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Thermodynamics of Computing - - - NTT ©)
N

p
What is the minimum energy required

to carry out a computation ?

The computation can actually be done with
no minimal loss of energy !!

The energy cost comes in the step of erasure
of the information; E = kTlog2 per one bit.

v

If your computer is reversible, the energy
loss could be made as small as you want.

C. H. Bennett, R. Landauer etc.

2010.08.19 EF/E#HH#v—X2o—/L (NTT O) Slide-#2



NTT ©)

Two Types of Mechanical Reversible Logic

N V(x)=ax*+bx*, (b>0)
http://www.zyvex.com/nanotech/mechano.html

Ralph C. Merkle and Nanotechnology, 4, 114 (1993)

Xerox PARG A

3333 Coyote Hill Road
Palo Alto, CA 94304

merkle@xerox.com

»
»

Copyright 1990 by Xerox Corporation.
All Rights Reserved. no stress (a > O)

\J.

4 &

< > critical stress ;a ~0)
“« 0" “q1”

T 7T

large stress (a<0)
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Bistable MEMS memory using buckled beams NTT @

computer

(a) |

(b) |

(¢) |

|

Biﬂ ine Bitﬁne
Top
! - ] write line
ﬁ ey
Bottom
L] | write line
Top
L] [ E ‘ write line
rw l/—\ Hottom
. . write line
1 2

50 H
25 H

5 10 15 20 25 30
time [s]

D. Roodenburg et al. Appl. Phys. Lett. 94, 183501 (2009)
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Mechanical resonators

Micro/Nanomechanical Resonators

>
> A
% [Equation of motion ] Beam resonator
c
= d°x ma, dx
g M= +—0 =" 4 mw,’X = F cos et
2 dt Q dt
g f
X(t) = 0 cos(awt — 6)

2 2\ 2 2 2 2
\/(a)o —0°) o, 0" 1Q
Ultrasensitive Force/Mass Detection
— Displacement detection up to femtometer scale (UCSB)

— Zeptogram mass sensing (Caltech)
— Single spin sensing (IBM)

D. Rugar et al. Nature

Logic Applications
— Bistability in nonlinear Duffing resonators (Boston, APL 2004)

— Mechanical XOR by coupled resonators (Caltech, Science 2007)
2010.08.19 £-F/5#5C-MasmanidisT et/al) Stience




Piezoelectric effect in Zinc Blende structure NTT ©

Strain-voltage transduction
+ + +

+ o+ +

[110]

2010.08.19 EF/E#HH#v—Xo—/L (NTT 140) Slide-#6



Piezoelectric effect in Zinc Blende structure NTT ©

Strain-voltage transduction
+ + +

=1
el
+ + +

[110]

Electrical actuation, detection and frequency control

2DEG
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Piezoelectric effect in Zinc Blende structure NTT ©

Strain-voltage transduction
+ + +

_ .
el
+ + +

[110]

Electrical actuation, detection and frequency control

* b/“@
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Piezoelectric mechanical resonator NTIT ®

Fabricated device (top view)

Gate 1: Application of AC voltage
- Actuation through bending moment

Gate 2: Measurement of generated voltage
- Beam-motion detection

Gate 3: Application of DC voltage
- Resonance frequency modulation

Output

Au Top Gate I.—

Al, ,;,GaAs 65 nm 1x10'€ cm™3
Al,,;GaAs 20 nm

2DES

Applied AC voltage induces the vibration.
(f.ec ~ 140 kHz, amplitude: 10 nm, ./

2010.08.19 EFF/g##v—X2—/L (NTT 140) Slide-#9



Piezoelectric mechanical resonator NTIT ®

Fabricated device (top view)

Gate 1: Application of AC voltage
- Actuation through bending moment

i ).
Z—_ Gate 2: Measurement of generated voltage
= - Beam-motion detection

Gate 3: Application of DC voltage
- Resonance frequency modulation

Output

0.3

= 115000 ] - = 2
gxlIZ =25x1010 mHz1/ 2 -5K éTO /‘Ngatel =28.4 HzV :

Al, ,;,GaAs 65 nm 1x10'€ cm™3 137.98

Al,,;GaAs 20 nm

o
[\

137.97

Gate 2 output voltage (uV)
=
[N

Gate 1 actuation frequency (kHz)

0.0 W 1004V, TS i, 1137.96
137.846 137.850 137.854 0.4 0.2 0.0 -0.2
Gate 1 actuation frequency (Hz) Gate 3 bias voltage (V)

I. Mahboob and H. Y., Appl. Phys.kettz/92;:473%09-(2008) /) slide-#10



Parametric actuation of mechanical resonance NTT ©)

compression

expansion

compression

expansion

2010.08.19 EFF/E##v—X2—/L (NTT 14) Slide-#11



Parametric actuation

Lock-in
Amp.

2010.08.19 EFF/E##v—X2o—/L (NTT L4L) Slide-#12



Parametric actuation NTT ©)

Frequency response for parametric actuation

Parametric Actuation Amplitude (V ) Parametric Actuation Amplitude '{"'-"m:'

Frequency (Hz)
0.06 0.07 0.08 Q.09 0.10
137844 . 13;-:54;-* . 13;-*|5.5|} . 137853 13?,551;‘]4.[!-5 0.06 D.I}?D.DB 0.092 010 {37849
At
i A 137852 .
< gl = 137848 T
= (i T 137850 =
g, 5 2
2 2 g 137848 S
= | = 137847 T
E @ o
< 1f L 137846 —
0 137844 1378486

Nonlinear Mathieu-equation

{ 322+m%Q 3t+ma)o[1+ﬂx(t) —2Fsm(2wt>] x(t) =0

/
Parametric

g “~
fixed \ _
Spnng cSt. actuation
Non-linearity
Fla#ft~v—X2o—/L (NTT L4O) Slide-#13




Parametric actuation NTT ©)

Frequency response for parametric actuation

Frequency (Hz) Parametric Actuation Amplitude (V ) Parametric Actuation Amplitude '{"'-"m:'
0.06 0.07 0.08 0.09 010
ﬁmﬁl1yy?.ﬁ@ml1mm HM&M 0.06 DW_D% 0.092 010 137849
4l
i A 137852

< gl = 137848 &
= (i T 137850 =
g, 5 2
2 2f g 137848 S
3 | = 137847
E @ o
< 1 L 137846 R

0 137844

137846

Nonlinear Mathieu-equation

{ ddzz+mcooQ St+ma)§[1+,8x(t)2_2Fsin(2wt)]}x(t):o

Rotating frame approximation:  X(t) = X, (t)sin(wt) + X (t) cos(at)

2 % QX +rX, [2&0 2 gl x >]xc, 2y QXX [2&0 2 plxzx >]xs
W,

Wy Wy Wy

2010.08.19 EFF#HH#v—X2—/L (NTT ) Slide-#14



Parametric actuation

NTT ©)

Frequency response for parametric actuation

Parametric Actuation Amplitude l[‘u'm]l
0.06

137844

Frequency (Hz)

137847 137850 137853

o A

L (i)

Amplitude (1V)
P

7

(i)

(ii)

008V, |

-

Simulation

D _
_8 - .
_g N
E L 4
.q: -
. 10
C\[=1.23x10
137844 13FB4F 137850 137853
Frequency (Hz)

Frequengy (Hz)

Frequency (Hz)

Paramefric Actuation Amplitude [".-‘rm]

1 3?’55?4'
137852
137850
137848
137846

137844

5 006 007 008 009 040

08

e r—

10 12 14
Gamma, T (x107)

0.3

0.07 0.08 0.09 0.10
137849

—

Hz

137848

—

137847

Frequency

137846

137849

!

137548

137847

Freque ney (Hz

high
[ B D]

137846
1.0 1.2 1.4

Gamma, T (x107)
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Bi- and tri-stabilities in parametric resonator

Detection frequency (Hz)

137844 137847

137850 137853

0 phase

No oscillation

>
8 o
S -1t XY —
E '2; ‘ phase
I P, T
B g \\u
(1) (i) -~ (iii)
H_{L'_’\\ ' -~
No !/ \ Tri-stable
amplitude /———="""""

Bi-stable

NTT ©)

Origin of bi-stability

O phase

T phase

2010.08.19 EF/F#HH#v—X2—/L (NTT /) Slide-#16



Hamiltonian in the rotating frame for parametric resonator NTT ®

2
[ c?t +May,y ((jjt +ma[L+ Bx(t)° - 2T cos(Za)t)]}x(t) =0

ﬁ H = —+ ma)o 2[1—21“cos(2a)t)]+%ma)jp’x“ (y=0)

Canonical transformation by a time-dependent generator:
F(x,Q,1) = (max®/2tan wt —vVmwxQ /sin wt + Q* / 2tan wt)

x(t) = [P(t)sin(et) + Q(t) cos(wt)]/vmem, p(t) = vVma[P(t) cos(wt) — Q(t)sin(wt)]

- _ oF
H (P1Q)_H(pvx)+ 8’[
_ 5P p2, 2
—32m(P -Q° )+ (P +Q)

2010.08.19 EFF#HH#~v—X2—/L (NTT /) Slide-#17



Hamiltonian in the rotating frame for parametric resonator NTT ®

actuation amplitude increased

I'=0.2x fima, I'=1.0x fima,

(P.0) = oF
H (P!Q)_ H(p,X)+ 8t

~£ 2 2v2 | Dol 52 A2 @ 2 2
om0 Q) = =P -Q7)+—7=(PT+Q)

M. Marthaler and M. |. Dykman
2010.08.19 PRyssRev-A76, 010102 (2001)



Analogies between buckled beams and parametrically-driven resonatordNIT T @

1 1 Driving stress: static
V(x)=ax’+bx*, (b>0)

A

o )\ \U\L

a>0 a~0 a<0
t t Threshold: yes (Euler’s condition)
“0” "1 Driving stress: periodic

H H actuation amplitude increased .
- - I'=02xfme, I'=1.0x f/me,

’ 0
M /T'y %E\
Threshold: yes (dw/ @, ~ Q1)

2010.08.19 EF/F#HH#v—X2—/L (NTT /) Slide-#19



Estimation of Barrier Height

Zfres

Parametric — —L_
actuation

mn

S O-state 00 0 ]

o)

- W\MW N
Lock-in % M*'m T fﬂ l
AMD. S iyl b i W

E 0.0 ﬂ'—State T T T T

3

_> —
< Time 100 sec
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Estimation of Barrier Height

~— 25 I I
3 !
£
—20F
LUl
> 15F E}
>
D) i .
c 1o & 9| - Scaling law -
5 05 Eg ~ cAf?
E 0.0F M. Marthaler et al.
M 5 ; . PRA (2007)
i . H. B. Chan et al.,
Detuning 4f (Hz)  pr( (2007)
'15 T ¥ T ¥ T ¥ T ¥ T ¥ T
I Rtrans
- 20f <exp(-cE /Pno,se) @
2 ‘ IS
S -25¢ - - 0 O state 00 l
o o i
S 3.0} 8 W
— G) 02}
a5l | S it Tres WWW “W
) L L 3 = 00 ﬂ'State
4 6 8 10 12 14 g—
n0|se . (10 6V ZHzl) < Tlme == 100 sec
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Symmetry Lifting NTT ®

Noise

GL-

(AU) Areuibew)
G, 0

g mState

oSl
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Symmetry Lifting
Symmetry lifting amplitude

— L —_ —_ N -
192} (=] a o)) o %2}

The asymmetry of the double well potential
can be electrically controlled.

I. Mahboob, C. Froitier, and H. Yamaguchi, Appl. Phys. Lett. 96, 213103 (2010) 2010.08.19 EF/g##v—<2—/L (NTT 1L/[J) Slide-#23

Real (nV) Real (nV)
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Electromechanical implementation of Parametron NTT ©

Phase locked Bit storage and bit reset operation was realized
in an equivalent way to the “Parametron”
Triger Input Parametric actuation
(signal from prev. bit)

2f . =T .
— VR — W —

Trigger switch (w,

ARAAAANA
WW——\WWWW—
0 Phase i 7 Phase

® { a {oan | oav | A

o= 0.01| Hz

Output 1l
(signal to f::; 0 R
n-ext bit) ¥ § :; I i

%_ o[f.=003Hz

E 1

“ “W

Lock-in 2 o e

Amp. Time (s

I. Mahboob and H. Yamaguchi, Nature Nanotechnol. 3, 275 (2008)
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Similarity between buckled beams and parametrically-driven resonatorsNTT ®

1 1 Driving stress: static

Threshold: yes (Euler’s condition)
Symmetry lifting: small lateral force

‘ “O “17 V(x) ax? + bx @ (b > 0)

\ /. \ U\

T\ 7T PR

:aramemcacwaﬁjrf) f1 m > Driving stress: periodic
— WWMWVW'”«WQJ\’MMVWWW\IL* Threshold: yes (! @, ~ Q)
mgger;w.mh{m.,) Symmetry lifting: small f, ., actuation
4:!'\ J\] \Nm fvﬁ’\} | Symmetry lifting amplitude R
i OPhase §
2_fs={];-01§IH;IIJ (11D (IV) 5
1l
af o
-17 L__f1inim
_2 oo G T s

state
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Parametron computer (Musashino-1) NTT ©)

......

- built in 1957 in NTT
- 4.6MHz operation frequency
- 4,600 parametric resonator

- used for practical calculation

2010.08.19 FF/E##v—X2o—/L (NTT L4) Slide-#26



How to construct logic ? - Controlled OR/AND -- NTT (®

Concept of “Majority Voter”

y Sy

N/ /) .

A —p
C =—p

Data output

A 1 1 1 1 0 0 0 0
C 0 0 1 1 0 0 1 1
Data Output 0 1 1 1 0 0 0 1
T~ —
Y Y
ORC AND C

2010.08.19 EF/F#HH#~v—X—/L (NTT /O) Slide-#27



Can we use it for energy-efficient mechanical logic systems ?

Power consumption

- Mechanical energy dissipation
I:)mech = me3 X : ~ [Lz]

res “ act

[Our device (250 x 90 x 1.4 um3) : P ~0.1 pW/bit]

mech

Operation speed and integration:

Submicron-long resonators - f,.. ~ several GHz
Graphene resonators = f . ~ 500GHz ?
Integration density - 1Gbits/cm?

2010.08.19 EF/F#HH#v—X2—/L (NTT /) Slide-#28



Conclusion NTT ©

We fabricated a GaAs/AlGaAs piezoelectric micromechanical
resonator and demonstrated its possible applications.

- Effective strain-voltage transduction

-Realizing of electromechanical Parametron
-Non-degenerate parametric amplification

-Multiple and parallel logic gates using f-conversion
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