intrinsic damping properties. We
investigate the damping of 3d transition metal alloys (NiCo, NiFe and CoFe) and determine their intrinsic
damping by accounting for two extrinsic contributions to the damping, namely an interfacial spin pumping
and a radiative contribution.
The determination of the interfacial spin pumping contribution is straightforwardly archived by investigation
of a thickness dependence of the damping, determining a bulk value.
On the other hand we show that there is another, often neglected contribution to the damping due to
inductive coupling between the precessing magnetization and the waveguide, the radiative damping. The
existence of radiative damping is shown exemplary for perpendicular standing spin waves in uniform 75
nm, 120 nm, and 200 nm Ni(80)Fe(20) (Permalloy) films with multiple cap and seed layer configurations
and is compared to radiative damping calculated in a simple model [2]. Furthermore we present a method
to directly measure the radiative damping in any sample. The insertion of an appropriately sized spacer
between sample and wave guide decreases the inductive coupling and the reduction of the measured
damping corresponds to the radiative contribution to the damping. Though inherently small for thin films
(0.0003 for a 10 nm Permalloy film) the radiative damping can be a significant contribution to the total
damping in materials with small intrinsic damping. In yttrium-iron-garnett (YIG) or Co(25)Fe(75) radiative
damping can contribute up to 40% of the measured damping and cannot be neglected.
Accounting for these two contributions to the damping we calculate the intrinsic damping of the binary
alloys and are successfully able to compare the
intrinsic damping to calculations performed by
Mankovsky et al. [1]. The work by Mankovsky et
al. [1] predicts damping of about 0.0007 in
metallic CoFe alloys at 10% Co concentration,
which is an unusually small value for metallic
alloys, since ultra-low damping (< 0.001), has
only been found in non-metallic materials such
as YIG or Heusler alloys.
We found a minimum of the damping in FeCo at
25% Co concentration, consistent with density of
states calculations at 25% Co. The minimum of Fig.:The intrinsic damping (black squares, left axis) of CoFe
the damping in Co0.25Fe0.75 exhibits a — for alloys is plotted against the Co-concentration. The damping
conducting ferromagnets unprecedented — low calculated by Mankovsky et al. [1] is plotted for comparison
value of α= 0.0005, showing the practicality of (blue line). Forthermore the damping is compared to the
metal alloys for spintronics. Our measurements density of states at the Fermi energy n(EF) (red line, right axis).
are corroborated by first principle DFT calculations of the electron structure.
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Observation of Unconstrained “free” Spin Dynamics in Ferromagnetic
Metals
Amir Capua1*, Charles Rettner1, and Stuart S. P. Parkin1,2
1: IBM Almaden Research Center, 650 Harry Rd., San Jose, California 95120, USA
2: Max Planck Institute for Microstructure Physics, Halle (Saale), D-06120, Germany
We explore the parametric excitation of high orders
of
magnetization
precession
in
ultrathin
perpendicularly magnetized ferromagnetic films. We
observe that for a given driving field amplitude, the
harmonic generation can be increased by lowering
the potential energy barrier with the application of inplane magnetic field in the sense of the Smit and
Beljers effect. In this effect, the magnetic stiffness is
reduced not by lowering the magnitude of the
magnetic field upon which the spins precess, but
rather by effectively releasing the field’s “anchoring”
point. This results in a shallow energy barrier where
the electrons’ spin is locally unconstrained [1].
The ultrathin films are studied using a highly sensitive
time-resolved hybrid optical-electrical ferromagnetic
resonance (FMR) setup where the precessions are
driven electrically and sensed optically in the time Figure 1: Spectrum of magnetization response in
domain. Measured spectra after calculating the 10 Å CoFeB film. Second harmonic signal
Fourier transform are shown in Fig. 1 and reveal generated efficiently when external field has the
efficient generation of the high order harmonics when value of the effective anisotropy field due to the
the external field has exactly the value of the effective “free” spin motion that results in large angle
anisotropy, HKeff, for which the magnetization barrier
dynamics and parametric harmonic generation.
is completely suppressed. For this reason our
measurements can also be used to indicate directly
the distribution in the value of the anisotropy field.
While the observation is unveiled in the form of nonlinear high harmonic generation, we believe that the
physics whereby the barrier is suppressed by an external magnetic field may apply to other phenomena
associated with ultrathin films. In these cases, such unconstrained motion may serve as a sensitive probe
of the torques associated with proximate spin currents.
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Nonlinear ferromagnetic resonance excited by voltage-induced anisotropy
change in perpendicularly magnetized magnetic tunnel junctions
Yoichi Shiota1*, Takayuki Nozaki1, Kay Yakushiji1, Hitoshi Kubota1, Akio Fukushima1,
Shinji Yuasa1, and Yoshishige Suzuki1,2
1: National Institute of Advanced Industrial Science and Technology (AIST), Spintronics Research
Center, Tsukuba, Ibaraki 305-8568, Japan.
2: Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan
Voltage-induced anisotropy change is known as an effective mechanism to induce a ferromagnetic
resonance (FMR) [1] and precessional magnetization switching [2] with ultra-low power consumption.
Induction of non-linear FMR has not been reported in their experiments, although the non-linear FMR is a
key to enhance diode sensitivity in “spin-torque diode” [3]. Here, we report an observation of non-linear
FMR in perpendicularly magnetized magnetic tunnel junctions (MTJs) excited by a direct application of rf
voltage.
A perpendicularly magnetized MTJ structure of buffer | [Co(0.24)|Pt(0.16)]7 | Co(0.24) | Ru(0.46) |
[Co(0.24)|Pt(0.16)]5 | CoB(0.4) | W(0.15) | CoFeB(1.0) | MgO barrier | FeB (2.0) | W(2.0) | cap was deposited
by sputtering on Si/SiO2 substrate, where the numbers in parenthesis are thickness in the unit of nm. The
film was annealed at 350°C for 1 h and micro-fabricated into a circular shape with 100 nm diameter. The
FMR was measured using the homodyne detection technique. An rf signal is applied to the MTJ through
the rf port of the bias-tee, and homodyne detection voltage Vdc was detected by nano-volt meter. The input
rf voltage of RMS amplitude Vrf is varied from 7 mV to 354 mV.
Figure 1 shows FMR spectra normalized by input rf power Prf under in-plane magnetic field of 100 mT.
When input rf voltage is small (Vrf = 7 mV), the spectrum with
the anti-symmetric Lorentzian was observed. This indicates
that the FMR dynamics are excited by voltage-induced
magnetic anisotropy change [1]. Then as increasing Vrf the
resonance peak shift to lower frequency, which is consistent
with previously reported voltage-induced nonlinear FMR in
MTJ [4]. In addition, we find the additional resonance peak
at half of FMR frequency (f0/2), when Vrf = 224 mV.
This additional nonlinear mode can be understood by
calculating magnetization trajectory using macrospin
simulation. When the microwave frequency corresponds to
f0/2, the small precessional motion was observed in addition
to the main precessional motion. This reveals that the mode
with the multiple frequency with respect to the microwave
frequency was also excited.
Figure 6: Homodyne detection spectra
Energy-effective control of such nonlinear dynamics should normalized by input rf power Prf under in-plane
provide new functions to the MTJs.
magnetic field of 100 mT. (inset) Magnified
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Landau-Lifshitz theory of the electron-magnon drag
Benedetta Flebus1*,Rembert Duine1 and Yaroslav Tserkovnyak2
1: Institute for Theoretical Physics and Center for Extreme Matter and Emergent Phenomena, Utrecht University,
Leuvenlaan 4, 3584 CE Utrecht, The Netherlands

2: Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA
Metallic ferromagnets subjected to a temperature gradient exhibit a magnonic drag of the electric current.
We address this problem by solving a stochastic Landau-Lifshitz equation to calculate the magnon-drag
thermopower. The long-wavelength magnetic dynamics result in two contributions to the electromotive force
acting on electrons: (1) An adiabatic Berry-phase force related to the solid angle subtended by the magnetic
precession and (2) a dissipative correction thereof, which is rooted microscopically in the spin-dephasing
scattering. The first contribution results in a net force pushing the electrons towards the hot side, while the
second contribution drags electrons towards the cold side, i.e., in the direction of the magnonic drift. The
ratio between the two forces is proportional to the ratio between the Gilbert damping coefficient α and the
coefficient β parametrizing the dissipative contribution to the electromotive force.
*corresponding author: b.flebus@uu.nl
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Zero-Field Ferromagnetic Resonance of Metal-Substituted ε-Fe2O3
Marie Yoshikiyo1, Asuka Namai1, Makoto Nakajima2, Keita Yamaguchi2, Tohru Suemoto2,
and Shin-ichi Ohkoshi1*
1: Department of Chemistry, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
2: Institute for Solid State Physics, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba
277-8581, Japan
Our research group first succeeded in obtaining a pure phase of
ε-Fe2O3 by chemical synthesis of nanoparticles and found that
this material exhibits a large coercive field of 20 kOe at room
temperature [1]. Due to the strong magnetic anisotropy, ε-Fe2O3
absorbs high frequency electromagnetic wave at 182 GHz by
zero-field ferromagnetic resonance. Our group has also
reported several metal-substituted series, and the magnetic
properties and zero-field ferromagnetic resonance properties
are widely tuned by metal-substitution [2]. In this work, we report
the magnetic properties and zero-field ferromagnetic resonance
properties of indium-substituted ε-Fe2O3 (ε-InxFe2−xO3) and
discuss the effect of indium-substitution [3].
The synthesis of indium-substituted ε-Fe2O3 nanoparticles was
done using a combination method of reverse-micelle and sol-gel
techniques. The samples were found to be spherical
nanoparticles with average sizes of ca. 18 nm. The X-ray
powder diffraction patterns showed that all samples have the
orthorhombic crystal structure with selective occupation by
indium ions at the iron B site and A site among the four different
iron sites, A – D sites (Figure 1a). From the magnetic
measurements, the coercive field was found to decrease from
21.9 kOe (x = 0) to 5.9 kOe (x = 0.18) with increasing indium
substitution. Zero-field ferromagnetic resonance was measured
using terahertz time domain spectroscopy, and the resonance
frequency decreased from 182 GHz (x = 0) to 110 GHz (x = 0.18)
with increasing the indium substitution ratio (Figure 1b). This
decrease in the absorption frequency is considered to be due to
the replacement of the iron B site, which is suggested to be one
of the origins of the strong magnetic anisotropy of ε-Fe2O3 [4].

(a)
B
A
C
D

(b)
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x = 0.09
x = 0.13

x = 0.18

Figure 1: (a) Crystal structure of ε-Fe2O3.
(b) Zero-field ferromagnetic resonance
spectra of ε-InxFe2−xO3.
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Ferromagnetic Resonance for Ba- and Sr-Micro and Nano Ferrites
Mohammed Afsar1
1: Department of Electrical and Computer Engineering, Tufts University, Medford, MA 02155 USA
Nanoferrites consist of metal substituted iron oxide nanopowders that have average particle size below 100
nm. These nanosize ferrites show different dielectric and magnetic properties in microwave and millimeter
wave frequencies compared to micro-size and solid ferrites. Therefore there is a growing interest in studying
these powders to understand how the material properties are affected by the particle size. The use of
nanoferrites is significant in many aspects, such as biological drug delivery systems, DNA-separators as
well as in magnetic recording and information storage. These nanosize ferrites are also useful in other
microwave applications such as transformers, absorbers and circulators. It is necessary to investigate their
electromagnetic properties and understand their changing magnetic behavior with particle dimension.
The x-ray diffraction spectra show that both barium and strontium keep the same crystalline structure in
micropowder and nanopowder particle size. This further demonstrates that the shifting of ferromagnetic
resonance (towards lower frequency) and reduced anisotropy field are not caused by any crystal structure
change. The micro size particle of the hexagonal ferrite has almost the same anisotropy field as the solid
ferrite. This is due to the domain size of the hexagonal ferrite. The upper limit of single magnetic domain
should have the size of about 100 nanometer.
The nanoferrite powder with a physical dimension smaller than this single magnetic domain size will lead
to a lower ferromagnetic resonance frequency. At the upper limit of single domain size, all of the particle’s
internal magnetization is aligned to reduce the system energy to the lowest. Therefore, at upper limit of
single domain size, ferrite has the largest anisotropy field which is the sum of all magnetic moment in the
particle. Below this physical upper limit of single domain size, the anisotropy field of the ferrite is determined
by the volume of the particle until the dimension drops to a certain size. The spins of the magnetic moment
will no longer be aligned without the application of an external magnetic field because of random thermal
flips. As the powder dimension turns to even smaller size, the hexagonal ferrite is deduced to lose
ferromagnetic resonance completely at room temperature. The size of barium and strontium nanoferrite
powders measured in this paper is right between the upper limit of single domain size and the lower limit
size of turning into superparamagnetism.
The complex dielectric permittivity and magnetic permeability are measured millimeter wave frequency
range. Quasi-optical backward wave oscillator spectrometer was employed to determine the transmittance
of these nanoferrite samples. Ferromagnetic resonances on hexagonal barium and strontium nanoferrites
are observed in the millimeter wave frequency range by this millimeter wave spectrometer. The
ferromagnetic resonance is shifting to the lower frequency and the anisotropy field reduces to lower
strength.
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Observation of Rabi Nutations in Ferromagnets
Amir Capua1*, Charles Rettner1, and Stuart S. P. Parkin1,2
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2: Max Planck Institute for Microstructure Physics, Halle (Saale), D-06120, Germany
When electromagnetic radiation interacts with a twolevel system in a non-adiabatic manner, excess
energy is exchanged back and forth between the
quantum system and the electromagnetic radiation at
a rate defined by the Rabi frequency. This process
takes place as long as coherence prevails, until the
steady state is reached. Rabi nutations have been
studied in a variety of quantum systems [1-3].
Typically, Rabi nutations are observed when the
electromagnetic radiation is turned on, for instance in
the application of a π-pulse. However, the nonadiabatic regime can also be reached even if the
electromagnetic field is already present, if the state
describing the matter rather than the field is perturbed Figure 1: Dynamical response of the microwave
from equilibrium.
driven magnetization precessions at 10 GHz.
In this paper we access the non-adiabatic regime in Optical pump pulse arrives at t=0. Temporal
ferromagnetic metals by perturbing the magnetization responses for each field were normalized
state using short femtosecond pulses while driving separately. In the figure, the absolute value of the
spin precessions with a microwave signal. This allows out-of-plane component of the magnetization is
to observe Rabi nutations in the ferromagnet (Fig.1).
plotted.
Additionally, our experiments shed light on the
The observed signatures are well described by
instantaneous femtosecond timescale interaction of
Rabi’s formulae.
the optical pulse with the ferromagnetic metal. In
accordance with Gilbert’s theory for damping, the
relaxation times of the system can be controlled by proper choice of the external field. When long relaxation
times are chosen such that they are longer than the repetition rate of the laser, spin mode-locking takes
place. This regime results in intense bursts of the magnetization and allows sensitivity to coherent spin
state even in the presence of the significant dephasing of the ensemble.
The avenue we take, brings new ways to manipulate spin states and to study magnetization dynamics in
ferromagnetic metals.

Call for
Proposals
REFERENCES

[1] D. D. Awschalom, L. C. Bassett, A. S. Dzurak, E. L. Hu, and J. R. Petta, Science 339, 1174 (2013).
[2] A. Capua, O. Karni, G. Eisenstein, V. Sichkovskyi, V. Ivanov, and J. P. Reithmaier, Nat. Comm. 5 (2014).
[3] B. Butscher, J. Nipper, J. B. Balewski, L. Kukota, V. Bendkowsky, R. Low, and T. Pfau, Nat. Phys. 6,
970 (2010).

*corresponding author: acapua@us.ibm.com

55

Special Evening
Session II

Call for
Proposals
Tim Mewes, Chair

56

Plenary

High frequency millimeter wave absorption and unique functionalities in
ε-Fe2O3 nanomagnets
Shin-ichi Ohkoshi*
Department of Chemistry, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
Electromagnetic wave absorbing materials are classified into two main categories, dielectric materials and
magnetic materials. For electromagnetic wave absorbing magnetic materials, ferrite magnets are widely
used for their insulating property and economical cost. However, the absorption frequency is limited below
100 GHz due to their soft magnetic character. In 2004, our group first succeeded in obtaining a particular
phase of Fe2O3, ε-Fe2O3, which was found to exhibit high-frequency electromagnetic wave absorption at
182 GHz in the millimeter wave region [1]. The mechanism of the absorption is explained by natural
resonance originating from the strong magetic anisotropy of ε-Fe2O3. In fact, this materials shows a large
coercive field of 25 kOe at room temperature [2]. The resonance frequncy can be widely tuned by
substituting the Fe ions with Al, Ga, In, Rh, etc [3-5]. The magnetic properties can be widely tuned from 35
to 222 GHz by metal substitution, covering all of the windows of air in the millimeter wave region. Therefore
this series of material is expected to be useful for future wireless communication, where increase of the
frequency is demanded.
In addition to high frequency millimeter wave absorption properties, we have recently reported that ε-Fe2O3
can be downsized to sub ten nanometer size maintaining its magnetic properties due to its strong magnetic
anisotropy. 8.2 nm size ε-Fe2O3 nanoparticles show a large coercive field of 5.2 kOe, and the
superparamagnetic limit was found to be 7.5 nm, the smallest among metal oxide materials [6]. Furthermore,
magnetic polarization and electric polarization coexists in ε-Fe2O3, and therefore, this material is a
nanometer size multiferroic material.
In this lecture, high-frequency millimeter wave absorption properties and various new fuctionalities of
ε-Fe2O3 will be introduced.
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Thermally Tunable Coupled Magnetic Vortex Oscillators
Michael Vogel1, Johannes Wild1, Bernhard Zimmermann1, Michael Müller1, Claudia K.A. Mewes2,
Tim Mewes2, Josef Zweck1 and Christian. H. Back1
1: Institut für Experimentelle und Angewandte Physik, Universität Regensburg, Regensburg,
Germany
2: MINT Center/Department of Physics & Astronomy, University of Alabama, Tuscaloosa, AL, USA
Recently, the magnetization dynamics in neighboring
magnetic vortex oscillators coupled via their stray
fields came into focus of research [1,2]. The system
behaves like coupled harmonic oscillators mimicking
the behavior of a diatomic molecule with van der
Waals bonding [3]. It has been shown that the
dynamics of such systems is strongly influenced by
the strength of the magnetostatic interaction given by
the distance between the elements and the relative
configuration of the core polarizations, i.e., the
directions of the out-of-plane magnetization Figure 1: Lorentz-TEM image of two magnetic
components [2]. The control of the coupling in such vortex oscillators coupled via stray fields. The left
an array of magnetic discs is essential for disk is excited via STT-current-pulses at 173 𝑑𝑑𝑑𝑑ℎ𝑧𝑧𝑧𝑧.
implementation of logical operations. Here we The disk on the right was heated via DC-joule
present a novel technique to control the interaction of heating.
two or more vortex oscillators by directly influencing
their resonance frequencies harnessing the temperature dependency of the saturation magnetization and
thus the resonance frequency of a single magnetic vortex oscillator. The frequency dependency of the
excitation of such a coupled system was investigated by Lorentz-TEM imaging for varying applied heating
powers which corresponds to tuning the resonance frequency of one of the disk.
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Recent Advances in Synchronizing Nanoscale Magnetic Oscillators
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3: Material Physics, School of ICT, KTH, Kista164 40, Sweden
In this talk I will discuss our most recent advances in
synchronizing both nano-contact spin torque
oscillators (NC-STOs) and spin Hall nano-oscillators
(SHNOs). The synchronization of NC-STOs [1-3] is
mediated by propagating spin waves (SWs).
Furthermore, it has been shown that the Oersted field
in the vicinity of the NC can induce highly directional
SW beams [4].
Not only have we recently
demonstrated the robust synchronization between
two oscillators separated by over 1 micron, but also
the driven synchronization of up to five oscillators by
purposefully taking advantage of such SW beams [5].
More recently, a new breed of nanoscale magnetic
oscillator, which rely on the transverse spin currents
generated by the spin Hall effect [6], have emerged.
Our particular SHNO device geometry relies on a
nano-constriction [7] to focus the spin currents and
stabilize auto-oscillations. By carefully considering
the importance of the applied field angle we have
demonstrated the robust synchronization of up to nine
serially connected SHNOs [8].
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Figure 9: (top) Synchronization of 5 NC-STOs.
(middle) Breaking the synchronization by rotating the
in-plane field angle by ψIP=30°. (bottom) Power and
linewidth of the synchronized (green) and partially unsynchronized (red and blue) states.
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The auto-oscillation of the magnetization in a spin torque oscillator (STO) has been studied extensively
because of its potential application to spintronics devices such as microwave generator. The auto-oscillation
of the magnetization was first observed in an in-plane magnetized giant-magnetoresistive system [1]. In
recent experiments, on the other hand, it was shown that the STO consisting of a perpendicularly
magnetized free layer and an in-plane magnetized pinned layer can show high emission power (~0.5 μW),
high quality factor (~135), narrow linewidth (~50 MHz), and wide frequency tenability (>3 GHz) [1]. This
type of STO will be model structure for practical STO applications.
The frequency tenability by changing the applied magnetic field and/or current magnitude is an important
property of STO. However, the previous experiment [1] mainly focused on the oscillation properties at a
relatively high field (around 3 kOe) only, while the bias current varies over a wide range (from 0 to 450 mV).
The purpose of this study is to theoretically clarify the relation between the applied field magnitude and
oscillation frequency of the STO consisting of a perpendicularly magnetized free layer and an in-plane
magnetized pinned layer over a wide range of the applied magnetic field. Our approach is based on the
Landau-Lifshitz-Gilbert (LLG) equation averaged over constant energy curve [2,3]. In the auto-oscillation
state, the work done by the spin torque balances the dissipation due to the damping torque, and the
magnetization precesses on a constant energy curve. This approach leads us to introduce the concept of
“balance current”. The balance current is a function of magnetic energy, and its physical meaning is that
when the current magnitude injected into the STO equals a value of balance current, the auto-oscillation
on the corresponding constant energy curve is stabilized. We also notice another condition to excite the
auto-oscillation; the balance current at higher energy state should be larger than the balance current at the
minimum energy state. This is because the current larger than the balance current at the minimum energy
should be injected to destabilize the magnetization in equilibrium and excite any kind of magnetization
dynamics. The balance current at the minimum energy state is called critical current.
The main finding in our study is that the magnetization dynamics in this type of STO is classified into three
types, depending on the applied field magnitude. First, in the absence of magnetic field, the auto-oscillation
cannot be excited because the balance current at the higher energetic state is smaller than the critical
current. Second, when the magnetic field magnitude is smaller than a critical value, the magnetization jumps
to a certain higher energetic state. This means that a jump of the peak frequency in the power spectrum of
STO is expected. Third, when the magnetic field magnitude is sufficiently large, the balance current at any
energetic state is larger than the critical current, and the oscillation frequency continuously changes with
increasing the current magnitude. We will present the detail of these results. A comparison with experiments
will also be presented.
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Active magnetic nanostructures driven by spin currents
Sergei Urazhdin1*, Vladislav Demidov2, and Sergei Demokritov2
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2: University of Muenster, Muenster, Germany
21st century has witnessed a dramatic transformation of magnetism research and device development from
passive structures to electronically driven magnetic (spintronic) nanostructures that can find applications in
memory and microwave technologies. It has been predicted that such devices are most efficient when
operated by pure spin currents – spin flows not associated with charge currents. I will describe our recent
demonstrations of two types of spin current-driven active nanodevices, one based on the spin Hall effect
[1], and another based on nonlocal spin injection [2]. I will show that the operation of these nanodevices
generally relies on the nonlinear effects that result in the transformation of the dynamical spectrum of the
magnetic system under the influence of spin current. The most interesting and potentially useful behaviors
occur when one dynamical mode becomes singled out from the spectrum. I will describe two experimentally
observed scenarios: one can be qualitatively understood in terms of the quasi-equilibrium statistics of Bose
particles and is similar to the Bose-Einstein condensation, another can be understood in terms of the
nonlinear Schrödinger equation and is similar to the energy quantization for a particle in a box.
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Fig. 1. Schematics of three different oscillator designs. Left: planar point contact-based spin Hall oscillator, middle:
nanoconstriction-based spin Hall oscillator, right: nonlocal spin injection-based oscillator.

I will also describe a novel approach to the integration of spin-current nano-oscillators with magnonic
waveguides based on the effects of the dipolar fields in magnetic nano-patterns [3], [4]. The approach
enables good spectral matching between the localized oscillation and the magnonic waveguide, and
efficient directional transmission of spin waves excited by the spin current. These results facilitate the
development of electronically controllable integrated magnetic nanocircuits.
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Bose-Einstein Condensation of Magnons Pumped by the Bulk Spin
Seebeck Effect
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We propose inducing Bose-Einstein condensation
of magnons in a magnetic insulator by a heat flow
oriented toward its boundary. At a critical heat flux,
the oversaturated thermal gas of magnons
accumulated at the boundary precipitates the
condensate, which then grows gradually as the
thermal bias is dialed up further. The thermal
magnons thus pumped by the magnonic bulk
(spin) Seebeck effect must generally overcome
both the local Gilbert damping associated with the
coherent magnetic dynamics as well as the
radiative spin-wave losses toward the magnetic
bulk, in order to achieve the threshold of
condensation. We quantitatively estimate the
requisite bias in the case of the ferrimagnetic
yttrium iron garnet, discuss different physical
regimes of condensation, and contrast it with the
competing
(so-called
Doppler-shift)
bulk
instability.
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Figure 1: A uniform ferromagnetic insulator
biased by a positive thermal gradient. When the
nonequilibrium magnon chemical potential near
the interface reaches a critical value (exceeding
the magnon gap), the magnetic order undergoes
a Hopf bifurcation toward a steady precessional
state, whose Gilbert damping and spin-wave
radiative losses are replenished by the thermalmagnon pumping.
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The spin Seebeck effect (SSE) refers to the generation of spin voltage in a ferromagnet due to a
temperature gradient. Although a complete understanding of the SSE has not been realized, three
mechanisms have been proposed to interpret the SSE – “magnon-driven”,1 “phonon-mediated”,2 and
“phonon-drag”.3 In spite of their conceptual differences, these mechanisms all engage magnon-phonon
coupling (MPC) in the materials. Specifically, the magnon-driven model suggests that for a given length
scale the SSE is stronger in materials with weaker MPC, while the other two suggest that the strength of
the SSE should increase with that of MPC. One can see that MPC plays an essential role in the SSE,
regardless of its favorite or negative nature.
This presentation reports the role of damping in the SSE in yttrium iron garnet (YIG) thin films. The
experiments used six YIG film samples made by sputtering under different conditions. The films were all
grown on (111) Gd3Ga5O12 substrates and showed similar thicknesses (19.7-23.4 nm) and similar
saturation magnetization (1757-1956 G). The damping constants (α), however, differ significantly, ranging
from 8.5×10-5 to 59.0×10-5. Comprehensive ferromagnetic resonance measurements indicate that the
contribution to α from two-magnon scattering is very small, suggesting the dominant role of magnon-phonon
relaxation in α. This means that the strength of MPC is very different in the six samples.
To probe the strength of the SSE, a 5-nm-thick Pt layer
was grown on each sample by sputtering. The SSE in
YIG produced a pure spin current in Pt, and via the
inverse spin Hall effect (ISHE) the latter produced a
voltage (VISHE) across one lateral dimension of the Pt
layer. VISHE was measured as a function of the
temperature difference (ΔT) across the sample
thickness. The data show that the slope of the
VISHE(ΔT) response increases with a decrease in α.
Specifically, as α decreases from 59.0×10-5 to 8.5×105, the slope doubles, from 71 nV/K to 142 nV/K. This
result is consistent with the magnon-driven mechanism
but is contradictory to the phonon-mediated model.
One cannot compare the result with the phonon-drag
model, because that model was proposed for the Figure 1: SSE coefficient as a function of the damping
transverse SSE while the measurements here were for constant αYIG.
the longitudinal SSE.
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Dispersive hydrodynamics in ferromagnets
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Magnetodynamics in ferromagnets have typically
been studied under the assumption of smallamplitude modes modulating a well-defined
magnetization state. The seminal paper by Halperin
and Hohenberg [1] introduced an alternative
interpretation in the form of hydrodynamic
equations. More recently, a similar set of equations
was achieved by studying spin superfluidity resulting
from spin injection [2,3]. These studies, however,
restricted their analysis to the low-frequency, longwavelength approximation, neglecting important
higher order effects due to exchange and
nonlinearity. We show that it is possible to exactly
rewrite the Landau-Lifshitz-Gilbert equation as a pair
of dispersive hydrodynamic equations including
exchange and nonlinearity while introducing the
concept of a uniform hydrodynamic state (UHS)
defined by its spin fluid density n and velocity u,
expressed in Figure 1 as a function of the polar and Figure 14: Phase diagram for the uniform hydrodynamic
azimuthal angles of the magnetization vector, θ and state. Regimes of stable superfluidity (white), coexistence
φ, respectively. These equations are the magnetic with magnons (gray), magnons (black), and modulational
analogues of the hydrodynamic equations resulting instability (yellow).
from the so-called Madelung transformation of a
Bose-Einstein condensate. A direct consequence of this representation is the identification of a rich phase
diagram for superfluidity (the Landau criterion), its coexistence with magnons, breakdown of superfluidity
in magnons, and a short wave modulational instability (Figure 1). The predicted results and regimes are
validated with the micromagnetics package MuMax3 [4]. Due to its underlying topology, the superfluid UHS
regime in Figure 1 is observed to flow around defects without loss or spin wave generation. Additionally,
this regime is found to be robust to damping, thermal fluctuations, and dipolar fields over accessible time
and length scales. Our results demonstrate that nonlinear and dispersive terms are important to accurately
describe magnetodynamics in ferromagnets over a wide range of parameters, allowing us to define
boundaries for the observation of superfluid-like states that may provide novel functionality at low applied
fields.
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Spin dynamics of artificial spin-ice systems
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Frustrated magnetic systems, such as spin ices, have been
of interest for a long time. Artificially structured spin-ice
lattices offer the unique opportunity to engineer interactions
between the elements by their geometric and magnetic
properties and orientation. Although the exploration of spinice systems would be a fascinating playground to
investigate how specific magnetization states of individual
islands or defects would affect the collective spin dynamics,
there are only few works reported on dynamics in these
kinds of structures in the high-frequency regime [1,2].
Here, we present results on spin dynamics of artificial spinice lattices made of permalloy (Ni80Fe20) [1]. The samples
were fabricated by electron beam lithography; dimensions
of elements: 300 x 130 nm2. We employ broadband
ferromagnetic resonance (FMR) spectroscopy to study the
dynamic magnetic response and find a rich mode spectrum
over the entire frequency/field range [Fig. 1(a)]. An excellent
qualitative agreement of the experiment to a semianalytical Fig. 1: (a) FMR measurement on artificial
model is found [Fig. 1(b)]. Furthermore, a hysteretic square spin ice. (b) Field-dependent modes
behavior of modes in the low bias magnetic field regime is obtained from semianalytical model.
observed. Micromagnetic simulations reveal that this fielddependent behavior can be correlated with the magnetization states of individual islands. These results
indicate that it might be possible to determine the spin-ice state by resonance experiments and are a first
step towards the understanding of artificial geometrically frustrated magnetic systems in the GHz-regime.
We also explore the possibility to detect spin dynamics in rectangular Ni80Fe20/Pt antidot lattices, which can
be considered as interconnected spin-ice systems, by pure dc electrical means [3]. The results, confirmed
by micromagnetic simulations, have direct implications on the development of engineered magnonics
applications and devices.
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The design of spin-transfer torque magnetoresistive random access memory (STT-MRAM) has so far been
based primarily on a single-macrospin theory assuming uniform magnetization. Since it has become clear
that the actual switching is often not even approximately uniform [1], further optimization requires the ability
to calculate switching rates in non-uniform systems. Rates have been calculated in the single-macrospin
model [2] using the Fokker-Planck (FP) equation, which determines the time evolution of the probability
distribution ρ(θ) in a single variable, the precession angle θ. The FP equation has terms describing
deterministic motion of θ, as well as diffusion due to random Langevin noise. The statistics of the random
magnetization change ẟM during each time interval ẟt are determined by the mean square values of its
(independent) components: the component along M does not fluctuate, and the components in the two
directions perpendicular to M (call them a and b) are given by <ẟMa2> = <ẟMb2> = 2Dẟt, where
D = γM sαk B T / Vµ 0 is the diffusivity in magnetization, γ is the gyromagnetic ratio, Ms is the saturation
magnetization, α is the damping, T is the temperature, and V is the volume corresponding to a macrospin.
In a non-uniform system discretized with N macrospins, there are 2N degrees of freedom – calculating a
probability distribution in 2N variables is impractical. However, in previous work [3] we have shown that
only a few modes are important in spin torque switching. The normal modes of a perpendicularlymagnetized disk can be classified by a “winding number” w (the number of times the magnetization vector
M(r) rotates as r moves once around the perimeter of the disk) and the in-plane part of M can be written as
(Re F, Im F,0) where the complex function F(x,y,z) ~ (x+iy)w. Given a magnetization M, the complex
amplitude of the mode w can be defined as
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In uniform switching, only the mode m0 with winding number w = 0 is nonzero, and we can use its squared
amplitude |m0|2 as the variable in a Fokker-Planck description. In a STT-MRAM disk, we have found [3]
switching to occur by a global instability of the uniform precessional state, which involves linear
combinations of modes with w = ±1. Thus the motions that are important for switching can be described
by 3 complex (6 real) amplitudes. We have constructed a FP description by discretizing this low-dimensional
space (it is not really 6D because there are some irrelevant phases). Calculating the probability of jumping
from one FP node (i.e., one point in this discretized space) to another requires knowing the diffusivity tensor
in this space, which is determined by the 6x6 matrix <ẟmw*ẟmw’> of correlations among the random
fluctuations ẟmw. We have calculated this explicitly; for the diagonal case w = w’, we get for example

< δmw δmw >= 2 DδtV ∫ ( x 2 + y 2 ) w (1 + M z / M s )dxdydz
2

∗

2

This can be calculated numerically for a discretized micromagnetic system. We intend to use this FP
formulation to calculate switching probabilities in spin torque systems.
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Magnetization dynamics of a single Fe-filled carbon nanotube detected by
ferromagnetic resonance
Kilian Lenz1*, Ryszard Narkowicz1, Christopher F. Reiche2, Attila Kákay1, Thomas Mühl2, Bernd Büchner2,
Dieter Suter3, Jürgen Lindner1, and Jürgen Fassbender1,4
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Designing future spintronic devices or entities
requires the knowledge of their static and dynamic
properties. However, the precise magnetic
characterization of a single nanostructure like a
nanowire or dot, e.g. by ferromagnetic resonance, is
still an experimental challenge.
Broadband ferromagnetic resonance (FMR) or
cavity-based FMR usually lack the necessary
sensitivity to measure single micron-sized or smaller
structures. Measurements of arrays of such elements
often might be no alternative due to inhomogeneity
either.
Here we show that microresonator FMR [1] can
Figure 1: Bird’s-eye view of the Fe-filled carbon
overcome these limitations. By decreasing the
nanotube being placed inside the microresonator
resonator size the filling factor is increased, therefore
loop. The Fe core’s diameter is 42 nm.
boosting the FMR sensitivity by several orders of
magnitude.
This allows for measuring even a single Fe-filled carbon nanotube (Fe-CNT) [2]. The Fe-filling inside the
CNT has a diameter of 42 nm with an initial length of several micrometers (see Fig. 1). In order to
understand the origin of the various resonance peaks, a focused ion beam was used to shorten little-bylittle the length of the Fe-CNT after each FMR measurement.
Furthermore, angle-dependent FMR measurements were performed to extract the anisotropy contributions
(like shape and magnetocrystalline anisotropy). In addition, the measured narrow linewidth suggests that
the Fe-filling is a well ordered crystal, as confirmed by transmission electron microscopy. Therefore, besides
the magnetic characterization of a single nanostructure, the microresonator FMR can also provide
‘indirectly’ information about the crystalline structure.
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A comprehensive ferromagnetic resonance study of
asymmetric CoFe/Ru(x)/CoFe exchange-coupled trilayers
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We report on a comprehensive study of the magnetization dynamics and relaxation in CoFe(5nm)/Ru(0.810nm)/CoFe(8nm) exchange coupled bilayers using broadband FMR characterization. As shown
exemplary for the CoFe(5nm)/Ru(1.2nm)/CoFe(8 nm) sample in figure 1(a), an effective damping
parameter was determined for both modes. The FMR linewidth of the optical mode was found to be
systematically broader than the acoustic mode for all samples and all frequencies. The observed
enhancement of effective damping parameter for the optical mode compared to the acoustic mode can be
explained by the recently predicted mutual spin pumping effect [1,2]. The separation between the two
modes, used for experimental determination of coupling strength, exhibits a frequency dependence caused
by a difference between the effective magnetization of the two ferromagnetic layers. The temperature
dependence of the coupling strength was determined experimentally from room temperature down to 10 K.
As shown in figure 1(b), the coupling strength increases significantly with decreasing the temperature, while
the oscillatory behavior of the coupling strength as a function of Ru thickness remains unchanged.
ACKNOWLEDGMENTS
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Figure 1: (a) Linewidth vs. frequency data for the CoFe/Ru(1.4 nm)/CoFe bilayer. The inset shows the optical
and acoustic signals at 50 GHz. (b) Temperature dependence of the interlayer exchange coupling strength as
a function of Ru spacer layer thickness
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Unidirectional relaxation in CoFe/IrMn Exchange biased samples
Jamileh Beik Mohammadi1,2, Joshua Michael Jones1,2, Soumalya Paul1,2, Behrouz Khodadadi1,2,
Claudia K.A. Mewes1,2, Tim Mewes*1,2, Christian Kaiser3 , Qunwen Leng3
1: Center for Information Technology, University of Alabama, Tuscaloosa, Alabama 35487
2: Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama 35487
3: Western Digital, Fremont, California, 94539

Abstract:

Although exchange bias systems and the unidirectional anisotropy in exchange biased samples is well
known [1-3] and technologically important for example for hard drive read heads, unidirectional relaxation
in these films has only been reported recently [4] and relaxation mechanisms in these systems are far less
understood.
Here we report on studies of a series of exchange biased IrMn(6nm)/CoFe(t) samples, where the CoFe
thickness ranged from 2-20 nm. In addition to quasi-static magnetization reversal measurements using the
magneto-optic Kerr effect (MOKE) and vibrating sample magnetometry (VSM), we also carried out
extensive ferromagnetic resonance (FMR) measurements as a function of microwave frequency (up to 60
GHz) parallel and antiparallel to the exchange bias direction and as a function of the in-plane angle. From
the frequency and in-plane angular dependence of the resonance field (see Figure 1 a)) we are able to
extract the gyromagnetic ratio, the effective magnetization, and the exchange bias field. However, the data
also reveals the presence of an additional uniaxial anisotropy that affects both the dynamical and quasistatic properties [5]. We have performed numerical calculations to simulate the data that extends our
understanding of the interplay of the unidirectional and uniaxial anisotropy in these systems. Our data
confirms that the resonance linewidth also has a strong unidirectional characteristic, similar to what has
recently been observed for other exchange biased systems [4]. While the frequency dependence of the
linewidth for thick CoFe films
can be well described using an
effective unidirectional Gilbert
b)
a)
damping
parameter,
the
frequency dependence of the
linewidth becomes increasingly
non-linear for thinner films
(Figure 1 b)). This behavior is
consistent with two-magnon
scattering
causing
the
unidirectional relaxation [4].
The unidirectional nature of the
Figure 1: Broadband FMR data for 7 nm CoFe exchange biased sample for
relaxation is also clearly evident
parallel (black symbols), anti-parallel (red symbols) configurations, and in-plane
from the angular dependence
rotation measurements (inset). In a) the resonance field data and in b) the
of the linewidth, see inset of
linewidth data is shown.
Figure 1 b).
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A Ferromagnetic Resonance Study of Exchange-Coupled Ni/NiO
Nanoparticles
Ashish Chhaganlal Gandhi1 and Jauyn Grace Lin1*
1: Center for Condensed Matter Science, National Taiwan University, Taipei, Taiwan (R.O.C.)
Ferromagnetic resonance (FMR) is commonly used to study the magnetic anisotropy in nano-magnetic
materials. In FMR experiments, the magnetic interfacial interaction in exchange-coupled ferromagnetic
(FM)/ antiferromagnetic (AFM) core/shell nanoparticles can be measured by the processing of FM
magnetization. In particular, a sudden drop in the resonance field (Hr) and enhanced line-width (ΔHr)
observed in low temperature from exchange-coupled nanostrucutres is assumed to originate from the
change of anisotropy in the FM layer. However, a rise of Hr at low temperature has been reported due to
either interfacial perpendicular magnetic anisotropy or the presence of inhomogeneity at the interface of
FM and AFM. To address above issue we have synthesized Ni/NiO core/shell (fixed core diameter ~ 21 nm
with varying shell thickness from 7 to 11 nm) nanoparticles. The FMR spectra of all Ni/NiO core/shell
nanoparticles are deconvoluted using sum of three Gaussian function. The resulting effective g-factor at
room temperature for the 30 nm/12 nm Ni/NiO nanoparticles are g1 = 2.12, g2 = 2.88, and g3 = 8.71. The
value of g1 can be assigned to uncompensated Ni-moment at the interface of Ni/NiO, g2 to metallic Ni-core
and g3 = 8.71 to inhomogeneously broadened asymmetric line originating from inter-particle interactions. In
our temperature dependent data we observed a drop and then rising behavior of g2/g3 below Néel
temperature of NiO. The effect becomes more pronounced with the increase of shell thickness, which can
be explained by considering the presence of frozen spin. The magnetic frozen spins could be caused by
Ni2+ vacancies (as confirmed from static magnetic measurements). The details about the analysis of FMR
results will be discussed further at the time of presentation.
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New Approach for Extraction of Intrinsic Gilbert Damping from TimeResolved MOKE Measurements
Amir Capua1*, See-hun Yang1, Timothy Phung1, and Stuart S. P. Parkin1,2
1: IBM Almaden Research Center, 650 Harry Rd., San Jose, California 95120, USA
2: Max Planck Institute for Microstructure Physics, Halle (Saale), D-06120, Germany
Accurate determination of the intrinsic Gilbert
damping is critical for resolving the underlying
physical processes which dominate the losses of
angular momentum in ferromagnetic metals. In the
ferromagnetic resonance (FMR) measurement, the
method of distinguishing the intrinsic Gilbert damping
from other contributions is well established and has
been used for many years [1]. In free induction decay
measurements carried out by the time-resolved
magneto optical Kerr effect (TR-MOKE) method,
however, the nature of the experiment prevents from
implementing similar methods to the ones applied in
FMR.
Two approaches are commonly used to determine
the intrinsic damping from TR-MOKE measurements. Figure 1: Measured and calculated contributions
to the TR-MOKE linewidth, Δω, in a
In the first, a numerical model is employed [2].
Alternatively, an “effective” damping can be used to perpendicularly magnetized 11 Å CoFeB film.
Δωint and ΔωIH are the calculated intrinsic
describe the dynamics from which the intrinsic Gilbert
damping is estimated at the high magnetic field limit damping and inhomogeneous broadening
contributions. Δωint + ΔωIH reproduce the total
[3] where the contributions of the anisotropies and
inhomogeneities, for example, are assumed to be measured linewidth.
less significant. This limit, however, is not well
defined.
In this work [4] we point out the caveats related with TR-MOKE measurement and propose a new analytical
approach to interpret the measured TR-MOKE responses which is in fact analogous to the approach applied
in the FMR method. The avenue we take allows to identify the different contributions to the measured
linewidth as a function of the field (Fig. 1) as well as the limit at which the effective damping converges to
the intrinsic Gilbert damping. Interestingly, our analysis indicates that in practical cases this limit is reached
at impractical external field values of several tesla with the limit being higher, the smaller the damping is.
Our study may possibly explain, the higher Gilbert damping values that are generally reported in TR-MOKE
experiments.
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High frequency laser modulation for phase-sensitive ferromagnetic
resonance detection
Seungha Yoon1,2, and Robert D. McMichael1*
1: Center for Nanoscale Science and Technology, National Institute of Standards and Technology,
Gaithersburg, MD, USA
2: Maryland Nanocenter, University of Maryland, College Park, MD, USA.
Recently, phase-sensitive ferromagnetic
resonance (FMR) has received a lot of interest for
investigations of spin-transfer torque effects
through the phase relationship between the driving
microwave current and the magnetization
dynamics [1–3].
In this study, we demonstrate a phasesensitive FMR detection method using the
stroboscopic magneto-optical Kerr effect in a
heterodyne method. We modulate the amplitude of
1550 nm laser light at the resonance frequency (f0)
and drive the spin precession of a permalloy
(Ni80Fe20) sample on a coplanar waveguide using
microwave excitation at a slightly different
frequency (f1). Due to the strobe response between Figure 8: The heterodyne FMR spectra as a function of the
the laser pulses and the spin precession, the magnetic field and the resonance frequency. The fits for the
polarization of the reflected light rotates with the magnetic properties are shown in red lines.
frequency of (f1 - f0). This measurable low
frequency detection signal is simply demodulated in the lock-in amplifier and produces FMR spectra
consisting of symmetric and anti-symmetric Lorentzian components, as shown in Fig.1. This heterodyne
detection method yields a strong signal at a frequency high enough to exceed the 1/f noise floor allowing
better precision phase measurements. We discuss the instrumentation details and the prospects for phasesensitive FMR detection using this heterodyne method.
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Michelson Microwave Interferometer for Broadband Ferromagnetic
Resonance Experiments
Eric R. J. Edwards1*, Justin M. Shaw1, Hans T. Nembach1, Anthony B. Kos1, and Tom J. Silva1
1: Quantum Electromagnetics Division, National Institute of Standards and Technology, Boulder,
Colorado 80305, USA
We present a Michelson-type microwave interferometer for use in ferromagnetic resonance
experiments. The small filling factor in vector network analyzer ferromagnetic resonance (VNA-FMR)
experiments performed with a broadband coplanar-waveguide (CPW) transmission line loaded with a
ferromagnetic thin film results in a large background signal at the VNA receiver, which the interferometer
suppresses at a discrete set of frequencies set by the electrical path length of its two arms. Measuring at
this set of frequencies – in our prototype separated by 400 MHz – dramatically improves the setup’s
dynamic range and decreases the measurement noise. A prototype of the design exhibits a 20 dB increase
in the signal-to-noise ratio in VNA-FMR experiments relative to non-interferometric measurements. These
improvements in the measurement sensitivity can be used to measure samples of smaller magnetic
volumes or increase the throughput of the setup. In our tests, we have realized a 100x speedup in VNAFMR measurement times.
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BaM/YIG Nano-composites; A new microwave material for C to U Band
Vipul Sharma1, Shweta Kumari1 and Bijoy.K.Kuanr1,2,*
1: Special Centre for Nanoscience, Jawaharlal Nehru University, New Delhi, India
2: Physics Department, University of Colorado, Colorado Springs, USA
During the past decade, hexaferrites
have become important candidates for a
variety of microwave and millimetre
wave devices due to their large uniaxial
magneto-crystalline anisotropy and high
saturation magnetization [1]. The goal of
this investigation is to synthesize
BaFe12O19/Y3Fe5O12 (BaM/YIG) nanocomposites (NCs) to be used as
microwave absorbers.
X-ray
diffractometry,
VSM,
and
ferromagnetic
resonance
(FMR)
techniques were used to characterize
the microstructure and magnetic
properties of these NCs. Using a Cu
coplanar wave guide (CPW) in flip-chip
technique FMR experiments were done
in “field sweep” mode using a Vector
Network Analyzer for these NCs to test their broad-band (C to U) microwave absorption.
We have synthesized xBaM/(1-x)YIG (with x=0 to 1) NCs using one-step sol-gel method. The XRD pattern
of BAM/YIG NCs calcined at 11000C shows peaks of both the compounds. On increasing the concentration
of BaM the X-ray intensity of BaM peaks increases while that of YIG decreases. All the diffraction peaks
are in good agreement with the hexagonal and cubic phases and their peaks are broadened due to their
nanometer sizes [2,3]. The VSM curve shows (Fig.A) the effect of BaM concentration in xBaM/(1-x)YIG
NCs. On increasing the BaM concentration in pure-YIG the magnetization (Ms) & coercivity (Hc) both
increases, as BaM has larger Ms & Hc than YIG. The increment in remenance magnetization (Mr) from 150
Oe for YIG to 1738 Oe for 0.7BAM/0.3YIG can be attributed to the formation of two phase BaM/YIG NCs
[4]. The 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑑𝑑 curve (inset in Fig.A) also verified the BAM/YIG composite as the peak height of
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑑𝑑 curve increases & shift towards low field with increasing BaM concentration [2].
To verify the microwave absorption properties of xBaM/(1-x)YIG NCs we have done the FMR studies at
different frequencies covering 4 – 40 GHz (C to U band) frequencies. FMR curves (Fig.B) show that
absorption increases linearly with frequency which shows the high frequency absorbing nature of BAM/YIG
NCs. The Increasing value of Ms with increasing BaM concentration in BaM/YIG NCs is clearly reflected
from hysteresis curves (Fig.A). At a constant frequency, the increasing Ms (with increasing x) with almost
constant magnetic anisotropy (Ha) causes resonance Field (Hr) to decrease (Fig.C).This is in agreement
with NCs resonance relation: 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟 = 𝛾𝛾𝛾𝛾(𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 + 𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎 − 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 ⁄𝑁𝑁𝑁𝑁), where N is the demagnetization factor of NCs. At a
constant frequency (24 GHz), the increasing coercivity (Hc) of BaM/YIG NCs (with increasing x) results in
an increased FMR linewidth and is shown in the Fig.D.
Very wide band remarkable electro-magnetic wave absorption (> 20 dB) was achieved in BaM/YIG NCs
which tended to lower RF loss and higher power penetration. To verify the experimental results we have
used an analysis of microwave absorbance based on the transmission line approximation.
REFERENCES
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Microwave magnetic properties of W-type ferrite Ba(Zn1-xCox)2Fe16O27 in the
Ka band
Xin Wang1*, Min Zhang1, Jianliang Xie1, Longjiang Deng1
1: State Key Laboratory of Electronic Thin films and Integrated Devices, National Engineering
Research Center of Electromagnetic Radiation Control Materials, University of Electronic Science
and Technology of China, Chengdu 610054, China

µ″

W-type barium ferrite can be used as high frequency
absorber by Co-Zn substitution because of the strong
1.2
1290-0
1290-0.01
uniaxial anisotropy and high saturated magnetization.
1290-0.02
1.0
1290-0.03
1290-0.04
In this study, X-ray diffraction, morphology and
1290-0.05
0.8
1290-0.06
magnetic properties were investigated for Ba(Zn11290-0.07
1290-0.08
Co
)
Fe
O
(x=0/0.01/0.08)
with
different
Co-Zn
x 2
16 27
x
0.6
substitution in the Ka band (26.5-40 GHz). The peaks
0.4
of real and imaginary part of permeability of our W0.2
type barium ferrite are respectively above 1.6 and 0.9
at 1290 °C sintering temperature. The coercivity and
0.0
26 28 30 32 34 36 38 40
natural resonance frequency are decreased as
Frequency(GHz)
increasing of Co2+ substitution as shown in Figure 1.
When octahedron position of W-type barium ferrite Figure 1: Imaginary part of the magnetic
was occupied by Co2+, the anisotropy of ferrite on permeability for the composite samples of
crystal face was strengthened [1], which make the Ba(Zn1-xCox)2Fe16O27 sintered at 1290 °C
anisotropy of W-type barium ferrite transforming from
axial type into planar type. The transformation result in natural resonance moving to lower frequency
direction [2]. However saturation magnetization remains unchanged with Co2+ substitution.
The microwave absorption bandwidth at -10 dB of Ba(Zn1-xCox)2Fe16O27 is effectively broadened compared
with other ferrites. Therefore, Ba(Zn1-xCox)2Fe16O27 may be a good candidate for electromagnetic materials
with low reflectivity in the Ka band.
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60 GHz Self-bias Microstrip Hexagonal Nanoferrite Circulator for CMOS
Integration
Tinghao Liang*, Mohammed N. Afsar, Valencia J. Koomson
Department of Electrical & Computer Engineering, Tufts University, USA
Hexagonal ferrite such as BaFe12O19 and SrFe12O19 have strong anisotropic magnetic field and strong
remnant magnetism. The property enable the working frequency of device such as phase shifter, isolator
and circulator, move up to tens of GHz without strong external bias field and even achieve self-biasing.
In this work, we present the design, simulation, fabrication and testing results of a self-bias microstrip line
Barium hexagonal nanoferrite circulator on silicon wafer. This planar Y-junction circulator is 2mm by 2mm
by 10um in size which is capable of future integration with the top two metal layers of CMOS technologies.
Ferrite material thin film is deposited and patterned employing composite spin-casting method. Typical
characterization techniques are employed together with a free-space quasi-optical spectrometry to study
complex permittivity and permeability of deposited film up to 110GHz. We simulate and cross-validate our
design in two different 3D EM simulator: CST and HFSS. The complete fabrication recipe is elaborated,
and results of ferrite deposition, biasing and patterning are evaluated.
We employed Cascade infinity probe together with Agilent N5227A-PNA to do network analysis up to
67GHz on the fabricated wafer. The settings and results are shown in Fig. 1. We observed over 15dB nonreciprocal phenomenon at 60GHz and detailed result analysis will be presented in the full paper.
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Figure 1 Self-bias nanoferrite circulator probing (left) and S-parameter measurement result (right)
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Calculation of Magnetization Value and Permeability Tensor of Ferrites
Using Cylindrical Dielectric Resonator
Tae-Wan Kim1*, Seong-Ook Park2
1,2: Department of Electrical Engineering, Korea Advanced Institute of Science and
Technology(KAIST), Daejeon 305-735, Korea
A accurate method of measuring a magnetization
and permeability tensor of ferrites at certain dc
dielectric
magnetic bias is proposed in this paper. We introduce
a cylindrical resonator that consists of an annular ring
PEC
ferrite and a cylindrical dielectric and is located
y
between parallel metal plates as shown in Fig. 1. We
theoretically calculate the fields inside and outside of
ferrite
a resonator to obtain transcendental equations for the
mode-splitting phenomenon of the HE111 mode. Many
z
research [1]-[3] where the permeability tensor of
ferrites was derived by means of statistical equations
PEC
in the partially magnetized state. To determine the
x
real part of the tensor, these equations require only a
few quantities such as frequency, magnetization, and
Figure 1: Structure of resonator that consists of
saturation magnetization. The theoretically derived
tensor components agree well with experiment. We an annular ring ferrite and a cylindrical dielectric
also show that the mode-splitting behavior depends
on a single magnetization value of the ferrite using the statistic equations. The magnetization and
permeability tensor components are computed from the measured certain resonant frequencies of the
resonator. The resonance frequencies can be controlled by the value of permittivity of the cylindrical
dielectric. We present an analysis of cylindrical resonator and it is experimental results. We verify the
magnetization value of ferrites by satisfying the transcendental equations in a resonance mode and the
measured resonance frequencies are compared with the calculated result. We perform a magneto-static
simulation to confirm the validity of the measured magnetization. Based on the calculated magnetization
value, the permeability tensor of ferrites is determined by statistical equations. The proposed method
considers the effect as the function of frequency and leads to accurate solutions because it has an analytical
solution as well.
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Inﬂuence of Exchange Interaction in Hard and Soft Composites on the
Magnetic Properties of FePt-based Films
Mei Bi1, Xin Wang1*, Li Zhang1, Haipeng Lu1, JIanliang Xie1, Longjiang Deng1
1. State Key Laboratory of Electronic Thin films and Integrated Devices, National Engineering
Research Center of Electromagnetic Radiation Control Materials, University of Electronic Science
and Technology of China, Chengdu 610054, China
L10 FePt has attracted lots of attentions due to its large
magnetic anisotropy for the potential application as ultrahigh density magnetic recording devices [1]. One
particular area of interest concerns the magnetic
properties of exchange interaction in bilayer film since
they are known to play a role in the magnetic behavior of
switching process [2, 3]. In contrast to the ideal
chemically ordered L10 phase, the chemically disordered
A1 phase could nucleate on the surface or in the matrix
of another phase.
Here, we prepared the L10 Fe51Pt49 films with different
thicknesses on MgO (001) substrates held at 500 °C. The
structure of the samples was characterized by X-ray
diffraction. The signiﬁcant FePt (001) peaks, indicating
L10-FePt ordering, have been demonstrated by the XRD
Figure 1: Out-of-plane hysteresis loops for samples
patterns. With decreasing the film thickness, a weakly with different thicknesses.
intense FePt (111) peak starts to appear as a
manifestation of crystallographic relaxation. As a result, the switching properties would be affected by the
existence of hard and soft composites. To investigate exchange interaction between L10 FePt and A1 FePt
ﬁlms, the out-of-plane magnetic hysteresis loops of different thicknesses are shown in Fig. 1. It was
obviously observed that the exchange coupling induced switching ﬁeld appeared with the emergence of the
FePt (111) peak. The micromagnetic properties were numerically investigated for exchange-coupled
structure consisting of a hard-magnetic out-of-plane magnetized phase and a soft-magnetic phase. The
simulation were conducted at T=0 K using the Object Oriented Micromagnetic Framework (OOMMF) code
based on the Landau-Lifshitz-Gilbert equation [4]. The models were discretized into cubed with dimensions
of 4×4×4 nm3, which is smaller in length scale than the exchange length. Micromagnetic research gives a
good possibility to study the magnetization distribution corresponding to different states of the switching
process. On the other hand, the development of calculation methods has enabled a much deeper
understanding of magnetic properties.
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The Influence of Different Si/Cr Ratios on Microwave
Permeability of Fe-Si-Al-Cr Flake-Shaped Particles
Nan Zhang, Xin Wang*, Jianliang Xie, Longjiang Deng
National Engineering Research Center of Electromagnetic Radiation Control Materials,
University of Electronic Science and Technology of China, Chengdu, 610054, China
Fe-Si-Al-Cr flaky particles, as soft magnetic material with excellent performance, can be used for
microwave absorbing. We planned to improve the microwave permeability of the material by
changing the components. Fe75Si15-xAl10Crx(x=0, 2, 4, 6, 8) flake-shaped particles were prepared from
crushing ingots with ball milling method. X-ray diffraction (XRD), Scanning electron microscope
(SEM), Mössbauer spectroscopy measurements and vibrating samples magnetometer (VSM) were
carried out. The XRD results show that the phase of all alloys is α-Fe matrix with some of lattice
sites partially replaced by Si, Al or/and Cr. The SEM results show that particles have been
transformed into the flaky shape, and the average aspect ratio (width/thickness) increases with x.
The Mössbauer spectroscopy can be used to determine the orientation of magnetic moments. The
4sin 2  , where R21 is the relative intensity of the
3(1  cos 2  )
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second to the first lines, θ is the angle between the γ-ray propagation direction and the direction of

the net magnetic moment[1]. R21 increases for 2.90 to 3.31 with x increasing for 0 to 6. Mossbauer

spectra indicate that the flaky particles with lager aspect ratio have a stronger tendency to possess
a planar anisotropy, which is beneficial to increase the magnetic permeability. The VSM results
show that the saturation magnetization (Ms) of particles increases for 127emu/g to 144emu/g with

x increasing from 0 to 2, but there is no significant change of Ms with x increasing from 2 to
6.Samples were made into toroidal shape (mass ratio of powders and paraffin was 4:1) to measure

the microwave permeability dispersion spectra in the frequency range between 0.5 and 8 GHz, as

shown in Fig.1. The maximal effective permeability of samples is obtained when x=4.

A part of Si was replaced by Cr in this study. The replacement can lead to the increase of planar

anisotropy and Ms, which leads to an obvious improvement of microwave permeability.

Fig.1 Microwave permeability of samples: (a) real part; (b) imaginary part
REFERENCES
[1]Monica Sorescu, Tianhong Xu, Steven Herchko. J. Magn. Magn. Mater. 323 (2011) 2859–2865.
*corresponding author: xinwang@uestc.edu.cn

82

Poster Session I

PS-07

Microwave Absorbing Properties of Fe85Si9.5Al5.5 Flakes Coated by Fe3O4
Lianwen Deng1,2, Jun He1, Yuhan LI1, Zhaowen Hu1, and Shengxiang Huang1 *
1: School of Physics and Electronics, Central South University, Changsha 410083, China
2: Hunan Province Key Laboratory of Super-Microstructure and Ultrafast Process in Advanced
Materials, Central South University, Changsha 410083, China
Thanks to their high permeability and strong magneto-crystalline anisotropy, Fe-Si-Al metallic flake powders
show high potential for microwave absorbing material applications. The permitivity of these powders,
however, is too high in terms of resistance matching. Previous work indicated that one could reduce the
permitivity by coating the powders with dielectric materials, such as styrene, nylon, and SiO2, but such
coating can also deteriorate the saturation magnetization of the materials and thereby result in a decrease
in the permeability.
This work reports on the use of Fe3O4 to coat Fe85Si9.5Al5.5 flakes. Similar to the dielectric coating, the
Fe3O4 coating is insulating and can thereby effectively reduce the permitivity of Fe-Si-Al flake-based
absorbing materials. Different from the dielectric coating, the Fe3O4 coating is ferrimagnetic and does not
lead to significant reduction in the permeability of the materials. The coating was realized using the
chemical precipitation method. The phase and morpology of the resultant composites were characterized
by X-ray diffraction (XRD) and scanning electron microscopy measurements. The measurement results
clearly show that the composites consist of Fe85Si9.5Al5.5 flakes with uniform Fe3O4 coating. The complex
permeability and permitivity of the composites were measured with a microwave vector network analyzer
system. The microwave absorbing properties were measured over 2-4 GHz using a conventional arc
testing system. The absorption of the composites with different coating thicknesses were measured and
compared, and the results indicated an optimal coating thickness which is 2 mm.
In the figure below, graph (a) presents the XRD spectra which confirm the Fe85Si9.5Al5.5 and Fe3O4 phases
of the composites. Graph (b) shows the reflection coefficient as a function of frequency for six samples
with different coating thicknesses, as indicated. The data in graph (b) indicate that the sample with the 2mm Fe3O4 coating has a wider absorption band than other samples.
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Study of magnetic properties of ferromagnetic microstructured multilayer
films
Meng Li1, L Zhang1, Xin Wang1*, Hanyu Zheng1
1. State Key Laboratory of Electronic Thin films and Integrated Devices, National Engineering
Research Center of Electromagnetic Radiation Control Materials, University of Electronic Science
and Technology of China, Chengdu 610054, China
With the electronic devices operating frequency
increasing, electromagnetic noise by interference
between signal receiving devices and signal source
has become a serious problem that need to be
solved. High saturation magnetization 4πMs,
suitable anisotropy fields Hk, and controllable
resonance frequencies are required for good
electromagnetic shielding materials. Patterning in
films could create new demagnetizing effects[1,2] so
that right patterning could be used to shift the FMR
frequency of thin film[3]. In the multilayer films
system with magnetic layer and nonmagnetic layer
[4], resistance of films is increased without losing
Figure 1: The permeability spectra of Ni80Fe20(40
high values of permeability and anisotropy fields,
nm)/SiO2(10 nm)/Fe66Co17B16Si1(x nm) where
indicating potential application in electromagnetic
x=20 nm,35 nm,40 nm,50 nm
interference materials.
In present work, ferromagnetic microstructured
multilayer films Ni80Fe20/SiO2/Fe66Co17B16Si1 were fabricated on Si(111) substrate using magnetron
sputtering and photolithography. The size of the substrate is 5 mm×15 mm. The top layer Fe66Co17B16Si1
thin film is patterned with strips parallel to the in-plane easy axis (short axis of the substrate). The width of
strips is 6.5 μm and gap is 3.5 μm, the length is both 5 mm. The static magnetic and high frequency
electromagnetic properties of multilayer films Ni80Fe20(40 nm)/SiO2(10 nm)/Fe66Co17B16Si1(x nm) (x=20
nm, 35 nm, 40 nm, 50 nm) were systematically investigated. The experimental results show that all layers
have an obvious in-plane uniaxial magnetic anisotropy. Two resonance peaks of complex permeability
spectra were observed obviously for Ni80Fe20(40 nm)/SiO2(10 nm)/Fe66Co17B16Si1(x nm) films as shown in
Figure 1, which were fitted well by LLG formulism. Compared with Single-layer film and continuous
multilayer film, the frequency of second resonance peaks of microstructured multilayer films is higher and
adjustable.
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Millimeter-Wave Thin-Film Multiferroic Slot Transmission Line
Alexey B. Ustinov1*, Andrey A. Nikitin1,2, Mikhail A. Cherkasskii1, and Boris A. Kalinikos1,2
1: St. Petersburg Electrotechnical University, St. Petersburg 197376, Russia
2: “MultiferrLab”, ITMO University, St. Petersburg 197101, Russia
Multiferroics in a form of waveguide structures
composed of ferrite and ferroelectric layers provide a
possibility of dual broadband magnetic and fast
electric tuning [1]. This unique feature is based on the
electrodynamics
interaction
between
the
electromagnetic and spin waves in the layered ferriteferroelectric structures [2]. The interaction leads to a
formation of hybrid spin-electromagnetic waves
(SEWs). Recently advantages of the SEW spectrum
were investigated in the thin-film multiferroic
structures with a slot transmission line [3]. A rapidly Figure 1: Influence of electric and magnetic fields
growing interest to the terahertz technology has
on the dispersion characteristics of the SEW in
stimulated an elaboration of the structures operating
the hexaferrite-ferroelectric structure with a slotaround 0.1–1 THz. For the frequencies above 25
line.
GHz the hexagonal ferrites having a large planar or
uniaxial magnetocrystalline anisotropy field are commonly used. It is known that the M-type hexaferrite
(BaAlxFe12−xO19) allows one to increase significantly the uniaxial magnetocrystalline anisotropy field and,
consequently, to achieve FMR frequencies of 0.1 THz or more for the reasonable values of bias magnetic
fields [6]. Among the ferroelectrics, the thin films of barium-strontium titanate solid solutions (BaxSr1-xTiO3)
are especially attractive. They exhibit a weak dispersion of the relative permittivity in a vast frequency range
102 – 3·1011 Hz [4,5]. The aim of this work is to theoretically investigate dispersion of the SEWs in the
artificial multiferroic structure composed of the barium-strontium titanate and the M-type hexaferrite with a
slot transmission line. The following parameters were used for the single crystal BaAl2Fe10O19 in the
calculations: a thickness of 10 µm, a saturation magnetization of 1850 G, a uniaxial magnetocrystalline
anisotropy field of 33.68 kOe. The polycrystalline Ba0.5Sr0.5TiO3 film had a thickness of 2 µm and an electric
field tunability of 2. A thickness of the sapphire substrate was 125 µm. The slot transmission line with a slotline gap width of 10 µm was located between BaAl2Fe10O19 and Ba0.5Sr0.5TiO3. Figure 1 shows the results
of numerical simulations for the main branch mode of the SEWs in the investigated structure. A decrease
of the external magnetic field from 10 kOe to 9.5 kOe and dielectric permittivity of the ferroelectric film from
1000 to 500 provided a broadband magnetic and a fast electric tuning, respectively. In conclusion, the
calculations showed that the hexaferrite-ferroelectric thin-film structures could find application at the
subterahertz frequencies as a frequency-agile material for device applications.
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Microwave absorption of electroplated NiFeCu/Cu multilayers deposited
directly on Si (100) substrates
B. G. Silva*1, D. E. Gonzalez-Chavez1, J. Gomes Filho1 and R. L. Sommer1
1: Centro Brasileiro de Pesquisas Físicas, 22290-180 Rio de Janeiro, RJ, Brazil

Permalloy and its alloys are widely used materials for magnetic and magneto-electronic devices operating
from DC to microwave frequencies [1]. Electroplating is method to fabricate nanostructured NiFe based
materials, which is a very high throughput technique, besides it presents low implementation and operation
costs. They allow a good control of the layer interfaces and the stress level inside the films, resulting in a
very good control of the magnetic anisotropies, microwave absorption and damping [2]. In this work, we
study the magnetic properties and broadband microwave absorption of electroplated NiFeCu/Cu
multilayered thin films deposited directly onto Si (100) substrates. We produced samples with 20 nm thick
NiFeCu layers and Cu layer thickness tCu in the range 0 to 2.8 nm. Structural properties were studied by
grazing incidence X-ray diffraction (GIXRD), while the composition and morphological aspects were studied
by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). GIXRD
confirmed the cubic face centered FCC phase of NiFeCu with all diffraction peaks drifting toward lower
angles with tCu. SEM images show the appearance of Cu islands instead of continuous Cu layers. A
minimum coercive field of 1.4 Oe is obtained for tCu = 1.0 nm, while the ferromagnetic resonance linewidth
exhibited 200 Oe constant values for tCu between 0.7 and 2.1 nm. The effective magnetization increases
with tCu, possibly associated to the increase on Fe content as observed by EDX. The effective anisotropy
behavior with tCu seems to be associated to the island structure observed in the films.
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Reduction of Frequency Fluctuation in Spin Torque Oscillator Stabilized by
Phase Locked Loop
Shingo Tamaru1*, Hitoshi Kubota1, Kay Yakushiji1, Akio Fukushima1 and Shinji Yuasa1
1: National Institute of Advanced Industrial Science and Technology (AIST), Spintronics Research
Center, Tsukuba, Ibaraki 305-8568, Japan
Spin torque oscillator (STO) is a promising candidate for
the next generation microwave signal source. To date,
however, no STO has been actually used for practical
applications yet. One of the biggest obstacles hampering
STO’s adoption is its poor frequency stability, in other
words, large phase noise. Currently, STO’s phase noises
are several orders of magnitude larger than those of
conventional microwave oscillators. In order to suppress
phase noise, we recently built a phase locked loop (PLL)
Figure 1: Block diagram of PLL circuit
circuit to actively stabilize a STO, and demonstrated
successful phase locked oscillation characterized by a
very sharp peak right at the target frequency [1]. Although
this is a major milestone toward the use of STOs in real
electronics systems, its phase noise performance is still
not as good as commercial PLL circuits, thus requiring
further improvement
In this work, we built a new PLL circuit designed to
minimize the propagation delay and therefore expected
to provide a better performance than [1], whose block
diagram is shown in Figure 1. This PLL successfully
phase locked a 6.996 GHz microwave signal generated
Figure 2: Power spectrum of frequency fluctuation
by a STO to a 291.5 MHz reference clock. The loop
of the STO under (red) free running and (blue)
bandwidth of this PLL is about 16 MHz, twice wider than
phase locked oscillations, respectively.
in [1], and the residual timing jitter was 9.4 ps, less than
half of the value reported in [1]. We also performed phase noise analysis following the algorithm presented
by Keller et al. [2]. Figure 2 shows the power spectrum of frequency fluctuation, Sν, obtained by first
calculating the spectrum of phase error, SΦ, and next calculating Sν=SΦ/f 2, under two different conditions.
Sν under free running oscillation (red line) shows 1/f fluctuation below 100 kHz, and stays nearly constant
between 100 kHz and 50 MHz due to thermal agitation. On the other hand, Sν under phase locked oscillation
(blue line) becomes lower than the red line below 10 MHz, which indicates that the PLL effectively stabilizes
the STO below 10 MHz. The ratio of the two power spectra at the lowest frequency in this plot (213 Hz) is
as large as 1012. However, the blue line has a peak at 16 MHz, and is actually larger than the red line
between 10 MHz and 50 MHz, which result from a somewhat underdamped loop response around the edge
of the loop bandwidth. In the poster, more detailed noise analysis results will be presented to elucidate what
can be done to further improve the phase noise performance of a STO stabilized by PLL.
ACKNOWLEDGMENTS
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Implementation of a Spin-Seebeck Diode
Michael Vogel1*, Bernhard Zimmermann1, Claudia Mewes2, Tim Mewes2 and Christian H. Back1
1: Department of Physics, University of Regensburg, Germany
2: MINT Center/Department of Physics and Astronomy, University of Alabama, Tuscaloosa, USA
Research in the field of spin caloritronics is paving the
way for a number of new applications in micromagnetic devices [1]. Manipulation of spin currents
via large temperature gradients, harnessing the spinSeebeck effect [2], is at the core of spin caloritronics.
One such proposed device, that behaves as a
thermomagnonic diode, is the recently theoretically
investigated spin-Seebeck Diode [3]. The device
consists of a spin-valve bilayer in the presence of a
thermal gradient and the magnetization dynamics of
such a structure have been studied by micromagnetic
simulations [3]. The direction and the intensity of the Figure 1: Structure of a spin-Seebeck diode consisting
gradient allows to excite the spin wave modes of of a spin-valve bilayer on top of a coplanar waveguide.
each layer selectively permitting a synchronization of To achieve the thermal gradient resistive heating is
the magnetization precession of the two layers applied at the top of the bilayer separated by an
causing a rectification of the flows of energy and insulation layer.
magnetization through the system [3]. Using finite
elements simulations to investigate the thermal behavior, we have implemented the design of a spinSeebeck diode including a thermal gradient of up to 0.02 K/nm in the out-of-plane direction (see figure 1).
Further we have investigated the magnetization dynamics by FMR measurements detecting the resonance
frequency of each layer individually.

Call for
Proposals
ACKNOWLEDGMENTS

This work was supported by the DFG Priority Program "Spin Caloric Transport" SPP 1538, by NSF
CAREER award #0952929 and NSF-CAREER Award #1452670.
REFERENCES

[1] G. E. W. Bauer, E. Saitoh and B. J. van Wees, Nature Materials 11, 391–399 (2012)
[2] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa and E. Saitoh,
Nature (London) 455, 778 (2008).
[3] S. Borlenghi, W. Wang, H. Fangohr, L. Bergqvist and A. Delin, PRL 112, 047203 (2014).

*corresponding author: Michael-cs.Vogel@physik.uni-regensburg.de

88

Poster Session I

PS-13

Hexagonal Half-metallic Heuslers:
Novel Candidates for Spintronic Applications

S. Keshavarz1,2 B. Clark,1,3 N. Naghibolashrafi,1,4 A. Gupta,1,5 S. Gupta,1,6 P. LeClair,1,2
1) Center for Materials for Information Technology, MINT, University of Alabama, Tuscaloosa AL 35487
2) Department of Physics and Astronomy, University of Alabama, Tuscaloosa AL 35487
3) Electrical and Computer Engineering, University of Alabama, Tuscaloosa AL 35487
4) Tri-campus Materials Science Program, University of Alabama, Tuscaloosa AL 35487
5) Department of Chemistry, University of Alabama, Tuscaloosa AL 35487
6) Metallurgical and Materials Engineering, University of Alabama, Tuscaloosa AL 35487

Magnetic half-metallic alloys are
vital for the development of STTRAM and
CPPGMR devices, the Heusler family of
alloys are known to have these properties.
These ternary intermetallic compounds are
known to have cubic crystal structures with
compositions X2YZ, XYZ, and Y2XZ, where
X and Y are transition metals and Z main
group elements [1]. Fe2MnGe was
predicted to be a stable half-metallic fullHeusler compounds, based on the DFT
calculations [2]. After our thorough
investigations for synthesis of the fullHeusler Fe2MnGe, we have found the
hexagonal DO19 structure to be the
dominant phase. Hexagonal Heusler
compounds are the focus of some new
studies [3].
Samples of Fe2MnGe were
prepared using repeated arc-melting of the
constituent elements and were heat treated
at temperatures from T=300 ̊C to T=1100 ̊C
Figure 1: Bulk Fe2MnGe analysis: (A) SEM, (B) XRD diffraction
in the steps of ΔT=100 ̊C for different
pattern (C) Magnetization vs. Magnetic field (D) SAED-TEM,
annealing times to achieve the targeted
crystal structure. Sample heat treated at 900 ̊ for 23days showed the stoichiometric and single phase, granular
microstructure confirmed by the SEM and EDS analysis. The Crystal structure of the sample is confirmed to be of the
hexagonal DO19 (space group 194) using XRD and TEM analysis. The low temperature magnetic moment of the sample
is ~ 5μB/f.u., which is higher than the expected value for the L21 phase (~ 3μB/f.u.) [2]. Polycrystalline thin films of
Fe2MnGe were prepared using layered sputtering deposition technique. Selected area diffraction (SAED) TEM analysis
of the samples confirmed the hexagonal DO19 structure of these films. Deposition of epitaxial thin films of Fe2MnGe
in both DO19 and L21 crystal structure are being explored using the same sputtering method currently. The sample
preparation procedure and their characterization results for bulk and thin films will be presented during this work.
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Anomalous Anisotropic Magnetoresistance in Ultrathin Ta Films Grown on
BaFe12O19
Tao Liu1, Peng Li1, Houchen Chang1, Christopher Safranski2, Alejandro Jara2, Wei Li3, Jinjun Ding1, Igor
Barsukov2, Mario C Marconi3, Ilya N. Krivorotov2, and Mingzhong Wu1*
1: Department of Physics, Colorado State University, Fort Collins, CO 80523, USA
2: Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
3: Department of Electrical and Computer Engineering, Colorado State University, Fort Collins, CO
80523, USA
Conventional anisotropic magnetoresistance (AMR) occurs in ferromagnetic metallic films and typically
manifests itself as R||>R⊥≈RT, where R||, R⊥, and RT are the film resistance measured with an in-plane
current I for the magnetization M parallel to I, normal to the film plane, and in the plane and transverse to I,
respectively. There exists also AMR in non-magnetic metallic films grown on magnetic insulators, which,
however, shows a different characteristic, R||≈R⊥>RT. This AMR can be interpreted using the direct and
inverse spin Hall effects and is thereby termed as spin Hall magnetoresistance (SMR), although the SMR
model fails to explain some features observed in high fields or low temperatures.

This presentation reports anomalous anisotropic magnetoresistance in a Ta film grown on a BaFe12O19
film. The experiments used a 1.0-mm-long, 0.2-mm-wide Ta(5 nm)/BaFe12O19(30 nm) Hall bar. The data
demonstrate a magnetoresistance effect that differs from both AMR and SMR, but might be explained in
terms of the coexistence of AMR and SMR. First, at room temperature the resistance R shows a clear
cos(2α) dependence when M is rotated in the plane containing both I and the film normal direction and
the rotation is tracked by an angle α. This is contradictory to SMR, for which R should be constant when
α varies. Second, at low temperatures R(α) also contains a cos(4α) component, in addition to the cos(2α)
response. What’s more, as the temperature decreases from 300 K to 8 K, the amplitude of the cos(4α)
term increases monotonically, while that of the cos(2α) term flips its sign at a certain temperature. These
features cannot be explained by SMR. Third, when M is rotated in the plane perpendicular to I and the
rotation is tracked by an angle β, R shows a cos(2β) dependence at room temperature and a cos(2β) plus
cos(4β) response at low temperature. When the temperature decreases, the amplitudes of the two terms
both increase. This result is inconsistent with AMR, for which R should not change with β. Note that,
when M is rotated in the film plane and tracked by an angle γ, R shows a cos(2γ) dependence over 8-300
K. This is consistent with AMR and SMR. Comprehensive measurements on control samples indicate that
the observed anomalous AMR effect is not due to the misalignment of M and the field, the weak antilocalization effect in the Ta, or the possible formation of a conductive iron oxide phase at the interface.
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Figure 1: Longitudinal resistances of a Ta(5 nm)/BaFe12O19(30 nm) Hall bar measured with a 5 T magnetic field
rotating in different planes at 13 K. The blue dots show the data, and the red curves are the fits to
R=R0+R2cos(2θ)+R4cos(4θ).
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Temporal evolution of the longitudinal
spin Seebeck effect in YIG|Pt bilayers
T. Noack*, T. Langner, F. Heussner, V. Lauer, A.A. Serga, B. Hillebrands, and V.I. Vasyuchka
Fachbereich Physik and Landesforschungszentrum OPTIMAS,
Technische Universität Kaiserslautern, Kaiserslautern, Germany
The observation of the transversal and longitudinal spin Seebeck effects in a magnetic insulator
demonstrates the crucial role of magnon transport in spin caloric processes [1]. In the case of the
longitudinal spin Seebeck effect (LSSE) a thermal gradient applied perpendicularly to the magnetic film
plane creates a spin current, which is mediated by thermal magnons and flows along the thermal gradient.
The generated spin current can be measured as an electric signal in the adjacent nonmagnetic metal by
means of the inverse spin Hall effect. These measurements can provide an important information about the
temporal evolution of the LSSE. Recent experimental and theoretical studies of spectral properties of LSSEsignals show the distinct difference in the temporal evolution of the measured signal for nanometer- and
micrometer-thick magnetic layers [2-5].
Here, we used microwaves as a simple and controlled heating technique [4] to generate a thermal gradient
in ferromagnetic-insulator|normal-metal systems to study static and temporal properties of the LSSE in a
wide range of magnetic layer thicknesses. Experiments were conducted using bilayers of a magnetic
insulator (Yttrium Iron Garnet (YIG)) covered with a normal metal (Pt, 10 nm). An increase of the YIG
thickness from 0.27 μm to 53 μm leads to an increase of the rise time of the measured signal by 42 times
from 66 ns to 2,74 µs. This can be understood by consideration of the magnon bulk contribution. Also we
obtained strong changes in the cut-off frequency with the YIG-thickness from frequency-resolved
measurements, which corresponds well to the time-resolved measurements [6].
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A Novel Tool to investigate Anisotropic Effects in Spin Caloritronic
Measurements
Oliver Reimer1*, Michel Bovender1, Jan-Oliver Dreessen1, Daniel Meier1, Lars Helmich1, Andreas
Huetten1, Jan-Michael Schmalhorst1, Günter Reiss1, Timo Kuschel 1,2
1: Center of Spinelectronic Materials and Devices, Bielefeld University, Universitätsstraße 25, 33615
Bielefeld, Germany
2: Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh
4, 9747 AG Groningen, the Netherlands
In spin caloric measurements thermal gradients act as a driving force for spin currents. A ferromagnet
exposed to a thermal gradient in an external magnetic field H generates a spin current parallel to the thermal
gradient (longitudinal spin Seebeck effect [1]) which can be detected in materials with high spin orbit
coupling (e.g. Pt) by the inverse spin Hall effect. In paramagnets the spin Nernst effect is expected to cause
a transverse spin current which can induce a spin torque transfer at the interface to a magnetic material.
Thus, the thermal gradient could be used in combination with H to create a spin Nernst effect based
magnetothermopower similar to the current driven spin Hall magnetoresistance [2, 3]. The poster introduce
a new setup which allows the rotation of a thermal gradient in addition to varying the base temperature and
the temperature difference in a sample. Furthermore it shows how the integration of an infrared camera
verifies the controlled rotation of the thermal gradient, which combined with the rotation of H enables the
measurement of anisotropic spin caloric effects. The functionality of the setup is proven by measurements
of the anisotropic magnetothermopower and the planar Nernst effect on Py thin films on MgO.
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Soft Magnetic Properties and Damping Parameter of Fe-Al Alloy Thin Films
Isao Kanada*1,2, Alex Cruce1,3, Tim Mewes1,3, Shuang Wu1,3, Claudia Mewes1,3, Gary Mankey1,3
and Takao Suzuki1,4,5
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OBJECTIVE
While voluminous works have been carried out on
soft magnetic properties of Fe-Al alloy systems [1-5],
very few works have reported in literature regarding
the damping parameter in Fe-Al alloy thin films.
The present work aims to study the soft magnetic
properties and the damping parameter as a
function of composition of Fe-Al alloy thin films.
EXPERIMENTAL
Multilayers of [Fe/Al] were sputter-deposited onto
Figure 1. Damping parameter as a function of Al
Si(100) and SiO2 glass substrates by magnetron
content for Fe-Al alloy thin films fabricated onto
sputtering in Ar atmosphere using Fe and Al targets.
Si (100) and SiO2 glass substrates.
Measurements of magnetic properties were carried
out using the magneto-optical Kerr effect, and a
vibrating sample magnetometer. Magnetization dynamics, including the damping parameter, measured
using broadband ferromagnetic resonance in an applied field up to 16.5 kOe over a frequency range from
12 to 68 GHz.
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RESULTS AND DISCUSSIONS

X-ray diffraction patterns indicate that all the samples possess the <110> orientation normal to the substrate.
The average grain size estimated based on the XRD diffraction line width is found to be about 10nm for all
the samples. All the samples under consideration exhibit coercivity H c less than 30 Oe, and the saturation
magnetization Ms close to those reported previously within 10% [6].
Figure 1 shows the effective damping parameter α as a function of film composition estimated based on
the frequency dependence of the FMR linewidths. It is noted that the damping parameter of the Fe sample
of our series is close to previously reported values [7-8].
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Growth of Nanometer-Thick, Low-Damping Yttrium Iron Garnet Films by
Sputtering
Jinjun Ding1, Tao Liu1, Houchen Chang1, Alejandro Jara2, Ilya N. Krivorotov2, and Mingzhong Wu1*
1: Department of Physics, Colorado State University, Fort Collins, CO 80523, USA
2: Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
Magnetic damping in Y3Fe5O12 (YIG) is lower than any other magnetic materials. As a result, YIG materials
have been widely used in microwave devices and have also shown high potential for magnonics and
spintronics applications. The development of YIG-based spintronic devices demands YIG films that have
a thickness (d) in the d < 100 nm range and at the same time exhibit low damping similar to single-crystal
YIG bulk materials. Recent work demonstrated the feasibility of growing such YIG films using magnetron
sputtering. This demonstration is of great technological significance as sputtering is widely used in industry.
Sputtered YIG films with d ≈ 20 nm showed high quality, with the Gilbert damping constant (α) being as low
as 8.6×10-5 [1]. Thicker films, however, showed notably higher damping.
This presentation reports the optimization of the sputtering and annealing processes that enabled the
growth of YIG films thicker than 20 nm but with even lower damping. A 75-nm-thick YIG film grown on a
(111) Gd3Ga5O12 substrate, for example, showed α = (5.27±0.36)×10-5 according to frequency-dependent
ferromagnetic resonance (FMR) measurements in perpendicular magnetic fields. In-plane FMR
measurements yielded α = (5.26±0.22)×10-5, which is very close to the value from the perpendicular FMR
measurements. This consistency not only confirms the reliability of the measured damping constant, but
also indicates the absence of two-magnon scattering in the film. It is important to emphasize that these
values are significantly smaller than those reported previously for YIG films of similar thicknesses. In fact,
it represents the lowest damping constant ever reported for magnetic films thinner than 200 nm, to best of
our knowledge. The inhomogeneity line broadening (∆H0) is as low as 1.9 Oe for the perpendicular FMR
measurements and 1.4 Oe for the in-plane FMR measurements. These low ∆H0 values together with the
absence of the two-magnon scattering indicate that the film is spatially homogeneous. In addition, the film
showed (111) orientation as the GGG substrate, an rms surface roughness of 0.08 nm, a coercive field no
higher than 1 Oe, a saturation induction of about 1780 G which agrees almost perfectly with the value for
YIG bulk materials, and a gyromagnetic ratio of |γ| = 2.82 MHz/Oe which is almost equal to the theoretical
value.
The figure below gives representative experimental data from the 75-nm-thick YIG film sample described
above. Graph (a) shows a surface image measured with atomic force microscopy. Graph (b) gives the
magnetic hysteresis loops measured for different field orientations, as indicated, with a vibrating sample
magnetometer. Graphs (c) and (d) present the peak-to-peak FMR linewidth data measured at different
frequencies for perpendicular and in-plane fields, respectively. The dots show the data, while the lines show
linear fits.
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Figure 1: Properties of a 75-nm-thick YIG film grown on a (111) GGG substrate by magnetron sputtering.
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Bright and Dark Microwave Envelope Solitons in Ferrite-Ferroelectric
Layered Structures
Mikhail A. Cherkasskii1*, Andrey A. Nikitin1, Andrey V. Drozdovskii1
1: St. Petersburg Electrotechnical University, St. Petersburg, Russia, 197376, St. Petersburg,
Russia
Interest in the investigation of nonlinear wave phenomena in various media has increased in the last several
decades. Envelope solitons, i.e., localized wave packets that propagate holding their shape in a nonlinear
dispersive medium, is one of the well-known examples of such phenomena. Envelope solitons have already
been studied in various waveguide media such as ferromagnetic films [1], optical fibers, electromagnetic
transmission lines, as well as in Bose-Einstein condensate (see e.g. [2,3] and literature therein). We
underline that only one type of nonlinearity (we term it as wave-nonlinearity) of the waveguide medium was
taken into account in the previous studies of envelope solitons.
The aim of this work is to present a theory for dispersive waveguiding media having two types of wavenonlinearity, each one taking part in envelope soliton formation. As a model waveguiding media, we use a
ferrite-ferroelectric layered structure. The considered structure combines wave-nonlinearities of
ferroelectric and ferromagnetic materials.
We consider the wave-nonlinearity of the ferromagnetic layer of the structure that is due to a change in the
static magnetization under the action of the dynamic magnetization of a propagating spin wave. We refer
to such nonlinearity as the wave magnetic nonlinearity of the structure. In the ferroelectric layer, we take
into account the nonlinearity attributed to a change in the relative permittivity of the ferroelectric under the
action of the amplitude of the dynamic electric field associated with the spin wave. The relative permittivity
can vary under the action of both an external bias static electric field and a dynamic field of a propagating
wave. We examine the wave-nonlinearity appearing in the ferroelectric owing to the dynamic electric field
of the propagating wave. We refer to such nonlinearity as wave electric nonlinearity of the structure. It is
evident that both types of the wave-nonlinearities influence to solitonic waveforms which can be excited
and propagated in the structure.
We obtain that under some conditions envelope solitons can be formed from the initial pulses. Moreover,
analytical calculations show that the wave-nonlinearities compete and a mutual effect of the electric and
magnetic nonlinearities depends on an input carrier wave number as well as on an input carrier frequency.
Thus, we disclose a phenomenon of changing envelope soliton type from bright to dark which is conditioned
by the resulted type of doubled wave-nonlinearity. Note that the resulted doubled wave-nonlinearity
changes from attractive to repulsive.
In conclusion, we have developed a theory for a dispersive waveguiding media having two types of the
wave-nonlinearity enabling envelope soliton formation and propagation, and demonstrated the effect of
bright to dark soliton changing. This effect is determined through changing the resulted wave-nonlinearity
of the microwave waveguiding structure from attractive to repulsive.
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Broadband Ferromagnetic Resonance Study of Interfacial Magnetic
Anisotropy in NiFe films
Jamileh Beik Mohammadi1,2, Gary Mankey1,2, Claudia K.A. Mewes1,2, Tim Mewes1,2*
1: Center for Information Technology, University of Alabama, Tuscaloosa, Alabama 35487, USA
2: Department of Physics & Astronomy, University of Alabama, Tuscaloosa, Alabama 35487, USA
Studying perpendicular interfacial anisotropy is
important because of many applications such as
applications in MRAM and MTJs [1]. Therefore
exploring new designs and materials is crucial to
improve capability and to design next generation
devices. This includes experimental investigations
along with theoretical calculations that can be used
to predict and calculate interfacial magnetic
anisotropy at ferromagnetic layer and nonferromagnetic layer interfaces that is an ongoing
research [2].
Here we report on investigations of the interfacial
perpendicualr aniosotropy in NiFe thin films. We have
deposited three sets of samples that are
Figure 1: Effective magnetization vs. 1/tNiFe for
and Ru/NiFe(t)/Ru (green symbols), SiO2/NiFe(t)/Ru (red
Ru/NiFe(t)/Ru,
SiO2/NiFe(t)/Ru,
SiO2/NiFe(t)/SiO2. In these samples the thickness of symbols), and SiO2/NiFe(t)/SiO2 (blue symbols). Solid
NiFe layer was varied from 2-12 nm. We have lines show the fit used to extract interfacial anisotropy
performed vibrating sample magnetometry (VSM)
constant and the saturation magnetization.
measurements and broadband ferromagnetic
resonance (FMR) measurements over a microwave frequency range from 2-60 GHz to investigate the
interfacial anisotropy in NiFe layer in these systems. Broadband ferromagnetic resonance data enables a
precise determination of the effective magnetization.
The thickness dependence of effective
magnetization, as shown in figure 1 indicates a strong interfacial anisotropy in these films [3,4]. In particular,
our results confirm the presence of perpendicular interfacial anisotropy at Ru/NiFe interface and a strong
interfacial anisotropy at SiO2/NiFe interfaces. Moreover the broadband FMR data enables the determination
of the effective damping parameter in these films, which is an important quantity that directly affects the
switching time in devices. Our results show that using SiO2 leads to a lower effective Gilbert damping
parameter. To further investigate the interfacial anisotropy we have performed theoretical calculations using
density functional theory. We have formulated a predictive model of interfacial anisotropy in NiFe film that
is adjacent to a normal metal such as Ru or an oxide such as SiO2 or MgO with possible applications in
future devices.
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Well-controlled spin wave excitation in YIG micro-channel on Silicon
Ping Che1,4† Yan Zhang2†, Sa Tu1,4, Youguang Zhang1, Chuanpu Liu3, Zhiming Liao3, Dapeng Yu3,
F.A.Vetro4, J.P.Ansermet4, Zhe He1, Chao Ma1, Xiangyin Li1, Weisheng Zhao1, Lei Bi2*, and Haiming Yu1*
1: Fert Beijing research institute, School of electronic and information engineering, Beihang
University, Xueyuan Road 37, 100191 Beijing, People’s Republic of China
2: State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic
Science and Technology of China, Chengdu 610054, People’s Republic of China
3:State Key Laboratory for Mesoscopic Physics, School of Physics. Peking University,
Beijing,100871, People’s Republic of China
4: Laboratory of Nanoscale Magnetic Materials and Magnonics, Institute of Materials, Ecole
Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland
Unlike YIG on gadolinium gallium garnet substrates, silicon based YIG thin films have attracted increasing
attention due to the ability to be integrated in spintronics and photonic systems. Pattern made by high
quality epitaxial Yttrium Iron Garnet (YIG) grown on silicon substrate, has been applied in spin wave
observations and shows comparable qualities.
In this letter, YIG thin films were
deposited on Si substrates by PLD
techniques. A KrF excimer laser
operating at λ=248 nm wavelength was
used for thin film deposition. In order to
conduct
well-defined
spin
waves
excitation, four-time bended coplanar
waveguides in micrometer scale is
illustrated [1]. Spin waves with large k
vector and fixed wavelength is generated
under this design. To visually display the
spin wave excitation, we demonstrated
field modulation and lock-in detection.
Relatively high quality, with the
magnitude of Gilbert damping decreasing
to 10−3 , strongly advise the promising
role of YIG on silicon substrate.
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Figure 1: (a).Schematic of experiment setup: spin waves
are excited by microwave signal generator and detected by
Lock-In amplifier using field modulation FMR. (b). SEM
image of meander coplanar waveguide with micrometer
scale.
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Intentional double resonance frequency in CoFeB amorphous film
deposited by oblique sputtering
Dandan Wen1,2, Huaiwu Zhang1, Xuemei Yang1 and Feiming Bai1*
1: State Key Laboratory of Electronic Thin films and Integrated Devices, University of Electronic
Science and Technology of China, Chengdu, China
2: Department of Mechanical Engineering, University of California, Berkeley, California, USA
Recently, there has been an increasing demand for
magnetic films in high frequency applications
including mobile phone, sensors, filters and on-chip
power inductors. The applications of magnetic film
are usually based on the analysis of their dynamic
magnetic properties or magnetization process, which
are subjected to an effective magnetic anisotropy
field Heff as given by the Landau-Lifshitz-Gilbert (LLG)
equation and resonance frequency. Therefore, many
methods have been employed to improve the
anisotropy field, such as additional in-situ magnetic
field, oblique sputtering, compositional gradient
sputtering and annealing [1-3]. Generally, in these
methods, the intrinsic stress orientation is arranged
along one direction and a uniaxial magnetic
anisotropy will be formed, accompanied by an Fig. 1. Complex permeability spectra of CoFeB/Si, (a)enhancement of operation frequency. However, in
(d) represent different magnetic film's thickness
our experiment, two magnetic anisotropy have been
formed due to inhomogeneous intrinsic stress (50nm-200nm, respectively).
induced by the oblique sputtering.
In this work, in the absence of in-situ magnetic biasing field, the soft magnetic Co40Fe40B20 films of different
thickness (50nm-200nm) were successfully deposited on the Si substrate by oblique sputtering with
substrate rotation of 8rad/min. Apparently, compared with Fig. 1(a), double peaks appeared in Fig. 1(b-d)
and the intensity of the second peak gradually enlarged as the thickness increased. In oblique sputtering
process, the uniaxial intrinsic stress were produced because of the gradient of thickness which eventually
determined the uniaxial magnetic anisotropy. However, with the substrate rotating, the uniaxial magnetic
anisotropy dispersed. Moreover, as the thickness of the magnetic film increased the columnar crystal would
gradually formed. The microstructure and crystallinity of this unique thin film have also been characterized
by high resolution scanning electron microscope (HRSEM) and X-ray diffraction (XRD) measurements.
Ferromagnetic resonance results further revealed that there was only one saturation magnetization in this
magnetic films. Additionally, by controlling the rotation speed, the location of double peak can also be
controlled. This kind of thin film can be applied in tuning the band of band-stop filter and other magnetic
thin film devices.
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Theoretical Investigation of Damping in Exchange Bias Systems
Alison Farrar1* and Claudia Mewes2
1: The University of Alabama, Computer-Based Honors Program and MINT Center
2: The University of Alabama, MINT Center and Department of Physics and Astronomy,
Tuscaloosa, AL, USA
Data storage devices like hard disk drives and STT-MRAM (spin transfer torque magnetic random access
memory) use a combination of stacked thin magnetic films to store information. As information is written on
the storage device, the magnetization of the corresponding bit rotates and relaxes into a new direction. The
relaxation of the magnetization into this new equilibrium state is done by the damping mechanism, which
couples the magnetic structure to the crystal structure of the material. Therefore, the improvement of current
devices and the development of new spintronic devices requires an accurate model of the magnetization
dynamics and, in particular, the damping mechanism. The Landau-Lifshitz-Gilbert equation, which is the
basis for current micromagnetic models, describes this damping mechanism with a scalar damping
constant. Studies in magnetic bulk materials show that the damping mechanism could be better described
by a magnetic damping tensor reflecting the symmetry of the crystal structure [1]. However, new
experimental data suggests that even greater specificity is needed to model the magnetization dynamics in
an exchange bias system, an asymmetric structure used in many existing and new spintronic memory
devices [2]. In this presentation we discuss our new model, its implementation within the micromagnetic
code M3, and the first results of those simulations.
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Theoretical investigation of ferrite-ferroelectric dynamic magnonic crystal
Irina Ustinova*, Andrey Nikitin, Alexey Ustinov, Boris Kalinikos
St. Petersburg Electrotechnical University, St. Petersburg, Russia
Recent years an increased interest for investigation of magnonic crystals takes place [1]. A feature of their
spin wave spectrum is the presence of band gaps where the propagation is prohibited. Dynamic magnonic
crystal causes a special interest because of their ability to “turn on” and “turn off” its periodic waveguiding
properties [2]. Another topical trend is investigation of multiferroic materials. Among them are ferriteferroelectric layered structures in which hybrid spin-electromagnetic waves (SEWs) may propagate [3].
Purpose of this work is theoretical investigation of microwave properties of multiferroic dynamic magnonic
crystal. The structure consists of a ferrite film, a dielectric substrate and a ferroelectric slab which is covered
by thin metal electrodes. The electrodes on the top side is a grid consisting of metal stripes. The dielectric
constant is controlled by the bias voltage applied to the electrodes. Application of the voltage to the
electrodes produce periodic modulation of dielectric constant in the investigated structure. The periodic
modulation can be “turned on” and “off” by the bias voltage. Thus, the described structure is a dynamic
magnonic crystal for the SEWs.
The study was carried out in several stages. On the first stage we derive the dispersion equation and
calculate the dispersion characteristics of the SEWs in homogeneous ferrite-ferroelectric waveguiding
structure. In order to derive the dispersion equation, we used a method described in [4]. On the second
stage we calculate the dispersion relation of the SEWs in periodically polarized ferrite-ferroelectric structure.
We used a formula obtained by the method of coupled waves. The calculation was carried out for the ferrite
layer having parameters corresponding to single-crystal yttrium-iron garnet film: bias magnetic field H=1000
Oe, dielectric permittivity ɛ=14, saturation magnetization M=1750 Gs. The calculation was carried out for
the ferroelectric layer having parameters corresponding to the ceramic solid-state solution of Ba0.5Sr0.5TiO3:
dielectric permittivity ɛd=1500-2400, tan 𝛿𝛿𝛿𝛿 =10-2. The calculations were made for a variety of the structure
parameters. For example, the calculations for dielectric constant for polarized and unpolarized sections of
ferroelectric layer ɛd1=2000 and ɛd2=2500 and for the ferrite film thickness Lf=5 μm show that the increase
of the structure’s period leads to increase of the first band gap, which is equal to 21 MHz, and the decrease
of its centre frequency, which is equal to 70 MHz. Further, for the film thickness Lf=10 μm the increase of
the first band gap is equal to 37 MHz and the decrease of its centre frequency is equal to 130 MHz. Thus,
it is seen from the results that it is more preferably to use relatively thick ferrite films to increase the electric
tunability of the ferrite-ferroelectric dynamic magnonic crystal.

Call for
Proposals
ACKNOWLEDGMENTS

This work was supported by Russian Science Foundation under contract # 14-12-01296.

REFERENCES

[1] M. Krawczyk, D. Grundler, J. Phys.: Condens. Matter. 26, 123202 (2014).
[2] A. V. Chumak, T. Nuemann, A. A. Serga, B. Hillebrands, M. P. Kostylev, J. Phys. D.: Appl. Phys. 42,
205005/1-8 (2009).
[3] M. Vopson, Critical Rewiews in Solid State and Materials Sciences. 40, 223-50 (2015).
[4] T. G. Gerson, J. S. Nadan, IEEE Trans. MTT. 22, 757-63 (1974).

*corresponding author: ustinovairin@yahoo.com

101

Poster Session II

PS2-09

Multiferroic magnonic crystals based on a slot transmission line
Aleksei Nikitin1*, Andrey Nikitin1,2, Alexey Ustinov1, Boris Kalinikos1,2
1: Department of Physical Electronics and Technology, Saint Petersburg Electrotechnical
University “LETI”, Saint Petersburg 197022, Russia
2: International laboratory “MultiferrLab”, ITMO University, St. Petersburg 197101, Russia
Nowadays an increased interest to the theoretical and experimental investigation of the artificial periodic
waveguiding structures is evident. Magnonic crystals (MCs) are a new class of metamaterials where a
periodic modulation of the microwave properties allows for manipulation of their band structure [1, 2]. This
behavour is similar to photonic crystals [3] that exhibit photonic band-gaps where a propagation of
electromagnetic waves (EMWs) is strictly forbidden. Such a behavior is caused by the deliberatly created
periodic waveguide properties that act as a strong reflection wall owing to the Bragg diffraction, whenever
an artificial periodicity matches the EMWs wavelength. In the MCs similar band-gaps in the spectrum of the
spin waves (SWs) are observed. We note in passing that peculiarities of the SW dispersion play an
important role in various linear and nonlinear microwave phenomena in ferromagnetic films [4].
The artificial multiferroics are often fabricated by a combination of ferrites and ferroelectrics materials, so
as to obtain structures in the form of multilayeres, pillars, spheres, wires, and others. A distinctive feature
of the multiferroics is a dual tunability of their physical properties. Recently а new type of the thin-film
multiferroic structures based on the electrodynamics interaction has been proposed [5]. The structures
consisted of the ferrite and ferroelectric films combined with a narrow slot transmission line. Spinelectromagnetic waves (SEWs) in such a structure are originated from the coupling of EMWs propagating
in a slot-line with SWs excited in a ferromagnetic film. An advantage of this structure is a possibility to
realize electric and magnetic tuning of the SEWs dispersion characteristics in the thin-film planar topology.
One of the ways to produce MCs based on the slot-line structures is a periodical variation of the slot width.
The aim of this work is to investigate the microwave dispersion properties of а novel thin-film multiferroic
magnonic crystal based on a slot-line.
The dispersion relations for SEWs in the investigated MCs were derived using the approximate boundary
condition method [5] and the coupled-mode approach. A frequency response was calculated according to
the transfer-matrix method [6]. A formation of the frequency band-gaps was demonstrated. An influence of
the different geometrical and physical properties of the microwave MCs on their frequency response and
the band-gap positions was analyzed. The electrical and magnetic tuning ranges of the frequency
responses were investigated for the different structure parameters. For example, it is shown that an
application of bias voltage of 100 V leads to an agile shift of the band-gaps on several MHz. The change of
the external magnetic field on 25 Oe shifts the band-gaps on hundreds of MHz allowing one to control the
frequency response in the relatively wide ranges of frequencies. Therefore, the calculations show that the
thin-film multiferroic MCs based on a slot-line are perspective for development of the new microwave
devices.
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Magnetization dynamics in one - Dimensional Fex Co1-x nanowires
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Soft magnetic nanowires (NWs) are widely used for
microwave and mm-wave components. The investigation of
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20%. Ferromagnetic resonance (FMR) both in field and
frequency sweep mode are employed to characterize the
NWs in flip-chip geometry (inset of Fig. B). It is observed that FMR field (Hr) increases with increase in
applied frequency (Fig.A). At a fixed frequency, Fe NWs resonate at a lower field than the Co substituted
NWs (Fig.B). FMR linewidth (Fig.C) (∆H) as well as frequency width (∆f) (Fig.D) are largest for Co NWs and
decreased for Fe NWs (Fig.C). Whereas ∆H decreased further for FexCo1-x nanowires with increasing x.
The observed ∆H and ∆f data are fitted to FMR relation [4] for 1-dimentional NWs geometry considering
proper demagnetization factors. The considerably broad ∆H and ∆f data are due to inhomogeneous
broadening (∆finh), the Gilbert damping (∆fGil), and the extrinsic line broadening (∆f2mag) arising from twomagnon scattering. As the stripline is much greater than the exchange length, there exists microstrip
geometrical effect ∆fk. We have fitted the ∆H and ∆f data to derive the intrinsic and extrinsic contribution to
FMR lineh broadening. The Gilbert damping factor found to be largest for Co and decreased for FexCo1-x
NWs.
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Effective anisotropy and magnetization dynamics in thin films with
spatial fluctuations of the first order anisotropy
Kayla Cole1,2, Jamileh Beik Mohammadi1,2, Tim Mewes1,2, Claudia K.A. Mewes1,2*
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Abstract:

The presence of a perpendicular anisotropy is essential for many spintronic applications. For example a
significant reduction of the switching current density for spin transfer torque magnetic random access
memories (STT-MRAMs) can be achieved by utilizing a perpendicular anisotropy [1]. Often the
perpendicular anisotropy originates at the interface of the ultrathin magnetic layer to adjacent layers, making
it susceptible to the interface morphology. Therefore lateral variations of the strength of the perpendicular
anisotropy can be expected. We report on micromagnetic investigations of lateral variations of the first order
perpendicular anisotropy constant on the magnetization dynamics of thin films. We have investigated lateral
inhomogeneities of the first order perpendicular anisotropy in the form of a periodic checkerboard pattern,
where the influence of the length scale set by the exchange length was investigated by changing the
periodicity of the pattern, see figure 1 (a). Similar to a typical experimental analysis we fit the full
micromagnetic simulations using a macrospin model. Our simulations show that lateral variations of the
first order perpendicular anisotropy require the use of a second order anisotropy [2] in the macrospin model
to adequately describe the data. However, we also find that the effective second order anisotropy
determined this way strongly depends on the applied magnetic field. As shown in figure 1 (c) the dynamical
response of the system exhibits one dominant resonance in the frequency range of typical ferromagnetic
resonance
experiments.
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Figure 1: (a) Periodic checkerboard geometry used for the micromagnetic
amplitude is clearly
simulations blue and red regions have perpendicular anisotropies of 𝐾𝐾𝐾𝐾𝐵𝐵𝐵𝐵 = 0 and
inhomogeneous and
𝐾𝐾𝐾𝐾𝐴𝐴𝐴𝐴 = 1.5 × 106 [J⁄m3 ] respectively. (b) Final magnetization configuration for 𝐵𝐵𝐵𝐵 =
follows the spatial
1[T]. (c) Power spectrum for an applied field of 0.05 [T], the inset shows a
fluctuations of the
spectral map at 10.4 [GHz].
anisotropy.
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FMR Regulated and Controlled by Microcell in Fe-Co Based Thin Film
Xiaojia Luo1,2, Peiheng Zhou1,2*, Xin Wang1,2, Jianliang Xie1,2 and Longjiang Deng1,2
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Science and Technology of China, Chengdu 610054, China
2: National Engineering Research Center of Electromagnetic Radiation Control Materials,
University of Electronic Science and Technology of China, Chengdu 610054, China
Fe66Co17B16Si1 amorphous thin films containing rectangle, square, and circular antidots respectively are
fabricated on the silicon substrate by photolithography, DC magnetron sputtering and lift-off patterning. The
films are divided into several micro-regions which have different demagnetizing field [1]. By means of the
measured dynamic magnetic spectrum and hysteresis loop, the magnetic properties in these thin films are
studied. The demagnetizing field in micro-regions destroys monolithic uniaxial magnetic anisotropy (UMA)
[2], but the UMA in micro-regions is keep.
Disparate resonance peaks are presented when the antidots are different. The exchange coupling among
micro-regions and independent part of micro-regions determine the dynamic magnetic spectrum of these
ferromagnetic films together. The mechanisms of ferromagnetic resonance are proposed to be related to
the special domain wall motion what is caused by the demagnetizing field in per micro-region. In order to
study the configuration of magnetic moments in per unit micro-region, OOMMF is used to simulate the
dynamic magnetization process.
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Figure 1: SEM photos of circular (a) and rectangle (b) antidots in thin film with imaginary part
permeability on the top left corner measured by vector network analyzer using the shorted
microstrip-line method without bias. The imaginary part permeability reflects the resonance peaks
changing with the films’ thicknesses.
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Study of Grain-to-Grain Exchange Coupling in Perpendicular Magnetic
Recording Media via Ferromagnetic Resonance
Daniel Richardson1, Kumar Srinivasan2, and Mingzhong Wu1*
1: Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA
2: Western Digital Technologies, San Jose, California 95131, USA
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Understanding grain-to-grain (GG) exchange coupling in perpendicular magnetic recording (PMR) media
is of both fundamental and practical significance. In particular, strong GG exchange interactions are
believed to be a major limitation in small grain size PMR media, as they can lead to the degradation of the
signal-to-noise ratio in the reading process. GG exchange coupling also plays critical roles in the realization
of heat-assisted magnetic recording using Fe-Pt media, 2D magnetic recording, and microwave-assisted
recording. However, except some qualitative and indirect methods for its estimation, there is a paucity of
techniques to directly measure the strength of exchange coupling in PMR media.
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Exchange field data for four samples with different segregant levels.
status in the media from point A to point
B. In the discussions below, Ms and Mr
denote the magnetization values at points A and B, respectively. (3) Reduce the field strength to bring the
status from point B to point C. (4) Keeping the microwave frequency ( ω) constant, sweep the field and
measure the transmission response (S21) of the sample-CPW structure. (5) Determine the FMR field (HFMR)
by fitting the S21 data. Note that the FMR is for un-switched grains. (6) Calculate Hex using [1]
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ω = γ  H a − H FMR − N g 4π M s − ( Ns M r − N g 4π M s ) − H ex  = γ ( H a − H FMR − Ns M r − H ex ) (1)



where |γ| is the gyromagnetic ratio, Ha denotes the effective perpendicular anisotropy field, and Ng and Ns
are the demagnetization factors of an individual grain and the entire sample, respectively. In the square
bracket of Eq. (1), the third term describes the self-demagnetization field of an individual grain, while the
fourth term describes the effective dipolar field produced by other grains. By changing the field in step (2)
and repeating all the steps, one can obtain Hex values for different Mr/Ms ratios and thereby plot Hex as a
function of Mr/Ms. The Hex value determined by extrapolating the plot to Mr/Ms=0 describes the GG
exchange coupling strength in the media. Figure 1(b) shows the plots for four samples with different levels
of segregant. One can see that as the segregant level increases from 0% to 10%, 20%, and 30%, Hex
decreases, increases slightly, and then drops to about zero. This result can be interpreted in terms of
segregant-caused changes in the grain boundary-to-grain core fraction and the properties of the grain
cores. This study not only demonstrates the feasibility of using FMR to probe GG exchange coupling in
granular films, but also provides direct evidence of tuning GG exchange coupling via controlling the
segregant level.
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Low-temperature anomalous magnetic behavior of Co2TiO4
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Magnetic-spinels are well-established materials
because of their remarkable applications in microwave
devices [1, 2]. Among the spinel-family, inverse-spinel
like cobalt-orthotitanate ‘Co2TiO4’ [= Co2+(Ti4+Co2+)O4]
and orthostannate ‘Co2SnO4’[ = Co2+(Sn4+Co2+)O4] are
unique systems because of their exceptional catalytic
behavior and applications in thermistors [1]. In the
present work we report the nature of low-temperature
anomalous magnetic ordering in ferrimagnetic Co2TiO4
and Co2SnO4 compounds by means of Arrott plot (H/M
vs. M2) analysis and temperature dependence of
isothermal magnetic-entropy-change ∆SM(T). Fig. 1
shows the Arrott plots obtained from the isothermal
magnetization (M-H) curves recorded between 10 K and
30 K for Co2TiO4 system (inset of Fig. 1 shows H/M vs.
M2 of Co2SnO4). Both these figures exhibit negative
slopes for 10 K ≤ T ≤ 35 K. Such negative-slope of Arrott
plots indicates the typical characteristics of a first-order
discontinuous transition.
Deviation from negative slopes are clearly
noticeable on approaching the magnetically ordered
regime 30 K < T ≤ 48 K indicating the second-order
nature of the transition across Néel temperature (TN).
Arrott plot criterion successfully explains the nature of
transitions in both isolated and mixed phase systems
with sequential phase changes [3]. The sign change of
∆SM (T) (Fig. 2) below 10 K and across magnetic
compensation temperature TCOMP (~30 K) further
supports the FOT behavior noticed above. Such a
polarity crossover of ∆SM(T) and exchange bias HEB(T)
for T< 10 K are having common origin associated with
the pseudo FOT like nature. Possible elucidation of such
anomalous characteristics will be presented.
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Figure 1: The Arrott plots (H/M) vs. M2 obtained from
the M-H isotherms recorded at various temperatures
of polycrystalline Co2TiO4. The inset shows similar
graphs for Co2SnO4 system (Note: only selected
temperatures were shown to avoid overcrowding)
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Figure 2: Temperature dependence of the isothermal
magnetic-entropy-change ∆SM(T) of Co2TiO4 and
Co2SnO4 (inset) employing the Maxwell equations and
experimental M-H isotherms. ∆SM(T) is evaluated for
field increasing process and decreasing branch of MH isotherms from 0 to 5 Tesla (Blue) and 5 Tesla to 0
(Red spheres), respectively.
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Study of Spin Transport in Tantalum Using Spin Pumping and Spin
Sink Effects
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The realization of spintronic technology requires meaningful spin-transport parameters for a wide
range of materials. We show that for spin-transport parameters to have predictive power beyond the
immediate context in which they are measured, it is necessary to study multiple structures (single and
double layer) and to carefully consider material morphology (amorphous vs crystalline). Our test case
is Ta metal, important for spin-Hall effect and as a seedlayer in sputter-grown spintronic materials, but
we expect our findings to be important in any high-Z material for which spin-orbit coupling leads to
short spin diffusion length.
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Figure 1: Damping due to spin pumping into the Ta overlayer as a function of tantalum thickness. Data is fit using
the models mentioned in the text.

We report on magnetic damping measurements in magnetic single (SL) and double layer (DL)
heterostructures, Py|Ta and Py|Ta|(Py|Fe) respectively, where Py = Ni80Fe20, see Figure Above. Magnetic
damping data is interpreted using established spin pumping/spin diffusion theory [1] with the following
variations: a) ρ (resistivity) and λ (spin diffusion length) are constants with respect to Ta thickness, b) ρ is
fixed at bulk resistivity and λ is a constant fitting parameter, c) ρ(x) is inversely proportional to λ(x), and
both are thickness dependent and d) λ is constant while ρ(x) is thickness dependent [2]. The structure of
the Ta films is determined using x-ray diffraction and transmission electron microscopy.
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