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Outline

« Background

Why are we interested in Tb(Sm)FeCo thin films and
exchange bias?

* Experimental Results

Magnetic and structural properties of exchange
biased Tb(Sm)FeCo

* Micromagnetic Simulations
Two-sublattice, two-phase model



Background
Amorphous TbFeCo films
* Ferrimagnetic (FiM)

e Tb and FeCo sublattices

» Compensation Temperature (T, )
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Background

Amorphous TbFeCo films

« Perpendicular magnetic anisotropy (PMA)

« Structural anisotropy gives rise to PMA in sputtered amorphous

TbFe films
Harris, V. G., et al. Phys, Rev. Lett. 69.13 (1992): 1939.
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Background

Exchange bias

« Ferromagnetic(FM)/Antiferromagnetic(AFM) bilayer act as a pinned

layer in spintronics devices
Nogués et al. / Phys. Rep. 422 (2005) 65 —-117

« Stabilize the magnetization in FM layer
Liu et al. Appl. Phys. Lett. 81, 4434 (2002)
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Outline

« Experimental Results

Magnetic and structural properties of exchange
biased Th(Sm)FeCo



Experiment Methods

Si/SI0, substrates

Radio frequency (RF) magnetron sputtering at room
temperature

Magnetic Properties: Quantum Design Versa Lab
system

Thickness: Rigaku SmartLab system



Properties of Amorphous Tb,.Fe,,Co,, Films
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Exchange Bias in Amorphous Tb,.Fe.,Co,, Films

Exchange bias effect is

observed near T
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Exchange Bias in Amorphous Tb,.Fe.,Co,, Films

« At 300K, both positive (P) and negative (N) exchange bias minor loops are
observed, with different initialization procedures
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Origin of Exchange Bias in Tb,.Fe.,Co,, Films
High-angle annular dark field imaging (STEM-HAADF)

* Non-uniform contrast indicates local compositional
fluctuations

Energy-dispersive X-ray spectroscopy (STEM-EDS)

 Non-uniform distribution of all three elements.

 The regions marked with
arrows indicate a local
depletion in Tb, which
directly coincides with an
enrichment in Fe
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Origin of Exchange Bias in Tb,.Fe.,Co,, Films

Atomic probe tomography (APT)

« Tb (blue), Fe (green) and Co
(red) distribution along a slice
parallel to the film plane

* A network-like segregation of all
three elements

» Existence of two compositional |'T® rou, W co
. f
phases in amorphous ~ S -
. -
Tb,sFeg,Co,q film | s 5= A\
. B9
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Origin of Exchange Bias in Tb,.Fe.,Co,, Films

Two nanoscale amorphous phases on the length scale of 2-5nm are
revealed from STEM and APT.

A Tb-enriched phase (Phase 1) is nearly compensated and acts as a
fixed layer

A Tb-depleted phase (Phase |l) is far away from compensation and acts
as a free layer

Exchange bias in Th,sFeg,Co,, film originates from the exchange
interaction between these two nanoscale amorphous phases



Origin of Exc
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Exchange Bias effect in magneto-transport measurements

Anomalous Hall Effect (AHE) and Magneto-resistance (MR) of Tb,sFes,Co,4

Current is injected through A and B
| Voltage difference is measured between
EF for AHE

CD for MR
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Exchange Bias effect in magneto-transport measurements

Anomalous Hall Effect (AHE) and Magneto-resistance (MR) of Tb,sFes,Co,4

9915
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Bi-stable MR states are revealed at 300K, corresponds to the exchange

bias observed in AHE loops.



Exchange Bias in Amorphous Tb,,Sm,.Fe..Co,, Films
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 Exchange bias at 275K

Exchange Bias in Amorphous Tb,,Sm,.Fe..Co,, Films

Bistable MR states

25

Magnetization (emu/cc)
o

—

275K (P)
275K (N)

-25
-30

-20 -10 0 10
Out-of-plane Field (kOe)

20 30

65.40

e e B _...a-"'”“""""'r 65.0

-64.9

X
= 65.30-

65.25

:

o

-64.8

-64.7

-30000

4th Year Seminar

15000 0 15000

Out-of-plane Field (Oe)

30000

18



Experimental Summary

Exchange bias and bi-stable magneto-resistance states are
uncovered in amorphous TbFeCo and TbSmFeCo films with

perpendicular magnetic anisotropy

Structural analysis revealed two nanoscale amorphous phases
with different Tb atomic percentages distributed within the films.

Exchange anisotropy originates from the exchange interaction
between the two amorphous phases



Outline

* Micromagnetic Simulations
Two-sublattice, two-phase model.



Landau-Lifshitz-Gilbert Equation

Dynamic of Magnetization A/

Landau-Lifshitz-Gilbert (LLG) Equation
adM jdt =—y(M X Hleff )+a/Mls (M X
dM/de)

Where vy is the gyromagnetic ratio, and a is the damping
factor



Landau-Lifshitz-Gilbert Equation

The Effective Field

HleffT =HIExtT +HlDemagl +HIAniT +
HIExchT

External field
Demagnetization field
Anisotropy field
Exchange field
Methods

* Atomistic model

* Micromagnetic model



The Micromagnetic Model

The Continuum Approximation

Multiple spins are grouped together to form a single
cell of magnetization.

—_—



The Two-Sublattice Model

* Ferrimagnetic
« Tb and FeCo Sublattices

 Two LLG equations for each sublattice

AMITH Jdt=—y(MITh X HlefFiTh )+a/MisiTh (
MITh XdMITh /dt)

dMiFe /dt=—y(MiFe XHlefflFe )ta/MlsiFe (
MiFe XdMIFe /dt)



The Two-Sublattice Model

The effective field due to the exchange interaction (
HlexchTl )

HlexchITb =2A4ITb—Tb /ud0 MITb T2 miTb +2A4ITb
—Fe /ud0 MITb VT2 mlFe +FITb—Fe /ud0 MITb mlFe

HlexchIFe =2A4JFe—Fe /ul0 MIFe VT2 mlFe +2AJFe—Tb
/ud0 MIFe VT2 mdTb +ABIFe—Tb /10 MIFe miTb

* Neighbor cells from both sublattice

« Same cell from the other sublattice



The Two-Sublattice Model

The effective field due to the exchange interaction (

Hlexchl )
KITb (J/
m73)
AJTb—Tb
ALTH—ThH=1/4 JiTh—Th s
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The Two-Phase Model

« Two interpenetrating phase
 Phase | (Red) and Phase Il (Green) blocks
* 6x6x6 cells in each block

» Distributed throughout the modeling space
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The Two-Phase Model

Each cell is 0.5nm x 0.5nm x 0.5nm

Each Phase | and Phase Il block is 3nm x 3nm x 3nm

Each block has 6x6x6 cells (Total 18x18x18 = 5832 cells)

27 blocks, 13 Phase | and 14 Phase |l blocks

* Finite distance methods based on OOMMF

M. J. Donahue and D. G. Porter, OOMMF User’s Guide, version 1.0, Interagency Report
No. NISTIR 6376, National Institute of Standards and Technology, Gaithersburg, MD, 1999
(http://math.nist.gov/oommf/).



Simulation Result of TbhFeCo

* Positive and negative
exchange bias minor loops
near T ..,

 Positive shift in magnetization
accompanied by negative
exchange bias
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Atomistic Simulations

FiM TbFe Frustrated EM Fe
, TbFe ,
25 T T T T ]
S ‘ - Tb spin (FiM)
-~ ! —eN .
1 1 SR NN - Fe spin (FiM)
ourtesy o1 Alaopu Ll | gEa e Fe spin (FW)
i A :
AN - Py
Ao NN A
~ > - \ —~ %
—~ 154 AN R e .
S y - o e e e
> — v —- N
© Pl a e B S S
Eof L7 .= i
.‘G T - —— a7 *\
= = Jooom oseianaalnr o
* Frustrated TbFe region =
5 e R T 4
\\“‘\‘\:;’/\1
~ //\ i . £
0 - — - > >y s -
T T T — T T
0 5 10 15 20 25

* Fe-Fe antiferromagnetic
coupling

AFM ratio 0%

o AFM ratio 10%
AFM ratio 20%

Magnetization (muB/atom)

0.0 4
o— AFM ratio 30%
AFM ratio 40%
-0.51 o AFM ratio 50% |
10 Vluujwl‘ll l‘.“" H b
20 10 0 10 20
Field (Tesla)

4th Year Seminar 30



Simulations Summary

Micromagnetic model is employed to study exchange bias in a
two-phase magnetic material with ferrimagnets.

Positive and negative exchange bias minor loops are obtained
near T

comp

This model provides a platform for developing exchange bias
materials using ferrimagnets



Summary

Exchange bias and bi-stable magneto-resistance states are
revealed in two phase amorphous TbFeCo and TbSmFeCo thin

films

A two-phase, two-sublattice micromagnetic model is employed
to simulate exchange bias effect in TbFeCo films

Using this study, we can explore various FiM/FM and FiM/FM
systems by tuning the composition of FiM phase, and develop
desirable EB properties for applications at various temperature



Acknowledgement

University of Virginia
Professor Jiwei Lu
Professor S. Joseph Poon
Xiaopu Li

Chung Ting (Marco) Ma

Pacific Northwest National Laboratory
Dr. Ryan Comes

Dr. Arun Devaraj

Dr. Steven Spurgeon



Acknowledgement

This work was supported by the Defense Threat
Reduction Agency (DTRA) grant and the U.S. Department
of Energy (DOE).

4th Year Seminar

34



Supplementary

The HRTEM image of the amorphous
Tb,.Fe.,Co,, thin film by Titan 300 kV
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Supplementary

Reduced FFT of the HRTEM
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Derivation of effective field due to
exchange interaction

We can rewrite Tb-Tb and Fe-Fe terms as follow

HITh—Th=—1,2 JITh—Th SITH12 S<Thii, Thif

mirbli —mi7Tbly )72

Using the continuous assumption

mi7rbl) ~mi7hli +riij-Vmi7Thli

HITH—TH=1/4 JITH—Th SITHT2 ZiTh—ThH rinnl2
V7h17 Tl ThLr )19 — AL Th—Th 1/ Tml7Th )1



Derivation of effective field due to
exchange interaction

The ferrimagnetic (Tb-Fe) te

Using the continuous assumption to expand m\lFe\l/
}[lTb Fe ~1/2/¢Tb Fe SlTb 5¢Fe§<7’b¢z’

—1/2 rdijT2 VT2 miFeli )72
~1/2/¢Tb—/7€5¢7b 5¢F62<Tb¢z' Felj
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Derivation of effective field due to
exchange interaction

—7h (Vmd7ThH )12 —2ALTH—Fe mdTh -T2
mlfe—BITh—Fe (miTh-mife))dT3 x+2

The last term is integrated on the boundary, so the energy density is

EIA=AlFe—Fe (VmlFe)T2 +ALTH—TbH (V
mi7h )12 —24ITh—Femdl7Th VT2 miFe
—BITH—Fe (miTh -mlFe )

The effective field due to exchange interaction

Hleff, 7H=—0EIA /1d0 Mls, TH omdTh
=2/1d0 Mls, TH ALTH=ThH VT2 md7bH +2 /1l0



