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Learning from biological information processing devices: making molecular analogue

Jesi 7 e — 7 S 7 v—>" Anirban Bandyopadhyay
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Beyond CMOS era requires integrated chip with atomic level switches. However, it is not possible to connect
one single atom or molecules reliably. In addition, connecting wires of ultra-dense integrated chips noise levels
remains the same and this is independent of the size of the devices used.

Therefore, the CMOS era will end not because of the device size, but because of the amount of wiring. To solve
this problem we need to come up with an idea so that wiring is not necessary at all.

Our research is directed to that goal. We make molecular assembly or we use molecular assembly to generate
processing capability into the matrix.

We are studying molecular assembly, microtubules, and take STM images of molecules on the insulted metal
surface specifically.

2. WHIERR
1. We have designed and synthesized several molecular machines and successfully attached them on the surface
of a PAMAM dendrimer.
2. We have carried out significant characterization electronically on a single microtubule.

3. S DIT#

In the near future, we will purify our nano-brain connected machines. Please note that they need to be purified to
such an extent that could be used in the human cell. We have already started converting the material into a human
cell compatible design.

We will investigate coherence properties of microtubule.

BE LR

[1] A massively parallel computing on an organic molecular layer, A. Bandyopadhyay, R. Pati, S. Sahu, F. Peper, D.
Fujita, Nature Physics 6, 369 (2010). Download paper Highlight in Nature Physics by Andy Adamatzky 6, 325
(2010)

[2]. A new approach to extract multiple distinct conformers and co-existing distinct electronic properties of a single
molecule by point-contact method A Bandyopadhyay, S Sahu, D Fujita, Y Wakayama, PCCP, 12, 2033 (2010)
(cover page)



REMETCEL 2 EIRIC K DR EERE 2 N IR W E T O FETRME LY B TR O FHRIE DB %
SetmR AL F o 7 V—7 Bl R

1. HE - HH

BPEBGEL S YEIEIC B 0 RSB T BT A EFOIMFP GEMEY [ m TR 2 HIET 538481%, ik
WAL B — 7 SR (EP) DML 2 FHAI9 % 2>, F 3B UERE 2 WD Z LN TH D, ZOHE, Hi
FCITIEME 7B B & i hE ) RAHIE(SEE) S LB CTh D, —F, %h#F CIMEEWE 2B T 5 IMFP
EFEHIEN R ENLIETH D, - T, IMFPEERI R TIETRDD1-OIIFLL OEENRAD,
ZOFHMIITIEMETH D, —HRENTIZEROEE S s HASHREENERH SN DA, ol 7=HEH DN,
FEAEREHZ M 2 WD NTFIERICEBETH Y, TOEEDIMFPEZ 5hH T, ZORICHENRZ VL, £
ZC, EPIOHHE & EYESEIO IMFPIER L OSEE 243 L LW T /L3 U X ADBFRIZOW TR
%, F77, T R/LF—#HiHIL 200eV - 50000eVE %S E T D,

2. WFFERR
Aul L OCuz W TR 21T - 7=, BEEGEL B — 27 581 50 eV &2
% 5000 eV O & THHHI L, Z OFIRHREE O = %L F —{KIFEIZ DN T
it L7z, Monte Carlo (MC)iE2>5 1% IMFPE SEP (FEHEFhE /X7 A —
B) HNT A= L LT, ZTOMXMMEITFEETHD, L,
YRN8 5 IMFPEB LY SEERSLETH D, Z 2T, IMFPE X
O SEPD = )L F—IR{FMEIZZE N Bethed =, Oswaldd =T 200 -
5000 eV TCITRLIR R D T 5 L, ZDLE DT A= T 1 BHZD
WT32E7%, SHIZMCIEND, FHRE LIZEFORETRE)S AN
200 eVLL ECIEEREE SO 4 RBIEL TSl S 2 & 2 R iZ Lz,
L7235 T, MCIEIZ & 2 BeELIREE 1 IMFPO 5 IRBIE Cirfel T &
HZEWZRD, ZHICED | RN R X —FHICBWT Cuk Aud
FE 2T IE NS D303F7 A — X OHEE X EPIO EBRE &
HAEMOEE /NI THZ EICKVAREL 2o Tz,
ZOHFBEIZEORE LRI A =X H\TCuk L TAUD IMFP%
WEL, FRL-HEBENDS PonDO T LT A ANIZLEVEE L
IMFP (optical IMFP) & thiigat L7z (ISHR), £ ORE5., AuTIEFEN
fillix optical IMFP{Z%f L CTRMST12%, CuTIE8% & B < —8 L7z
REBl, ZoEFH2TMSL, FERANTHS, EL, WiEOE

IRV —RIEEN R Sz, 2T IMFP % 721ZSEPD = %)L ¥ — - R w
IRLEME DS AN ZE TR E L 7= Bethed =, B L OswaldD R TIXZ Dt Swates asagy )
WBNRARHGTHDLZ EERBLTWAHEEENRS D, ZORIZHOWN TS|

TSR EAIT O, X, RHFFECTRDZAuL

Cu® IMFP{HE & Penn® 7
LI XA LY ELF
HEMR L72fE & otk
FM o AR OE @I
Pennd 7 /L3 XA L
Y[

3. S DITEt
(R L —FE A~ LR L, EHMICER THH50 eVIRE S TR AIREL T2,



RHT — 5 OFEATEREBAHT T
SIRREALENNT I V—T R K

1. Hx-EHW

AR MVORRRIEREDEE RN T — 2%, 2L OGE R AZII L & L EERRRE D
RS ) A X, OO AT NLOEE - BEEZEORFKNT, WEBEKROT —X N HIXNE L
HERERY HTZ ERFELWEERZ W, RIFFRIEL, T/ GHORAE & e 2 BRI O—>2 &L LTO
MEST NG, EUESNToT =2 oA ZREREHEFEICIY H 72D OEIEIZ OV TR 21T 9,
AARELIINEAEEE £ CORUR & BT BHEZR TR B4 % B H2deconvolutiontZ L 0 B Y Br< HEEL 0 &
FEARY MERBEBICEI VBT A ZEDREMPITHDL LW IHFEmICE LT, £D7D, R
IC X DRBIOIEMEL LT, HIE AT MV EESY & LIIERE R/ RIEIC X DfTiEEZ T Li-, 2
OHFFEIL, e EALF O 7V — 7 OREER YT THLH D,

2. WFIERRER
O RMEELES /L — T OREE LT | .
A E D T E T 5 EARIES I IO HeT & I Sameleseaun Y enans
FIO> Tl 2 7R C L EARBEASHE X2 <y by F 080 ] e JA o
F— S AT o 12, BB THLOTH B Y Euw—:fﬂﬂ?”;ﬁ A
7= THBETOT, ERETHLTOBY 7 b B s | urm 0 [ e
Y = T EFEOMI A DI K0 AT A S LT, A Eom_?mm / Y
U VT — 2, TR - s & e
HHIR ORI L5 bOTh D, BICED e LT, § 000 pome=— Seodpens
HIARBROA AT ORYRRE TS, jyay B 4 .
MBIRICIIRRESE (6f) LA 4D (Offisdk x| - smweseann A G sa
Ue2f) 2T, BREEBKRED NS bty 2 080 1 S pofiectsy)
DHP 2N EIUE LTS e b 3 R E L= B o0 S oflestsso il
BORERIZEL —HLTHY, REN 2SI TH D Z uw—“:i| ;'? 3&
EERLTWND, LEER->T, OB MNRIMTHST
by COFETHEROERFRAMG O ERMRS 020 ] AN
iz, £, Fo, MV TOERERLOMIDEMER 000 prpmdr™™ o 7 e
TELNEF—ZIZOWT, LR TRIF 2 D TV 5, e
2302.00 2306.00 2310.00
ENERGY [eV]

X. 577 AP DOAF U ONTRER, b
BElZ 3 pksy. FERIF 2 2 E LT
HEET R, mHITIEIE 3
LTWb, AT M TF — XL,
Ge(111) 2 Kr & F 7= SKa (I 13, 7D
KA - GHEEIRHEBIRIZ L D)

3. SHDFE

FRA LY 7 b= T EEIIBASICIZ L VERIENTZ DO TH D2, C+% U TWindowsZ: THIH
AIRBZR EPEICEWT 5, RFEIC, FIRZ VU OEBREKR T SE-V, EHIT, 2O —F U 2R L
LU CL B = HNTIE R A S V% SERTR B A W CIRRE S/ s —3RIEIC L 0 BB ARtk OB % %
D=,



AFEREREOA A—D T
JemBHALFE T 7 v—7 ) Sk

1. Ex - BH

AWFIEIX, 7/ #EE S OWEOIGH R OEIRIE ORI > TAEL S, KEEH, LEFF—
st ALFRRS72 E) 2 E BRI L, 2DE72133DTOREEE B E LT\ %, & O E BT
®$&&LT\ﬁMﬁﬁﬁﬁ%ﬁ0ﬁXﬁ%% mIeE (XPS) MWD, 7272 L, XPSIE, LRLoYEH
EDOFIEIREEDBIE Z FREICT A b 0D XfE 7 n—7 L LTRIHT S Z L BEREL D & &3Ok
FHEOBEIREEZ TR T D720, XEIBEIC L iR iEZ T I35 T2 LR H Y | ZNRAK
MREDE 1B TH D, F 2B TIL, WEOMENRBEOHHEWVIZRER) (L—F =t y) 2H
5 U 72 BR O b IR BE 2 XPS 2 fifi o THEAT 21T 5,

7272 UEH R ORIEIRAEIX, oA A bR, A4 A bl L > THE L TZEHEEBEF DB, SEEFO
TRVF—HRI iét%%2&$%@$mﬁ&@ﬁ@7mﬁx#@ﬁm EZ D7D, ITcHTe -
TITZ oESHEFEOMonte CarloiElIc kb Y I 21— g /75>TT§< 2%, YIalb—ra BT
RO 1 DHMD, BRI Lo Tl SN /REZ LD EfEIC I 2L — M TE 5 L9, gD
R CRE (EAMEYESCHRYE) R kX —a[ %2 7 L X 7 VI D IEMEIZE B T Dt 2 — K
DOFFEZEIT _ETZ@%) 2 2HM, Monte CarloftBE D EHL TH D, KGWEN T/ FHEES L0/
K Zi o T2 E . B TFOFE B EITENRBONEEEDO Y A X ERBEICR->TLE S 2D, [#H
BN ZEETT 54 %@iﬂﬁ/ﬂ%Monte CarloftH 3 2 ERIC, FEFITE < OBREAEMHHEZIT O LERH Y 5
PRSI 72> CLEORMEND D, ZOMBEERT 22 &0, T/ i#&EE2ESWEROMR
HHZARAI R TH D,

2. WFZERR

IR TIELE LTI SN TV a7 v = WS Z FFOAQ-R Y U7 B F L - F ki O Wi fEfk
WaEATO T2, ZRAFX =53 « XBAE DO 21T o7, LRLOT 2 RHI3ERIRBIR A FFo 7
D, FEREERE S AT — BT AT N D AR - XFRDLE %%Kiéf/%@%ﬁﬁﬁﬁ%ﬁﬁ%
Thd, 2T, BMHAELZEE L) =XLX—0% - X#HENE DI L DT/ Wi s Hies S
N5, ARFFETIE, 352V 54382eV & U H g SO ES) T %L X — 72?—*}07‘5 BT (B L U—EDAugerE
T) T ARIX—E RS TRNE L322 &1k - T, v =/LEKm L Y 10nmE Bl 2 5 1%EE O
%Wif@%L%%@%T%ﬁfé ENTEZ, ZOME, V2 VEBRT IR ST EFL U5+
X, 27 THDHAQT /R a ¥ FTh OB E > TELT, MERR) T EF L1 RnAga T ki
BRIZAZ v 7 LTW ORI 27 o7, AWFSEIE, 200942126 H ~11H (U A ThfgS iz
[EIBE £ 7th international symposium on atomic level characterizations (ALC09) C HEEHR £ & L T L7,

3. %D #

ORI (ERMRECHRE) o p X —a a2 7 L U TN OIERKICEE TE 5
fiEfr 2 — ROFEART— FIFZERL L THDHDT, SH%OFGEE LTI, ®WtEREELZLELTS (B
DI A AT E RRREDOY A X TH D) Ag-RU T F L - F 2 hi+D & 5T/ Seikkg g
ZHOWEIZOWT, FHEBEOKRT ZR/NNRICIH Az S>oEmdb 2 X5 7 LT X LAORREEITH, 72
B, Fx DT )G EFOWERICOW T, FEMERGEL OB Wil 2 FZBRIVIC R D B FiEO MR b i
HTED, TP T REHCOWTEIEEZT o[0T, /G2 oM E~D R 5 %X - T
AR GS

BE R
[LIRHFFE, PEHEE T, HEZR, [LHEEZ, £TOH, 46,2,90-92(2007)



T — R R OB R EIRE) L
BEERREH 7 L~ fl T

1. Hx-EHW

RITOMERFECT )T 7 /vy —0BIZELRN, =R T ) Fa—TBEBEXAATELR
ﬁE%k&ﬁ—ﬁyﬁﬂﬁ&E%%wfwéo:n%mﬁﬂ%% TN ARKT NA AL LT AT
LI, I —R U RWEIC B A DI 2R, 2 AP < BEEINE 2 I 5T
HZEBARARTH D, AL Ti&7774% AT EY REQOH—RZMBOBEF - 7% )
MEEROBERS A F I 7 A2 ZRHRFET HZ L2 HME LT, 7oA MLV A L —Y—%
e LTEsER T - o —7HEEEOBRBREITH,

2. WHERRR

Wk 2 VAEEIXZEIT ) T AIZOWTHRY T« T u—TMEEIT->T-, AV A (GaN) 1E3.4eV
DR R¥ vy v T2 L OESEREERTH Y | ZOMERE T8 A EER IS XL Z AT 5720
T NE THIERWEWRIL /e & O FETEEMIZHR LN TE 1, Yeeb T L 28 S R E [ 136 Fik
RE#V ORI 3o0Dabe—L oy MEFET7 5 UE— REBAIL, MBEZRA(LO)E — R TO IR
FrohlichtH EAER Z#EE8 L7c, LA L7223 ZOGEE O =L ¥ —(F15eVThHY , 2t —L 7
* ) VRSO REER OEENI AR EE Th o7z,

AWFIETIE3. eV SV 2 ZEHJRE LT/ R—7 Mg R—7"8 L USIi K—7" 0 3 FE¥H O GaN Ot
PFERFRAEZITV, ab—L 2 N7+ COEBLOREMZ A I 7 AZxT 5B B LOELR
— 7 DA T2, MgE L OSI F—7 12 L 0 @RI HIE CTIEAL(LO) E— KORIEF K ORI X
FZLLBK LI, —FH, U0 ETIE R—=712 X 5A(LO) E— R~DOFEITIT LA ER LD
ST, TOfRRITTE =LY FA(LO) 7 #+ / U (FFE T~ U BfRICN A T) ZBZ RIS 2R
RICE > THERENTVWDHZLEERLTWND,

3. S DFHE
R 2 2EEIT ST 7 2 BEOUA Ry v 7HERTHLELT Y v A, BL#HE, BLT X
NCONWT T =2 b ML AL —HF—ZRFE LE-ERERS 7« o —7 REFRNEEZIT O,

BZ W
[1]K.J. Yee et al., Phys. Rev. Lett. 88, 105501 (2002).



BFBMEZTER LI TEE0RIR
JehnlE MR L — 7 I BRR

WEAEEE £ CIIE FREME O E TR, H 2 WITE FHBRED BIC L D FHsEaoR 4 247> T
Tz, ZHUTHR L COERBRUFEEII O E FHMBEOATRIL v X e a2y bu—L LT, HiHOBAESE
(X)) ZAAET 2R EIToT-, BTHMEEOXY L o ZROBGIT@E2T A7 QT A) B
EThiN, 2nEar ho—L LT, 5000 7 2 DREEZREHCNT S 2 S I12 X 5. B LRSS
BIH OB EIT o T2, F DK D FITIFey5C00 55155 D 42 B ML AW RREVEIRIZ IS 1T D i B R i i A
XL A (Skyrmion) OFIHEIE ZOEIERY T, IS OW TR E M S LV — 7 ORI E
IZFCH L7z X 9 ITNatureBS IC AR S e, £ 2 CARTIL, ~ > T B bH) 5 OWEIX RS T ~ O s 3

Blafd 9 %,

AR 2 1%, oMTE T BAMEE (HF-3000S) Ot L o RVEM 2502 FIH LT, BN TS 72 T i i
FINCE2EBRPIELZHBTHZ LRI LT, 2L - T, HWVEERKY F ToOr—L V{88152

MAREIZ 72 o 7=, X 1 IFJEIR~ v W B bz BT, MYKIE (85K) THIER 425 A b T A T IRREEIX A
D, BEGOEIMC LY, B— N A A DGR 2 I L T LSBT RRFICRZ b2,

1600 gauss 1700 gauss

1 ﬁlﬁ@%ﬁﬂﬁﬂ R ) N Lal,zsrl_g(Mno_gRUo,2)207 @(001)E@BXLIZ$%SHE:O)ZA§’{E (85K)

AWFIEIC LD | B BB O N CTREHI 220 20k DR & 71 &2 B HIZRE L 9 23 EOA MM
PRSIz, Sk b AT IA LY B0, 2 < ORI~ OB MR EIF S h b,
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observation of a two-dimensional skyrmion crystal”, Nature 465, 901-904 (2010)
[2]X. Z. Yu, T. Asaka, Y. Matsui et al., to be published.
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and M. Hagino, T. Nakano and S. Fuke, “Fabrication and hard x-ray photoemission analysis of photocathodes with
sharp solar blind sensitive using AlGaN films grown on Si substrates”, Appl. Surf. Sci. 256(2010)44426.



BEEA AV EANICL D8R - B LWRIRIE AT AT OfENT - FEAM
SRR TEEMEE S —7 BRIl B

1. Hx-EHW

i B KB M O iy e 38 &SRR & ORI EAER 3 B OB AL PR M T B 5 7Bk
D—2ThdD, FICHRILHL, T 2 v 7 AEMEHTE O TR &R OF BAEIZ DWW CIRBEIFSE
NELEARTDTHD, IHIC, BEREAMYNERICHFET 25810, BAD R MWcmERE L, ki
RAOHPTHITHE R OARTFET DHAR ERRD LN BEZBND, AFFEIENIMSIZHE I TWD
A F R EZ OGFHIEE Z VT, @B, b, 7 I v 7 ARBHIEERE A 4 &2 U -
HEAZE L, ERSNIERIBES R OVEA SIS ORI D28 « RUAEE~D B, R T
PEDOIWICHI T2 046« W& Z R D,

>

2. WFFERR

SITiO3(STO)/ XA 77 U A X /L% AW T, 800 ‘CT100 keV XeAf A 1A L7z, #hshtEXe T/ Mtz
Bl L7z 2 & DR ST, Xe / G fhILFCCHEE T, {100}xe//{100}stoD HFALBUR N > > Ty /XA 27 U A
ZVORIN K ORI HTH T2 23, R TIL, NA 7 U 2 Z VS lEs dh & 22 duE URs dh
OWFH N ERT 2 Z L MR STz, XeT / fil i OF -1 2551%0.59 nm & HIE L7z, Xebr i3k
LT EIEEENEZIT TS Z L ERBT LN, TOEERKD, 15 GPaTh -7z, X 1(ZiTiEil
B IAMBER RS SRECTRE LB TH D, kN, M ORIFUCHIAISTOM & & Z 2 LR AL Xe
TR BIE I D,

[200]/8

.
[19@) A

-
[0

Fig.1. Distribution of Xe nano-crystals near grain boundary in an STO sample implanted at 1073 K to a
dose of 4.8 x 10 ions m?, and then annealed up to 120 minutes. Diffraction pattern (left), dark field
images using spot C and D in the diffraction patter (middle and right).
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[1]8  BAEE, Heo Yoon-UK, 77 IR, =mfnif, HE 5t HE—J, AAEFHEMSEESE 6 5 [ FilkE
HESRBEREFHE  p.173 (2009).
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Atomistic approach to clarify catalysis at ceria surfaces with atomic force microscopy
FTIAR=ZT AT N—T JAE T« TR

1 H& - BH

Materials based on ceria (CeO,) are relevant in several industrial applications with important repercussions in
environmental and energy related issues. Among these applications it stands out the use of ceria-based materials as
catalysts for the massive production of hydrogen and as matrix for anodes in solid-oxide fuel cells. We aim to
improve the efficiency of such materials by clarifying the atomistic processes involved in the cracking of C-H, C-O
and O-H bonds at ceria surfaces in the presence of metallic aggregates. To this end, we are using the atom
manipulation, identification, charge mapping, and spectroscopy capabilities of AFM to produce and characterize
these molecular dissociations in the presence of metallic aggregates at ceria surfaces. By combining this approach
with first-principles simulations, we will identify the key limiting reaction steps and the role played by the structure

and charge of the metallic adsorbates.
B P Ez‘”’: e
- i
:Q" er et
o W0 RS P4 L0

@ water molecule

2. R R

Using AFM, we have been able to precisely a
locate sub-surface oxygen vacancies buried in the
third atomic layer below the surface and report
about their stability [8]. We also performed a
characterization of the intrinsic defect found at
the bare CeO,(111) surface. Recently, we have
been studying the adsorption of molecular water
on the CeO,(111) surface, and by using atom
manipulation  techniques, we have been ¢
investigating the interaction of individual water
molecules with surface oxygen vacancies (Fig. 1).
Currently, we are undertaking Kelvin probe force

i

rotation a

superposition

O 1"layer  ® Ce"2layer © OF 37 layer

microscopy (KPFM) experiments [2] on these @
surface systems. O ©

A [X]1. Molecular water on the CeO,(111) surface studied
3. S&DITE by AFM. We have been studying molecular water on the

In the near future we will deposit single atoms of  insulating CeO,(111) surface at the atomic level (A). We
novel metals on the CeO,(111) surface, and have learned that molecular water does not dissociate at
characterize their charge state by means on KPFM  the pristine CeO,(111) surface (A); it remains rather
experiments. We will study their charge state upon  stably adsorbed, performing a rotational movement
the proximity of intrinsic defects of the surface, as  between three equivalent adsorption positions (B) even at
well as upon the formation of small clusters temperatures as low as 10 K (B). This rotation gives to the
intentionally created by using the manipulation  water molecules a characteristics triangular shape (A and
capabilities on the AFM. B). Using the atom manipulation techniques that we have

developed for AFM, we have study the interaction of
molecular water with intrinsic oxygen vacancies at the
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