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Moore's law: the number of transistors on integrated circuits
doubles every two years

Itqnium2

Pentium4
Pentium 11l
Pentium Il
Pentium

80486
80386

Transistors per Chip

1970 1980 1990 2000

International Technology Roadmap for Semiconductors:

starting from the end of 2013, doubling only every three years!
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Landau-Lifshitz torque equation

1 dM(t)  ~ . =
=-M(t)xB_(t
o (1)x B, (1)
m(7,t)=m, (F)xe " "
Eeff | dynamic magnetization
. ~-M(t)x B,
M| [ M@
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Magnonics

Carrier of information: Carrier of information: Carrier of information:
charge of electron spin of electron magnon

GMR (Nobel Prize in 2007)
TMR
STT

No flow of real particles!
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JTTTVNNNN T T

Wavelength:  down to nm
(atomic scale)

magnonics has large
potential for data

Frequency: from GHz to THz
processing

Free-path: up to cm
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Frequency (GHz)
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Magnetostatic Surface
Spin Waves

Forward Volume
Magnetostatic Spin Waves

Backward Volume
Magnetostatic Spin Waves

wavelength wavelength
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Input microwave signal

Alternating magnetic field
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Backward volume magnetostatic

9.0 Excitation of BVMSW
8 5' measured with
- Brillouin light scattering microscopy
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Dynamic magnetization profile

m_ ~ cos(kx)
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I E Techscre Unweesis LPE Yttrium Iron Garnet Y;Fe:O,, (YIG)

S. Geller, "Crystal Chemistry of the Garnets,"
Z. Kristallogr., 125 (1967)

a2 0

Yali2 g2

o OXYGEN ATOMS

¢ OCTAHEDRAL IRON

o TETRAHEDRAL IRON

© DODECAHEDRAL YTTRIUM

Va0 2 YIG thickness: 2.1 um
Yki Waveguide sizes: 1.5*20 mm?
e Magnetic field: 1770 mT

Figure 1. The structure of YIG (after [6]).

< YIG has smallest known magnetic loss

< YIG is magnetic insulator

Serga, Chumak, Hillebrands, YIG Magnonics, J. Phys. D 43, 264002 (2010).
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CPW and exciting Intensit
Oersted field n_enrsnlayx

B min

RN
o
T

Co,Fe,y ,Mn Si

_ Thickness 30 nm

_ Stripe width 4 um

. External field: 40 mT
- Frequency: 6.2 GHz

BLS intensity (arb. units)
o
x

o
o
-

5 10 15 20 25

o

Distance from antenna (um) T. Sebastian,Y. Ando et al., APL100, 112402 (2012)
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Magnonic crystal (MC):

< artificial medium with periodic lateral variation in magnetic properties

1D MC:

lattice constant

< o]
VAAAERY

coordinate

< analogous to photonic and sonic crystals but operates with spin waves in the
microwave frequency range
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Magnonic crystal (MC):

< artificial medium with periodic lateral variation in magnetic properties

Bragg scattering (formation of band gaps)

nh = 2a

1D MC:

lattice constant

< o]
VAAAERY

coordinate

S-
\
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.
\
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‘
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< analogous to photonic and sonic crystals but operates with spin waves in the
microwave frequency range
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Backward Volume Magnetostatic Waves (BVMSW)

Frequency, GHz
.

7.05 T

6.95 T

L——6.85 : :
-100 0 100

00 k, rad/cm
BVMSW - reciprocal wave

Schneider et al., PRB 77, 214411 (2008)
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Backward Volume Magnetostatic Waves (BVMSW) H,
Frequency, GHz , > !
A’ e oo dihe B
f N |
£ \Hi", ; \\ .
 input ;outpu}\j\ g
705 + antenna antenna.

Magnetic field H,=1.8 kOe
Magnetization  4nM,=1750 G
YIG film thickness d,=5.5 um

6.95 T
S -30
e 5
-200 -100 0 100 k rad/em 8
’ 'E -40
Z e
& -
= —— plane film
-50

——————
6900 7000 7100
Frequency (MHz)
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Backward Volume Magnetostatic Waves (BVMSW)
Frequenqy, GHz

A
.37 7057
" N Periodicity @ = 300 um
' ' Number of grooves N,=20
I 6.95 7T |
| | 8 7
-30 -
k=-nla k=rnla S e
200 1'60 0 150 o s
) ) k,radlcm &
£ -40
(7))
C
e —
Chumak, et al., APL 93, 022508 (2008) - 1 - = -+ plane film
=0 — MC
~1 ¢ + 7 v v ¢t °
6900 7000 7100
Frequency (MHz)
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Bias magnetic field

AS(/)%
2

_

fAR(f) )

%LL E_J | HM

Fetisov et al., JAP 79, 5730 (1996)
Chumak et al., J. Phys. D 42, 205005 (2009)

(0

i aie

Which magnetic property

do we modulate?

Waveguide thickness

Output signal

Input signal

A 50 um -
-

Sykes et al., APL 29, 388 (1976)
Chumak et al., APL 93, (2008)

72

\
fk)=v @

——

Wang et al., APL 94, 083112 (2009)
Chumak et al., PRB, 81, 140404 (2010)
Obry et al., APL 102, 202403 (2013)

Burkard Hillebrands

Hy + 4

v

Effective saturation magnetization

KITP Workshop Santa Barbara

@1 = exp{—\/(n/w)2 + k@

V(m(w)? + k*d
N

Waveguide width

Lee et al., PRL 102, 127202 (2009)
Chumak et al., APL 95, (2009)
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|.  Magnon control magnon
Magnon transistor

ll. Parametrically driven crystal
Data buffering

lll. Dynamic magnonic crystal
All-linear time reversal
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|.  Magnon control magnon
Magnon transistor

Burkard Hillebrands KITP Workshop Santa Barbara November 12, 2013



[ E Techniscre UNIVERSITAT Electronics and field effect transistor

KAISERSLAUTERN

Electronics - involves the flow of electrons

CMOS Field effect transistor:

Gate

Most major problem:

Joule heating (1841):

v

direction of electric current | Heat loss power: 5
—@® <—® P=IV=RP,
—@® :

— | — electric current !

direction of electrons . ’ 3
. V — applied voltage, &

I : R - resistance _§.

$
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H
> 7% Kostylev et al., APL 87, 153501 (2005)
e S Z_ Schneider et al., APL 92, 022505 (2008)
_»{ I = — }—}
Va4
1
= A Back Channel 4,.10‘"6 .....
< 279 v Front Channel N ‘..g..&"‘"'
Z AV
3 A
& 1 Aw*°’.
= ,‘,“’v
< £
o ¥ ®
8 ,lx = In
e 0 == — 7 = I * 1 ° T T T T 1

| | v » | . |
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Current / (mA)
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I2
Fio ﬁ/ Inputs
WV\( >/ji/ ALY B(L) Output
— _ _ | 00) | 00) | 1
i I}‘ _ ! 0(0) | 1(Ly 0
% 4 1) | 00 [ o
i "~ Realization of XNOR gate 1) | 10 1
=1 =0 =0 =
=1 | 1
5
__.i,\ i
% | e
E 0
iw—m&J L\..u ORI\, V. TRy W, ¥ : ) L\‘»

350 400 450 500 350 400 450 500 350 400 450 500 350 400 450 500
Schneider et al., APL 92, 022505 (2008) Time [ns]
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I2
H, ﬁ/ | Inputs
> 4 Ad) By | P

gl T : & 00 | 0 |
//.\I1‘ /— 0 (0) 1(1) 0
0
Input: DC pulses 1

Output: magnon packets

How to control one magnon by another?

......................................................................................................................................................

Intensity

L
:
%
%
g

350 400 450 500 350 400 450 500 350 400 450 500 350 400 450 500
Schneider et al., APL 92, 022505 (2008) Time [ns]
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Semiconductor field-effect transistor:

Source Drain

(Gate

Magnonic crystal acts
as an enhancer of

o -20 .
= All-magnon device: non-linear effects
<
 -40 source-to-drain magnon flow should be controlled
% '. by magnons in the transistor’s gate
£

-60

6.9 7 7.1
Spin-wave frequency (GHz)
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Opened: R —=0 Semi-closed: R>0 Closed: R — =«
Gate magnon density Gate magnon density Gate magnon density
ng=0 ng >0 ng >>0
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Opened: R—0 Semi-closed: R>0 Closed: R — x
Gate magnon density Gate magnon density Gate magnon density
Ng = ng >0 ng >>0

208 8
@ 3 Gate magnon
'g 06 F n density:
S ®  —0mW
)
S 04 » 16 MW
£ -2 —32mw
£ 02 80 mW
o I
o
0.0 —it—— e
0 100 200 300 400
Chumak, Serga, Hillebrands, submitted (2013) Time £ (ns)
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Opened: R —=0 Semi-closed: R>0 Closed: R — =«

1.0 =
ey Do ' | '

> o : !
% 08 1 8 £ 6 : ol
& 3 Gate magnon = 2. S12
T 06 t A density: 8 = 5 2.
5 I 0 mw c 2 1=
c —um 5 £ LEs
> 04F 8 —16mw g o, It Sler,
£ i — 32 MW © 8;'( a Ug)lgva
£ 02 | — 80 mW I . o
= i ° -10* -10° -107 10° 10° 10* 10°
D )

00 /™ T | ! non wavenumber K (rad/cm)

0 100 200 300 400
Chumak, Serga, Hillebrands, submitted (2013) Time t (ns)
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>
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Device parameters

This is just a proof of concept!

(example: CMOS uses 3x10-8J switching energy, we used 3x10-%J)

Classical Computing

Scalar variable
Boolean logic

Wave Computing

Quantum Computing

Vector variable
Special task data processing

Vector state variable
Entanglement

Burkard Hillebrands

KITP Workshop Santa Barbara

November 12, 2013
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ll. Parametrically driven crystal
Data buffering
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REVIEW ARTICLE | FOCUS

Slow light in photonic crystals

Guided L
mode s J
R4 PBG | ‘
S SO S
SIS g
‘é’ & Slow light Band edge : ‘é’_
S 1 D
- S [
-S> l
Yer~>Zone folding
o’ l I A
0 0.5 1.0 10 30 50
Normalized wavenumber Group index

Slow light with a group velocity hundreds of times lower than ¢
is attainable with present photonic crystal-based technology

T. Baba, Nature Photonics, 2 465 (2008)
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Backward Volume Magnetostatic Waves (BVMSW)

Hz
6.F 56
6.5
/ |
| 6.4¢ I g
-
| | %
k=-tla k=mla g
: =63 EE— 7
-200 -100 0 100 k rad/em §
! =

Chumak, et al., APL 93, 022508 (2008)
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Spin-wave group velocity

In magnonic crystal

Periodicity @ = 300 um
Number of grooves N,=10

o
o
L l L

|

IN
o
1 l '

)
o
l L

KITP Workshop Santa Barbara

- - -+ plane film
— MC
L LN B L B
6900 7000 7100
Frequency (MHz)
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Spin-wave group velocity

-o- experiment
Theory: transfer matrix approach

Chumak et al., JAP 105, 083906 (2009)

Transmission (dB)

No wave deceleration
and storage is possible ?

O
o »u_ o

-

Spin-wave group
velocity v, (cm/ps)

1850 1860 1870 1880 1890 1900
Magnetic field H (Oe)

Group velocity decreases 20% maximum !

Burkard Hillebrands KITP Workshop Santa Barbara November 12, 2013



ol
]
I m  TECHNISCHE UNIVERSITAT

= KAISERSLAUTERN In magnonic crystal

Spin-wave group velocity

-o- experiment
Theory: transfer matrix approach

Chumak et al., JAP 105, 083906 (2009)

Transmission (dB)

No wave deceleration
and storage is possible ?

O
o »u_ o

Spin-wave group
velocity v, (cm/ps)

-

1850 1860 1870 1880 1890 1900
Magnetic field H (Oe)

Let us use parametrical amplification after spin-wave left the crystal area
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Chumak, et al., PRL 108, 257207 (2012)
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Time

Chumak, et al., PRL 108, 257207 (2012)

Burkard Hillebrands KITP Workshop Santa Barbara November 12, 2013



[ = tser Unerse Parametric recovery of spin-wave pulse

m KAISERSLAUTERN

Time

Pumping Pp

Rest. pulse power P, (dBm)

Chumak, et al., PRL 108, 257207 (2012)

-35+

40 ¢

451

-50

VY
I
TR

Input signal phase ¢ (deg)

Serga et al. PRL 99, 227202 (2007); Chumalk, et al. PRB 79, 014405 (2009)
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A
Propagating spin-wave packet leaves Frequency, GHz

a “ship wake” formed from
secondary spin waves

\
i
o
92}

i

’

]

]

k=-rla k=mla
g g5
-100 0 100

—

200 k, rad/cm
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Propagating spin-wave packet leaves Frequency, GHz

a “ship wake” formed from
secondary spin waves

Energy and
momentum
conservation laws

!
W + Wy = W,

r I I
k,+kl =k, ~0

(DS

»” ! | ~ﬂ.\.\'\

l GBI l

Parallel parametric pumping : :

energy transfer from photon field I !

in two contra-propagating k=-nla k=nla
i et . 585 .y
SPINWaves 200  -100 0 100

k, rad/cm
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Spin-wave group velocity

-o- experiment

Transmission (dB)

No wave deceleration
and storage is possible ?

Spin-wave group
velocity v, (cm/ps)

Storage

at band gap =
edges 60

1888.8 1889.2

p

1850 1860 1870 1880 1890 1900
Magnetic field H (Oe)

-- Qo= ®D- - - - - - |-|-,

Restored pulse
power P, (dBm)
O
o
®»—o0
o—0-®
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Spin-wave group velocity

30r P, -o- experiment

Transmission (dB)

= new eigen-excitations exist
In magnonic crystal

-wave group

N N W

velocity v, (cm/ps)

o \o o o

= they are quasi-normal
modes (have standing
character but interact with
propagating waves)

1888.8 1889.2

p

1850 1860 1870 1880 1890 1900
Magnetic field H (Oe)

o
S

-- Qo= ®D- - - - - - |-|-,

Restored pulse
power P, (dBm)
A
o
®»—o0
o—0-®
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lll. Dynamic magnonic crystal
All-linear time reversal
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Dynamic magnonic crystal:

Preliminary studies

— ~.

Static regime with a single Dynamic regime
and double wire with two wires
dc conductor
MW antenna \_ ' “x
’ 5 inpk Direct currents from laser
. = = = microwave k. A
— pulse
- Fo Laser
beam
MW de eumm
modulator source
MW Pulee
generator generator interferometer
™ fie\d
Magne

Demokritov et al., PRL 93, 047201 (2004)
Kostylev et al., PRB 76, 184419 (2007) Serga et al., APL 94, 112501 (2009)
Hansen et al., PRL. 99, 127204 (2007)
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Short SW pulse 18 ns

DC current 800 mA

Dynamic regime
with two wires

Input = = Output inpk Direct currents from laser

antenna antenna microwave k. A
pulse \ .

Distance between the current wires 0.8 mm
Antenna's diameter 25 um
YIG: 6 mm x 1.8 mm x 5.7 um

FMR frequency 7.199 GHz

Carrier frequency 7.125 GHz

Bias magnetic field 1836 Oe

Carrier wave number 112 rad/cm

Measured group velocity 3 cm/mks Serga et al., APL 94, 112501 (2009)
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Periodic modulation of the bias magnetic field by current-carrying wires

1=05A

» & A
S & o

Transmission (dB)

4
o

6350 6400 6450 6500 6550 6600
Frequency (MHz)

Input Output
andtenna [ ® ] [ x | [ ® | andtenna
Blas magnetictiold e —s 0=
Spin wave

Lattice constant: @ =300 um
Number of periods: N, =20

Chumak et al., J. Phys. D 42, 205005 (2009)
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Periodic modulation of the bias magnetic field by current-carrying wires

8-40- 1=0.5A
B
S -50;
7
£ 60+
S
g = -70¢
S 1630f 6350 6400 6450 6500 6550 6600
o Frequency (MHZz)
'S 1625
e
S, 1620} :
g R DMC can be switched
02 -01 00 01 02 N
Position (cm) ON/OFF In ~¥10 ns
Lattice constant: @ = 300 um ~30 times faster than relaxation
Number of periods: N, = 20 and propagation times

Chumak et al., J. Phys. D 42, 205005 (2009)
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Magnetic field

Two modes with & = 1t/a and k = -1t/a are coupled by periodic variation of field

Coupling provides a mechanism for energy transfer

Burkard Hillebrands KITP Workshop Santa Barbara November 12, 2013
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A

BN

<« Dynamic MC is required

<« Oscillators are replaced by wave modes

/.:. Magnonic crystal couples the modes

Burkard Hillebrands KITP Workshop Santa Barbara
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~A . | 1.0 2

GE) .E A A > a Transmitted } i

= 1 f : o Reversed =

i : ‘ 0.5 =

27 4—— —> <

i s A ®

i A A, e 00 <

: 1 T
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Karenowska et al., Phys. Rev. Lett. 108, 015505 (2012)
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Ak =2m/a Signal frequency (MHz)

Shift in wavenumber Ak = 27t/a takes place -> results in frequency shift

Chumak et al., Nat. Commun. 1:141 (2010)
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Inversion

0 shift wa
Ak =21/a
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Shift in wavenumber Ak = 27t/a takes place -> results in frequency shift

The effect is to invert the frequency spectrum of the wavepacket
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Iversion

How about time profiles of the pulsed signals?

=T . LV o 1 /7 R
< ' >
Ak =2r/a

Shift in wavenumber Ak = 27t/a takes place -> results in frequency shift

The effect is to invert the frequency spectrum of the wavepacket
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Chumak et al., Nat. Commun. 1:141 doi: 10.1038/ncomms1142 (2010)
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= Magnons propose an alternative to electrons
for data processing
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= = Magnon-based data buffering can be
5 [’ N realized using quasi-normal modes of the
AT crystal (delay 10pus)
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= All-linear time reversal is demonstrated

Burkard Hillebrands KITP Workshop Santa Barbara November 12, 2013



||
m  TECHNISCHE UNIVERSITAT
I m KAISERSLAUTERN Outlook
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Magnonic majority gate: .
9 jorty g signals ~-~ ference

A B voltage
parametric
amplification

The most urgent problems:
= Spin-orbit torque
Can we detect spin waves electrically?
= Dzyaloshinskii-Moriya interaction
Can we manipulate spin waves by electric field?
= Damping manipulation
Can we switch off some of the damping mechanisms?

= Algorithms for wave-based data processing
Some tasks can be solved faster without digital data processing
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