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Magnetic Tunnel Junctions (MTJs):

Fundamentals and Applications
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Fe/MgO/Fe MTJs as the Workhorse

of Basic Research and Commercial Spintronics

NEGF+DFT predicts TMR ~ 1000% at small bias voltage

PHYSICAL REVIEW B. VOLUME 63, 054416

Spin-dependent tunneling conductance of Fe|MgO|Fe sandwiches

Density of states
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Switching by Magnetic Field

VS. Cur'r'em‘ Induced STT vs. VCMA

VCMA=Voltage-Controlled Magnetic Anisotropy
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In-Plane vs. Perpendicular MTJs

OProperties differ widely between the so-called "in-plane” and "perpendicular” MTJs — besides TMR ratio,
most fundamental parameters for MTJs are thermal stability factor A=E_./kBT (E, is the energy barrier
between the parallel and antiparallel states) and switching current I. in spin-tfransfer torque, which
characterize the performance in storing and writing information, respectively.
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Crash Course on NEGF for

Steady-State Quantum Transport

HBasic NEGF quantities:

density of available quantum states: how are those states occupied:
Gga’(tv t/) - _%G(t — t’) <{ér0(t)7 éi,a,(t,)}> G?a’(tv t,) - ;(éi’a’(t’)éra (t» o—
ONEGFs for steady-state transport:
Gt t) = Gt —t) L5 G'(E) G<(@t,t) > G<(t —t') 15 G<(E)
17 , 1
peq — _; / dE Tm GF(E)f(E _ EF) pneq — % / dF G<(E)
ONEGF (quantum) vs. Boltzmann (semiclassical) nonequilibrium statistical mechanics:
G(E) = [E—H— ¥ . — 3 ]! v-Vfi+F- Ska = Ieon|f]
r a . d’k
G(E) = G'(B)[SiualE) + S (D]GY(E) =2 | SV

LNEGF-based current expression for two-terminal nanostructures:

— / dETr [E5(E,V})G7(E) — BZ(E,Vy)G=(E,V,)] Meir-Wingreen formula

In = h

Landauer-Bittiker formula for
the limit of quantum-coherent
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h (e-e, e-ph, e-m)
processes are absent
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TMR of 1D Tight-Binding Model of FM/I/FM

MTJ: Exact Analy’rucal Solution via NEGF
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Crash Course on NEGF+DFT for

Steady-State First-Principles Quantum Transport

QPrimary physical reason for NEGF+DFT self-consistent loop, which
computes charge redistribution due to current flow at finite bias v
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Challenges for NEGF+DFT in Application

to Modeling of Realistic Nanodevices

dLarge systems * dThe electrostatic
(in excess of 10,000 atoms) & potential may be
determined by a
dynamical environment
(for instance a solvent)

AiJ
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Ni/Vertical-Gr,/Ni as MTJ

with Perfect Spin Filtering

. 7 \ reek ending
PRL 99, 176602 (2007) PHYSICAL REVIEW LETTERS 26 OCTOBER 2007

Graphite and Graphene as Perfect Spin Filters

V.M. Karpan.' G. Giovannetti,' P. A. Khomyakov,' M. Talanana." A. A. Starikov,' M. Zwierzycki,” J. van den Brink.>*
G. Brocks,' and P.J. Kelly'
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Important of Small Mismatch Between
Lattices of Electrode and Barrier Materials

%Y

N =

Q: Why Ni as electrode?
O Only 1.3% in-plane lattice mismatch
d Majority spin states of Ni are absent around the K-point
where graphene states reside
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Magnetoresistance of Ni/Gr,/Ni

at Zero or at Finite Bias Voltage

TMRpesimis‘ric ~100% @ V=0
and for sufficiently thick (n=5)
vertical graphene barrier

PHYSICAL REVIEW B 85, 184426 (2012)

Magnetoresistance and negative differential resistance in Ni/graphene/Ni vertical heterostructures
driven by finite bias voltage: A first-principles study

Kamal K. Saha.' Anders Blom.” Kristian S. Thygesen,” and Branislav K. Nikoli¢!
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Bias-Voltage-Dependent Transmission Function and

Negative Differential Resistance (NDR) in Ni/Gr,/Ni

PHYSICAL REVIEW B 85, 184426.(2012)

. R means
Magnetoresistance and negative differential resistance in Ni/graphene/Ni vertical heterostructures N D !

driven by finite bias voltage: A first-principles study that current Can ohe apply ~1 v
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Kamal K. Saha,! Anders Blom,* Kristian 8. Thygesen,” and Branislav K. Nikolié"
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Voltage-Dependent Local Density of States

as a Tool to Understand Origin of NDR
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Progress in Experimental Realization of

Ferromagnet/Gr,/Ferromagnet Junctions

J. Phys. Dc Appl. Phys. 50 (2017) 203002 {1600 hitpe

Topical Review

2D-MTJs: introducing 2D materials
in magnetic tunnel junctions

Maélis Piquemal-Banci, Regina Galceran, Marie-Blandine Martin,

Florian Godel, Abdelmadjid Anane, Frederic Petroff, Bruno Diubak
and Pierre Seneor
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Materials Science & Engineering

of Graphene on Ni(111)

Challenges for DFT calculations: Standard
LDA and GGA XC functionals do not work

PHYSICAL REVIEW B 84, 201401(R) (2011)

Graphene on Ni(111): Strong interaction and weak adsorption

F. Mittendorfer,'" A. Garhofer,' J. Redinger.' J. Klimes.” J. Harl.” and G. Kresse®

. . . , :
I l\ vdw-DF —
vdw-DF2 —-
optPBE-vdW === |
\ optBES-vdW
! optB86b-vdW - = |
1 \ RPA °

New J. Phys. 12, 125004 (2010)
New J. Phys. 13, 025001 (2011)

-

. BRE lomfee = I
Ugraphene grows on Ni but not the other way around oyl 1 e e ot
Qat temperatures between 480 C and 650 C, S owl 7 o | L o o v of s o 10 o
graphene grows on a pure Ni(111) surface in the * .o Ni(111)usingthe vaW DFT asa fonction o th exchange corlatin
absence of a carbide 010
Obelow 480 C, graphene growth competes with the o f
formation of a surface Ni,C carbide T % s 5 7 %
Qdestabilization of the surface carbide by the A

addition of Cu to the surface layer facilitates the ...y onamsim o bFT oo i

nucleation and growth of graphene at temperatures {ine cicuieduin e DA (edand pink ines) nd the PBE
below 480 C
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Many-Body Inelastic Effects in Quantum Transport in

MTJs: Electron-Magnon and Electron-Phonon Scattering

Experiment:

PHYSICAL REVIEW B 77, 014440 (2008)

Theory & Computation:

PHYSICAL REVIEW B 90, (45115 (2014)

Evidence for strong magnon contribution to the TMR temperature dependence Signatures of electron-magnon interaction in charge and spin currents through magnetic tunnel
in MgO based tunnel junctions junctions: A nonequilibrium many-body perturbation theory approach

Farzad Mahfouzi and Branislav K. Nikolié

V. Drewello,* J. Schmalhorst, A. Thomas, and G. Reiss
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FIG. 1. (Color online) Resulting fit for the TMR temperature Elastic Tnelastic Total
dependence of our MgO MTIJ using the magnon excitation model = 1.0fx10? ()4 alx10™ (b), 1.0Fx107 (©)
and thermal smearing. = 0.5t 5 7105k

= 0. 2t 5
Z 00 0 00
E-0.5f 7 e P -2 05
= S -4 10
3 ©-1.0F .
.2
= = [x107 (d)
- Ses 0.4F =
= <6
=
~6.0—— .
T T T T T T T T T T T = 20 *10 (g}
-200 -100 0 100 200

Bias V [mV]

FIG. 2. (Color online) IET spectra of a MgO MTIJ in a parallel
(dashed line) and antiparallel (solid line) state at 12 K. Typical
magnon (A, D) and phonon (B, E) peaks can be identified in par-
allel and antiparallel (e.g., A') configuration.
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