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1.1

1.2

1.3

1.4

1.5

1.6

1.7

HX

The schematic image of one-dimensional finite potential barrier
The incident wave (¢9) comes from —z direction. The incident wave is
reflected by the potential barrier and goes to —x direction (reflected wave :
¥r). The incident wave decay within the potential barrier (decay function

: ¥p). The wave passing through a potential barrier travels to the +z
direction (transmitted wave : p). . . .. ..o Lo
Energy diagram between the tip and the sample in tunneling
process This image shows sample - vacuum - tip junction. The separa-
tion width between the sample and the tip is d. The shaded areas mean
occupied electron density of states (DOS). . . ... ... ... ... ...
Energy diagram in the STS measurements These images mean the
energy diagram when applying a bias voltage to the sample (negative, zero,
positive bias from left to right). . . . ... ... ..o
I— V curve and dI/dV curve in STS measurements The left panel
demonstrates I — V curve by means of STS measurement. The right panel
shows the result of numerical differentiation of I — V curve (dI/dV curve).
The schematic image of STM control system STM control system
is constructed coarse motion, scan motion and feedback loop. We operate
STM controller using the user interface in PC. . . . . . . . .. .. ... ..
Experimental setup of scanning tunneling microscopy (STM)
CAD image of low temperature ultra-high vacuum scanning tunneling mi-
croscopy (LT-UHV-STM) equipment. . . . . . . . . ... ... ... ....
The schematic image of photoemission process in PES This image
shows photoemission process in PES measurement. The photoemission
spectrum is shown in the right panel. Black and gray shaded areas mean

occupied states and background of second electron, respectively. . . . . . .

18



1.8

1.9

1.10

1.11

1.12

1.13

1.14

2.1

The schematic image of angle-resolved PES The schematic image
of ARPES measurement. (A) The angle from the direction perpendicular
to the sample surface is 6. ¢ means azimuth angle. (B) K and k mean
wave vectors of photoelectron from the sample and electrons in the sample,
respectively. . . . . ..o L
Experimental setup of angle-resolved ultraviolet photoemission
spectroscopy (ARPES;A-1) Schematic image of ARPES (A-1) equip-

Electron diffraction in one-dimensional array The incident electrons
come from the incident angle 6y and are reflected to the reflect angle 6,. .
The schematic image of diffraction patterns by means of Ewald
sphere The schematic diagram when electrons are incident on the sample
surface from the direction perpendicular to the surface. . . . . . . ... ..
The schematic image of LEED equipment Electrons are incident on
the sample surface from the direction perpendicular to the surface. CCD
camera detects diffraction pattern on the fluorescent screen. . . . . . . ..
4,4" ,5,5' -tetrabromodibenzo [18] crown-6 ether (Br-CR) 3D
models of Br-CR molecule in gas phase and bulk crystal phase. . . .. ..
Molecular evaporator (A) CAD image of the homemade molecular
evaporator. (B) Schematic image of the heating part of the molecular
evaporator. (C) Thickness - time plot while heating Br-CR molecules by

means of quartz crystal micro-balance. . . . . .. ... ... ... ... ..

STM results of Cu(111) clean surface (A,B) STM topographic images
of Cu(111) clean surface. (A) This image shows three atomic terraces of
Cu(111) (scan size: 100x100 nm?, Vs=—1.0 V, I;=100 pA). (B) Enlarged
image of Cu(111) terrace. 6-fold bright dots array indicates Cu(111) sur-
face atoms (scan size: 3x3 nm?, Vg=—10 mV, I;=1.0 nA). Insert : fast
Fourier transform (FFT) image of Cu(111) atomic image. (C) Black line
shows the height information along the black arrow in A. (D) dI/dV curve
measured on the Cu(111) terrace. The peak of Cu(111) Shockley surface
state appeared at —0.4eV. . . . . . ..o oL



2.2

2.3

24

2.5

STM results [Br-CR (0.25 ML) / Cu(111)] (A,C,D) STM topo-
graphic images of molecular films covered on Cu(111) surface (coverage :
0.25 ML). (A)Coverage of molecular islands is approximately 25%. (scan
size: 300x300 nm?, Vg = —0.7 V, I; = 10 pA). (B) Black and gray graphs
show height information along black and gray arrows in A, respectively.
(C)Enlarged image of stripe structure (domain III) in Br-CR island. (scan
size : 30x30 nm?, Vg = —0.7 V, I; = 50 pA) (D) Enlarged image of molec-
ular island in C and it shows a detailed molecular array pattern. The
pattern reveal unit cell of molecular film as rectangular shape. (scan size
: 6x6 nm?, Vg = —0.7 V, I; = 100 pA) (E) Excerpted image of unit cell
from (D). The unit cell of Br-CR film has rectangular shape and |af| =
0.90 nm, |@3] = 1.74 nm,0 = 88.9°. . . . . ... ...
LEED results[Br-CR (0.25 ML) / Cu(111)] (A,B) LEED result after
depositing Br-CR molecules (coverage : 0.25 ML). Beam energy of ion
gun was 37.9 eV and 48.9 eV, respectively. (C) Schematic image of LEED
spots. Experimentally observed spots were shown as color dots, while
unobserved spots were shown as open circles. Thus, three dots(blue, green
and red) could be caused by three domains on the surface of Br-CR films.
(D) The model of unit cell from LEED spots. The unit cell of Br-CR film
has rectangular shape and|af| = 0.88 nm, |a{| = 1.79 nm, 6 = 90°.

DFT calculation results [Br-CR / Cu(111)] (A,B,C) Three Br-CR
two-dimensional structures on Cu(111) were tested. The structure in
(A,B,C) was found to be the most energetically stable configuration: top
(left) and side (right) views. For Br-CR, black, red, brown, and pink
spheres denote C, O, Br, and H atoms, respectively. Hexagonal lines de-
note the Cu substrate lattices. (D) Models of Br-CR boat and chair form.
STS results [Br-CR (0.25 ML) / Cu(111)] (A-D) Br-CR array is-
lands on Cu(111). (A) STM image of Br-CR array (scan size : 5x5 nm?).
(B) dI/dV curve measured on the Br-CR : HOMO and LUMO peaks are
identified (Vs = —2.5 V, I; = 1 nA). (C,D) dI/dV maps (scan size : 5x5
nm?) at HOMO (Vs = —1.5 V) and LUMO (Vs = +1.4 V), respectively
(lock-in amp : frod = 743 Hz, Viyoq=10mV). . . . . .. ... ... ...

37
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2.6

2.7

3.1

3.2

3.3

3.4

ARPES results and DFT calculation results [Br-CR / Cu(111)]
(A) DOS spectrum of Br-CR/Cu(111) were obtained by STS , ARPES
and DFT calculation results(blue, navy and red dots, respectively). (B,C)
2D mapping of Ej - k| was measured by ARPES(Angular mode). (B)
2D mapping of clean Cu(111) surface(Hela : hv = 21.218 V). (C) 2D
mapping of Br-CR(0.88 ML) / Cu(111) (Hela : hv = 21.218 eV).

Cherge density mapping of Br-CR / Cu(111) system was op-
timized by DFT calculation (A) Black and blue dots mean ARPES
spectrum of Cu(111) and Br-CR/Cu(111), respectively. (B) Charge den-
sity mapping was obtained Br-CR/Cu(111) system by DFT calculation.

The yellow (blue) area means electron-gain (-deletion). . . . . . . ... ..

STM/STS results [Cobalt (0.57 ML) / Cu(111)]. (A) STM image
(scan size : 100 X 50 nm?, Vg = —1.0 V, I; = 1.0 nA, 4.6 K). (B) dI/dV
curves measured on the Co island (red dots) and bare Cu(111) surface
(black dots) (Vs = —1.0 V, I; = 1.0 nA). (C) Height profile along the
arrow in (A). . .o oL
AEPES and LEED results [Cobalt (0.57 ML) / Cu(111)] (A) Left
panel : 2D mapping of E-kpqrqiier was measured by ARPES (—42° ~ 18°).
Right panel : Photo-electron spectrum (sum of angle axis). (B,C) show
LEED results after depositing cobalt (coverage : 0.57 ML). Beam energy
of ion gun was 183.9 eV and 104.1 eV, respectively. . . . . . . .. ... ..
STM results [Br-CR (0.25 ML) / Co islands (0.57 ML) /
Cu(111)] (A,B) STM images (200 X 200 nm?) obtained before (A) and
after (B) the Br-CR deposition (0.25 ML) on Co bilayer islands at 300
K in UHV. (A) Vs = - 1.0V, I; = 100 pA. (B) Vg = - 2.0 V,I; = 50
pA. (C) Height profile along the arrow in (B). (D) The schematic model
of Br-CR molecules adsorbed on Co islands on Cu(111). . . ... ... ..
STM results [Cobalt (0.57 ML) / Br-CR (0.25 ML) / Cu(111)]
(A,B) STM images (200 X 200 nm?) obtained before (A) and after (B) the
Co deposition (0.57 ML) on Br-CR array at 300 K in UHV. Vg = - 2.0 V,
I, = 50 pA. (C) Height profile along the arrow in (B). (E) The schematic
models of Co deposition on Br-CR molecules adsorbed on Cu(111) and
on-surface constructed Co-BrCR islands : type I and type II. . . . . . ..

40
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52



3.5

3.6

3.7

3.8

4.1

ARPES and LEED results [Cobalt (0.57 ML) / Br-CR (1.00
ML) / Cu(111)] (A,B,C) show LEED result of befor (A) and after (B,C)
depositing cobalt on Br-CR/Cu(111) system. Beam energy of ion gun was
36.9 eV, 36.9 eV and 104.1 eV, respectively. (D) Photo-electron spectrum
(Cu(111) : black dots, Br-CR/Cu(111) : blue dots, Co/Br-CR/Cu(111)
: red dots) by means of ARPES measurements. (E,F) show 2D mapping
of E-kparaiter was measured by ARPES. (E) E-kpgraiier mapping before
cobalt deposition (Br-CR/Cu(111)). (F) E-kparaizer mapping after cobalt
deposition (Co/Br-CR/Cu(111)). . . . . . . ... ... ...
STM results [Co islands (0.01 ML) / Br-CR (0.45 ML) /
Cu(111)] (A,B,C) STM images of after cobalt deposition (0.01 ML) on
Br-CR (0.45 ML) / Cu(111) system. (A) (scan size : 100 X 100 nm?,
I; = 20 pA, Vs = —2.0 V). (B) (scan size : 30 X 30 nm?, I, = 20 pA,
Vs = —2.0 V). (C) White dots lattice mean auxiliary line of Br-CR
uniform array. Cross points indicate the center of crown-ring. (scan size
: 10x10 nm?, I; = 10 pA, Vs = —2.0 V). (D) Line profiles of the height
information along black and gray arrowsinB. . . . ... ... ... ....
STS results [Co islands (0.01 ML) / Br-CR (0.45 ML) / Cu(111)]
(A,D) STM images are obtained after cobalt deposition (0.01 ML) on Br-
CR (0.45 ML) / Cu(111) system in the same area (scan size : 20 X 10
nm?, I; = 200 pA, Vg = —2.5 V). (B,E) dI/dV mapping measured at
—1.5 eV and +1.9 eV, respectively. (scan size : 20 X 10 nm?). (C) dI/dV
spectrum were measured at type Ia, I8, Iy in A and type Ila, II3 in D. . .
DFT calculation results of cobalt adsorption on Br-CR / Cu(111)
system (A)Co adsorbed between C and Br bonding position. This struc-
ture indicates minimum adsorption energy(E¢ota1 = —718.3 €V). (B)Co is
adsorbed between benzene ring and Cu(111) surface. (C)Co is adsorbed
between two Br atoms and Cu(111) surface. (D)Co is adsorbed two O
atoms in crown ring and Cu(111) surface. (E)Co is adsorbed on a benzene

ring of Br-CR molecule. . . . . . . . . . . ... ... ...

STM results of Pb(111) at 40 mK. (A,B) STM topographic images
(A : scan size = 100x200 nm?, Vs = +1.0 V, I; = 100 pA. B : scan size =
100x100 nm?, Vg = +100 mV, I; = 100 pA). (C) STS (dI/d V) spectrum
on Pb(111) surface (Vg = +3.0 mV, I; = 1.0 nA, Vioqa = 15 pV, finod =
1994 Hz). Blue line shows dI/dV curve of Pb(111) surface. Black, light
gray and gray lines show fitted curve of double gap, 1st gap and 2nd gap,

respectively. . . . . .. Lo

60

67



4.2

4.3

4.4

STM results of Ar nanocavities on Pb(111) at 40 mK. (A B,C)
STM topographic images (A : scan size = 20x20 nm?, Vg = +0.1 V, I; =
100 pA. B : scan size = 10x10 nm?, Vg = +0.1 V, I; = 100 pA. C : scan
size = 10x10 nm?, Vg = +0.1 V, I; = 100 pA.). (D) dI/dV spectrum on
Pb(111) surface (Vs = +3.0 mV, I; = 500 pA, Vinod = 15 uV, fimoed =
1994 Hz). Black and red lines show dI/d V spectrum measured on Pb(111)
and Ar nanocavity, respectively. . . . . . . .. .. ...
STM results of Ho ad atoms on Pb(111) at 40 mK. (A,B) STM
topographic images (A : scan size = 50x100 nm?, Vg = +0.1 V, I; =
100 pA. B : scan size = 15x15 nm?, Vg = +0.1 V, I, = 100 pA). (C)
Schematic image of the adsorption sites of Ho atoms. (D) Line profiles
along bold color lines in B. (E) dI/d V spectrum on Ho atoms and Pb(111)
bare surface (Vs = +3 mV, I; = 500 pA, Vioa = 15 4V, fimoea = 1994
Hz). Gray, blue, red and green lines show d//dV spectrum measured on
Pb(111) and Ho atoms (type-1, type-2 and type-3), respectively. . . . . . .
Applied magnetic field to Ho atoms on Pb(111) at 40 mK. (A,C)
STM topographic images (A : scan size = 15x15 nm?, Vg = +0.1 V, I,
= 100 pA. C : scan size = 50x50 nm?, Vs = +0.1 V, I, = 100 pA.). (B)
dI/dV spectrum on Ho atoms and Pb(111) bare surface (Vg = +3 mV, I,
= 500 pA, Vinoa = 15 uV, fmoea = 1994 Hz). Black, blue, red and green
lines show dI/dV spectrum measured on Pb(111) and Ho atoms (type-1,
type-2 and type-3), respectively (B = 100 mT). Gray spectrum shows the
reference spectrum measured on Pb(111) under B = 0 mT. (D) df/dV
spectrum on Ho atoms and Pb(111) bare surface (Vs = +3 mV, I; = 500
PA, Vinoda = 15 uV, fimoa = 1994 Hz). Blue, red and black lines show
dI/dV spectrum measured on Ho atom (type-1) and Pb(111) 15 nm far
from type-1 and Pb(111) 70 nm far from type-1, respectively (B = 50 mT).

Gray spectrum shows the reference spectrum measured on Pb(111) under



4.5

5.1

5.2

5.3

5.4

9.5

5.6

Applied magnetic field to clean Pb(111) at 40 mK (A) d//dV
spectrum of Pb(111) bare surface(Vs = 4+3.0 mV, I; = 500 pA, Vioa =
15 1V, fimoa = 1994 Hz). Light blue, blue, dark blue and black lines show
dI/dV spectrum measured on Pb(111) B = 0 mT, 30 mT, 63 mT and 80
mT, respectively. (B) dI/dV spectrum of Pb(111) bare surface (Vs = +3
mV, I; = 500 pA, Vinoda = 15 4V, fmoea = 1994 Hz). Light green, green
and dark green lines show d//dV spectrum measured on Pb(111) B = 24
mT, 35 mT and 64 mT , respectively. (C) dI/d V mapping image at +1.26
mV. (D) dI/dV mapping image at 0.00 mV. . . . . ... ... ... .. ..

CAD image of home built STM setup The STM measurement part
is mounted with the cryostat in STM chamber (blue part). The metal
substrate is cleaned in Preparation chamber (red part). The home built
molecular evaporator is mounted in Introduction chamber (green part). . .
Introduction chamber (AB)The schematic images of Introduction
chamber. (A)The view from STM chamber. (B)The view from Prepara-
tion chamber. (C)3D-CAD image of the home built molecular evaporator.
(D)The schematic image of heating part in the home built molecular
evaporator. . . . . . ... Lo L e
Preparation chamber (A,B,C)The schematic images of Preparation
chamber. (A)The view from the top of Preparation chamber. (B)The
cross sectional view along dash line (1) in A. (C)The sectional view along
dashline @) in A. . . . . . . ...
STM chamber The schematic image of STM chamber view from Prepa-
ration chamber. . . . .. ... L
STM cooling system (A)Pictures of cryostat and STM measurement
part (STM body). (B) Enlarged picture of the red square in A. (C)The
picture of inner shield. (D)The picture of outer shield. . . . . ... .. ..
The part of STM body in home built STM 3D-CAD image of STM
body I designed (left panel). The picture of STM body I assembled (right
panel). . ...

7

83



2.7

5.8

The damping system in STM measurment part (A)3D-CAD image
of the home built STM setup. Air damper is mounted under the STM
chamber and supports the whole STM equipments. (B)3D-CAD image of
the eddy current damping system. The red cylindrical parts are SmCo
magnets. (C,D,E,F)The current value graph at each frequency detected
by the probe when not approaching the sample (noise current spectrum).
Red arrow : The noise from the power supply (50 Hz), green arrow : The
vibration from the floor (17£1 Hz), black arrow : The vibration from the
STM setup. (C)Noise current spectrum before and after activating air
damper (gray : no damping, purple : activating air damper). (D)Noise
current spectrum after activating air damper and CuBe spring damper
(blue). (E)Noise current spectrum before and after activating eddy current
damper (blue : activate air and CuBe spring damper, red : activate air,
CuBe spring and eddu current damper). (F)Noise current spectrum before
and after mounting Teflon tape in CuBe springs (red : before mount Teflon
tape, green : after mount Teflon tape). . . . .. ... ... ... ... ...
Newly designed of STM body (A)3D-CAD image of new STM body
that is constructed by integrated body part. (B)Comparison of Noise
current spectrum in previously designed STM body (blue) and newly de-
signed STM body (red). Both spectrum were measured in activating the

air damper and CuBe spring damper. . . . . . .. ... 000
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a7t AR, MO THEETDH S, R, AP TL 3dEEREOMICE, &
BEED BT E0IH 1 — d EFHEEHAPEL 2 Ze2H LTV S,

KA ST, BIRDFAD 3d S EIRE 12 X 2 EME - BT IRz 3l
HoMCT 22 ez HME Lz, Cu(111) KM (B&EENGERE) HICHERTRRIF X721
3d WMEREDZREZITV, skl Z/ERL 7=,

H1ETIE, RO TEBRROFEH Y, FERICHEH L AEBREEBIIOWTE Dk,

92 BT, HIEROHE B LT, Cu(l1l) RHE LD 44" 55 -tetrabromodibenzo
[18] crown-6 ether (Br-CR. : BIR77F) O B AL ERR O 0FME & 0 FateiEE, EFIR

Rz EE N AVEME (STM) JlE, AEIHEEF 78 (ARPES) HIE, (KEHEFHREHT
(LEED) HIE ¥ 2 EPEEE (DFT) MR A Z 08T, ZANHESRD HFFICEH S 2T L,
93 ETIE, R EHNTD % 3d WMMEREIGE IC X 2 WEHE - ETIREDOZLZ a L+
DU ERE % STM I, ARPES Il & LEED #llE, DFT & &b, HEICH®RL 7.

B4 ETIE, HFEEEEARTH S Pb(111) RENC 4f £ (AL I v L4 Ho) BRF R
AL, EHREBEZMER (40 mK) EA b 2 RVBEMENIC X > THL T L 7z,
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1.2 JFH
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NBREREEFART 2720, > av 7L —KEL X LKRBICOWTHAT %,
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LT, SifimAHICHNS XY 7Y v 7Ry FIREER, B&E (Au(111),Ag(111),Cu(111))
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tf%é#,p®ﬁ@@@mm%7»®@m#%$bfﬁb YavZL—IREBrXHlENT
%, file LT, Cu(l1l) ® d N> F B Ag(111) D27 8y RHICE N 2 IREEDEET
%M%BL
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1.2.2 gBREICWE LS T

AR FHBBEECIAE T 28, WHRE, LEREEL OhOIENEL 2, —RIC,
YIS, BT RBRED 7 7 VT Y =V ANC X286 (7 7 VT LT — LR

B) DADFEELET, (LFEWER, 77 Y TAT7 =L RKEE LT, BREBBIMEEER,

HEMEREDETEN LA D LG 2IET. AT, 77 TAT -V AKELE
FAREHEEH D 2 DOREITOVWTE LD,

7 7 VTN =V AEER

BAZ D IR OHED FRRFREICAE T 2HESNINE L R 2SR 7 7 ¥ TLY — LR
B iR, 201D, HFRHCT 7 v FALT— L AFEEHERE B, DFODFEMAZVIEZ

ET7 7Y TNT—NVAFEEIIRELRD, H2—ED0 FHEMIBVWTZAINF —DREE
(F/ME) 12722 (LF—FPa—YIARTYI v ), £, FTHOETFRLOHERMCED
T 7Y TNT = LV ZAEEDREINET 57280, 77T LY—ILAEEOREXE, 5T
DEBEEICDHKEL TV

BRBEMHEIERH (electrical coupling)

AT T OB EENGRENICHGE LR, 7 F- B TEMOBE (charge transfer) 284U
5, DX LAEIEMBEMHENEN (electrical coupling) &IN5, HEE ﬁ*ﬁ?\?@&i
e L. BHD FI1F, SBEEREKR L O, MENEETH2 7 7 VT ILT7 =LV AKE
FIVLAERRE ST H 2 EMBEMEEEHZAET 2 [4, 5o %ﬁ@@ﬁﬁﬁﬁﬁibfméﬁm,
BT O FHER, SEEROBHEFIIRECRKL, 7 FIEDO ALY —ZEL
Do 207z, WAERIDH ZIRET O T HEFBERIVC M L TW 2 oTx L, Rk

?%Lbi@%"ﬂ’]& P S (SRR E, Induced Density of Interface State :
IDIS)o Zd IDIS 121, BRHMHHENL (Charge Neutral Level : CNL) & PRI % MEG DIFE(E
L, CNL $ TEFPHAEINS L WWESTTFOEMPHPMEICHR S, T DFF charge transfer I,
DT BBERD 7 2L IR T B TR 3,

1.2.3 EH b RVEMSE (STM)

T b Y AVEMEE (STM) &, —7 v b OWERE I LFE T L L THF 2 &8 et
(BEt) 2491 nm £ TEDOY, U RVERERAL, HHEEETZ2 Ik, MEERER
OIS - EFIREZ 70 e CEZBN T 2B TH 5, AT TIE, STM HIE D HEE
JHHE & BIREERNE (E& b o Ak o STS) OFEBICOWTEIR L7z, £72, Lock-in
7y TRV 4 X STS HIEDFEH SRS,
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STM KL

STM KRR Z BB 272012, ETHDIC—RKTHBRT > v LEEHICB I 28T D
FYAVBERPLHAL, MBS (z HH) KEWDIREN D 2 Z L BRT, 20K
12, ERRIHELTWS b R VEROEH?S, b3 VBRI DIREEEICH S LT
W3 ZEERT, w2, STM JIEICE T 2 Bt OhilEEHE % 3ilH 3 %,

BTOD M RBIR

STM HIE T, HeteilkiiizEms 2 2 e 2 HENTTbN S 120, HEHREIMDOE
DR DD X, ®E-BEE-ESEOEETHHT ZIZENTES, 202D, K1.1IIRT—X
TTERKT > v VBB AT 2 BT 2IET %,

BTOWHEEK (v) & =A VX —[EHE (F) 218272912, YT & 5 RIS L 720
Schrodinger /T2 Z i <,

h? d?
(_medzz +U> =By (L1)
0 (2<0,d<2)
U‘{x@ (0<z<d) (1.2)

hig7 o v 7% 2r THIoMH, m. 3EFOHEHBTH 2, ZOIK, —z FAPHAH T2
B (o), RT Ty VEETRIZNDH (Yr), FENTEET 2 KB (vp), R7 ¥
> VIRBEZ B B (Yr) &

wo — Aeikz

wR — Be—ik:z (1 3)
Yp = Ce* 4+ De™"? '
¢T — Eeikz

¢35, regionl (2 <o), region I (0 < z < d), region III (d < z) TOIKERIEL (1,

u
A

region ] | region II | region III

Yo _,

MY Yo |
<—1pR VWY

MWW\

Vo

0 d

1.1 The schematic image of one-dimensional finite potential barrier The
incident wave (1) comes from —z direction. The incident wave is reflected by the
potential barrier and goes to —z direction (reflected wave : ¥g). The incident wave
decay within the potential barrier (decay function : ¥p). The wave passing through
a potential barrier travels to the +z direction (transmitted wave : ¥r).
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¢2a ¢3) 28 . .
wl — Aezkz _|_B671kz
g = Ce™* + De™"* (1.4)
w3 — Eeikz

=L,
k= VomeFE
h

A/ 2me(VQ—E)

h

DR, BEREM v1(z = 0) = ¢z = 0), L2 o= L2 .o, (2 = 0) = ¢3(z = 0),
Wo | _o=Ws | _y & D, region I 75 region III AD k¥ J R (T) %215 %,

E|? 1 16k2K?
T — | ’ — 6k“K e—2l€d (16)

A2 14 (kQI:ERZ) sinh?(kd) (kQ + K?)?

X (1.6) 5, b RAHERIIES SRR DR (d) D/ & < 753 LIS k= < 5 3

s, HEEB (Vo — E) %50V, d% 1 nm 2RET 3 &, HE-aERIEaED MM

Z54E (Ad) 5 0.1 nm ZbF 24512, b Y A AEROMEICIBE L2 1 HoZ{sBhs 2 e

127 %, STM TIZ, = OHSHIRRIERO BN ICBUES Y 2 AVET 2 RIIT 5 2 212
| 2 IS E R REEDE S B

¥ RIVETIR
ZZTE, BIEYLHEUCIIIC—RERKRT o v ILEEERE 2 203, FEEEO STM HIE

Eys E

EVT

Unoccupied states

/" tunneling

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

[

DOS(E)

sample ¢ vacuum ¢4 tlp

1.2 Energy diagram between the tip and the sample in tunneling pro-
cess This image shows sample - vacuum - tip junction. The separation width between

the sample and the tip is d. The shaded areas mean occupied electron density of states
(DOS).
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VIO 5712, Get-ikp R d TEoOWTE D, BE (V) 25X TR LE
FHRED S EHICBB L TV ABEDIAINT—XA 775 5% M 1.2 1TRT, #k-H2Ze
(Hufgk)-HREt OB TR T D BEREDS d DG L, MENCEBIE V ZHIMLHED = 3L
X—HAT7 T I L THb, dREHl% vy FH, zy FEHICHN L TEERGZ 2 AL LTV
%, g DRI FRIR, O PEESOHFERR, Ep 287 2V IUENL, e 3EFHER, Eys
DR O BZENL Eyr DRSO BN 2R T, ZOK, 7V IEIALD T RILF—
Ecd 2@ B e R0 RBEE 2 zheh ps(E), pr(E) L, ZXVF— FEXH2ETD
Y REERE T(E,eV) £ T %, fligtorzdic, ps(E), pr(E) & ECEST—ETH
D, BTONMHEIATy 7B (0K TO 7213574 7y 7B, +Y3LER L CHS
TEEBIHEMEOA L T 5, ZOR, XRTRINZ L7, O E CHEET 2B
DE—eVIZEBBETZE2EZILV (K 1.2 FOFRMNOERHERE),

eV
I /0 ps(E)pr(E —eV)T(E,eV)dE (1.7)

Rz, 1.2WRT LI, RFVvy v L[EREY Er $ CETFREEINTWAHEERT
> yob (K 1.2 FORMER) LEMIL, b YaoiERE 1 XC WKBIEICEK Dk 2 &,

T(E,eV) = exp {—2d\/2}$ <<I>m —E+ e:) } (1.8)

Dg + @
Dype = % (1.9)

LB, XbiT, EF Yy v AREERORBEEE, X (L8) LG,

() ocexp{—z\/i? (cpm _E+ €2V>} (1.10)

ERIND, OFD, RE-FRIHE DR RE <72 51250 T, KEIBIRBIIFE BT
LTWL, %7, 2z FANCEER oy FHIZBU 2EBNRZ v (k) 2EET 2 &,

¥(2) ocexp{—z\/Qth <<I>m —E+e;/> +k2} (1.11)

YhB, COTEHE, TINF— E ERHOBTORMBE, WY PV (k) BAE S
B3N, WAT B, CAp, STM BIEICELTHEBAS BRI BT
SO ETREDF GHKE VY SNBHUTH 5,

LR b 2N (STS)
St OIRRBEE pr(F) BT A VF— EWREHLT—ETHD, lFOREEE ps(E) 3 E
WEoTENTBHEEEZL D, MI3RXITINF—KAYT I 0%RT, £ho, sbkhax
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b

tunneling
—
>

tunnelin,
Unoccupied s ) 2

Qr
ates
Ep—"=— %— Ep EU’

Gccupied states

Pa—
<«
<

sample tip

sample tip

sample
+U
I

1.3 Energy diagram in the STS measurements These images mean the

-U
]

energy diagram when applying a bias voltage to the sample (negative, zero, positive
bias from left to right).

U —U oOi{KEEZ L EF 25RO SHRED SR OIEEHIREIC o A AEBRLTL
556, TOEER RO 7 = L IR B L TWBI5E, G, &R L +U o
KIEEZ HIIN L E 23588 o S HIRED SR O JE S HIRREIC P U A VB L TW A 552K
LTW3, ZOK, X (L7)WRLE XS ICEHRHCHIS 2EEIC X o TRAIEN S b > 3v
BT 5, ZOBEROEHEBEAMNICRLKDK 1.4 F0 -V #h#g (I-V curve) T
Hd, Fohiz [-V iR REINEE V T35 e X (1.7) BUTO XS5 IR TE %,

dl

eV
v eps(eV)pr(0)T(eV,eV) —i—/o ps(E)pr(E —eV)

dT'(E,eV)

E 1.12
av d (1.12)

SN, HEtOREEE pr(E) 3 ECE o3 —EL LTWaED, dI/dV ZoETRE
YV RAERIKIE LNy 2 750 Y BAENS, ko TERMCESNS dI/dV i
i, M14HERTRT &S REHRICRZ, DFD, STS TEHN2EFIREEE, SURETINE
FEDAEIHMEA K ZFAUIKEWIZE b Y ANERDFLGNREL 25, %72, K (1.11) TERE
L2k 512, 2 AANCHEER vy FEICBT 2HEBAZ v (k) RS VERTE, Fral
BIRAND TG HERBRINCHAY T2 Z L 25N TIIR 520,
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I-V curve 1[A] dz/aVv curve di/dv [A/V]
A A

} f > V'[V]
+U

background

(tunneling probability)

V[V]
+U

Occupied states | Unoccupied states
P B E— S

1.4 I— V curve and dI/dV curve in STS measurements The left panel
demonstrates I — V curve by means of STS measurement. The right panel shows the

result of numerical differentiation of I — V curve (dI/dV curve).

PRET DT TS

AR L7280, STM HEICHWT, FREHEGRIERENCH 1 nm O&ES T TE-OF, kR
WML 2 Z e BRSERALBRTINERLR Y, 22T, avEa—RENLT, 74— FAy
2 [ElEgZ2fED, PII# (Proportional-Integral Controller) iZ & DAL 72 + ¥ 3 V&% —
TEPRD - O IR 2 HIH S 2. Z Ofilffl 2K 1.5 WAL L7z, STM 2>+
on—>% PC CHlIHIT %5, STM 2> b a—Fi%, "Feedback loop module”, ”Scan motion
module”, ”Coarse motion module” Z Il L T\ 25, STM A&, RHEl, £l 2 o
DI PN T VS, RN, BERAT—YDALRoTWS, HEHANE, 2 AANcERE
ZRE S E 2 HEER D (coarse motion) &, HIEFT OLRE DEEEIT S B VR TFHEIT (scan
motion) THRKINTWVW5, HFETHRIIEN S b 2V EWIE, 77 (Pre-Amp) TEE(E
FIAHRL, 10° fF %7213 10° fECEESHEESh T IR 5,

ElRIAD 7 Fa—F

FIHDIZ, b RIVERBTRN LI E T, ROz 2 0 EXD 5, £D
728,, "Feedback loop module” Z W T, AN HBEBATOEMES R (Vs), 74— F
Ny Z R BEIELEGME (I;) ZF&ET 5. KIZ, ”"Coarse motion module” % FuTHIENHS
DEIMEXEZ LD, BBXZ 50 ~ 300 nm 3OHEHEHENE DT TV L, BEFD
I, OEREZEA L7z 2 A CTHEF T OEEZFEILL, "Feedback loop module” 226, 7z
scan motion” ™\ I} BS—7EICR 5 XD, 74 —=KXNw2%EnF5, ZOL3ICLT, Hi-ik
K OIFHEZ K 1 nm BEZTEOW, ZOHMEHEOZ LA TE %,
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STM 14

STM BoHFICIX, EEIRAE (constant current mode) & EBHEEHIE (constant height
mode) D 2 DDHEND 5, EBMAE L, HAND 7 Fa—F L FAkIZ, "Feedback loop
module” Z W, FRHIHHBEBLITOEN (V) 25X, 74— FNv 72 ZESELE
WE (L) ZRET 5 2 & T, HE-AREOEREE —E IR - 72 £ £7Scan motion module” %
RAWT, Btz zy FHNCHEEL, REOMME (72 scan motion” DZAL) 2/ 5, —J7, &
FREERIE T, [ DIl % X 91272 scan motion” ™\ 7 4 — K Xw Z & 0F724%, "z scan
motion”” NDIEFZEE (7 4 — FNv 7 %2l]2) Ltk itz oy HANCIREL T, BRE
(M RNVERDZEN) 21585, 1B, K THZ STM BIX, £ TEBRANEIC X > THIRL
7A&TH 5,

STS &

STM HIE T, REOMMZRFoEaEL b > THEHBMLT 27210 Tk <, 7z IR
FOBTFIREOHEDAIRETH 5, STM JIEICB I 2EFIREBOHELEE b > 2L HIE
(STS) &R, ZOHIFETIE, ”"Feedback loop module” %W, FRHIAZHRBLIT OE
fizh52 (Vs), 74— F XNy 72 QEIE2EMME (I;) ZRET S, T4 KD EHE-aK
MO Z —EIRD, BT REZHIET 2EEOMNE ISR Z8IET 2 (vy HA), O
T4 =Ny 72D EHO 2 EEEREEL, Ve 22822 T I OELZRET %,

STM body

z coarse motion

coarse motion
(piezo plate)

y scan motion

X scan motion

z scan motion

Coarse motion module
put———————

Feedback loop module

Pre
Amp

Scan motion module ‘

STM controller sample bias (V5)

1.5 The schematic image of STM control system STM control system
is constructed coarse motion, scan motion and feedback loop. We operate STM
controller using the user interface in PC.
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B R EZER b o OVEMBIEEE (BE5HK)

TERARAZRE TAUZER, (HHSAEBRTE ORIEESHEZER b~ 2 OVBEME
##E (LT-UHV-STM) ZHWTHIEEfTo 72 #EED CAD K%EX 1.6 IZRT, EAE
(< 1.0 X 1077 Pa) THFARBEEITo 7o HFHBECE, HAZE (Introduction Chamber) (<
REINTVWSEFOD TEERZMHEH L 72, KEREI T~ 4 707 X% (QCM) ZH
W23 T RHERE DR ZAT o 72812 Cu(111) ERANDEE 1T oo 7T ZELRIZ QCM
25 45° J51A 140 mm Bz e TAHICKREL, M2 ERICR o ZRETEEZITo %0
Cu(111) FEARFHEZE (< 2.0 X 1078 Pa) T ArT Av X & 7 =— L OEEY A 7V %ITV,
BHRERE 2, 2,00 bEEIL, TkOZES (OMICRON UHV Evaporator EFM3/4)
RV, HESEICTRE R BRICHE - IRETIT o 720 STM JlEE, MIE=E (< 1.0 X 1078
Pa) TRIAZEZREE (78 K) TITo 7%,

STM fill#Z, SPECS #t® SPM 2> F v —7 : Nanonis (RC4) ZH\7, Lock-In 7~
7%, EGG INSTRUMENTS @ LOCK-IN AMPLIFIER MODEL 5210 % /=, HIER
D Lock-In 7 ¥ 7T DSEMIIZERERE Vioa = 10 mV, ZEFAEBE froq = 743 Hz, FRFER
Time Constant = 3 ms %\ 7z,

STM chamber

| Preparation chamber |

| Introduction chamber |

1.6 Experimental setup of scanning tunneling microscopy (STM)
CAD image of low temperature ultra-high vacuum scanning tunneling microscopy
(LT-UHV-STM) equipment.
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1.2.4 DJEEFIHLE (PES)

HEF 50 (Photoemission Spectroscopy : PES) &, % —7%"v b OYE I E MG % 185

L, KEHRICIDWE» S SN2 NETOEIH A LF—Z2HET L I2LD, WE

DOBTIREZEEBN T 2 2B TEXZHEFETH S, PESITIE, ASTT 2EMIKD T L
FoDEO» S, X BHETHI (XPS) L EIMECET K (UPS) 1T bz, £/, %
DT Y IR, ZEIR, A2 0R CZRERGIETFEPHILSN TN S, KT
&, AL UPS Wz, UT, PES RUAER PES ORMFHICOWTHIRT %,

PES JEhE5im

PES HIE B 2BEANBRIANF —XA4 777 02K 1.7TI1TRT, M 1.7TETITRLEZS
Z71%, 2—=7v b ITREKRYMEOETRERELZRT, LD 7 713 PESICEDES
NEZNBTARYZ FATH B, hy DITXVF —2FHOBMSEZERMEICAGTL L, B, D

g Photoelectron Spectrum

Fermi edge e

Photoelectron /®Ccupled states

P — L -

Ey
E background
A (secondary electron)
Ep— e p e T Y
> I(E) hv
Unoccupied state:
Ep—-- / .......
. IEb
Occupied states/ /;//%////;;Z.,, __________________________________ -
hv = FE b + ¢ +E k
‘ > DOS(E)
Sample DOS

1.7 The schematic image of photoemission process in PES This image
shows photoemission process in PES measurement. The photoemission spectrum is
shown in the right panel. Black and gray shaded areas mean occupied states and

background of second electron, respectively.
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AT AINE — %R o EARYETOBEFIMEL, Ep OEHT 3 LF— 25 THEEYE
SRt Eh g OEBEMR). oM SN EFI13EE T (photoelectron) &IN5, PES
X, CONREFOEF LI NLF— (E,) ZHET 5, BFRYERBOLHEEYEZ o T 5L,
DUF D 2 A % —RAFRIDE D 32D,

Ek:hlijb*Eb (113)

R (1.13) 205, hw k ¢ DEAICTH 27612, B, 2MET 22210k oT E, #AETE 3,
DFED, By ZHET A28, 2—7 v b3 5EKRYEOETFIREEELZHAET S 2L
FNTHZ, Lo, EBCBRIXNZHETFARY bLTIE, ZEBE - BTIRE) - 77X
E Y OFECIFHERGEL L 2B TR ED KE T (secondary electron) & L TNy 7 757 v
FIZBINE, Z2Dd, BONEZNETARY MOV -7 DNESRRE (EAEYEDEFIK
REEHT) OFIMICIE, COZREFICLEZ N I 779y ROWBETS REDRD %,

¥/, AT 2BEBHIGOZ AT — (hv) DEVH) S, ERKED S A KETFORHES
(EfRH OYEE T OV E 7)) 1ITEWHENS (6],

A 57% PES (Angle Resolved PES : ARPES)

BB D X512, MBRAEICERGZ AH T2 L, HEHRICLD B, 0EF A LF—%
Fro 7B TR EN D, TONEFIE, RLLEEEZRD, HEMIBWTRAL LAE
WK E NG, ZOBREER 1.8 IIHRANICRT, BB S NIEE T OMERRER S
ek, oy MEEEEZBHY 2 TEE, AESHOLE LR TSR,

R, HETORHEENLAEL, MEROENANY FEEDONEZLAT 5, AL 0 K
SNTNBEFOBRBART MV K, KETFOEWERE m),, EFZILF—% E, LT5L,

V2 E
K:;—%ﬂﬁ (1.14)

ERED, TR, FRERED S R THES OB by K| EHANSHOEENRZ b
K| 1,

K, =Y 2mp B cos
(1.15)

£i2 %, —F, WRERPTHESNLEFORBANZ by K 1%, SRHEARONEAR T >~

Py VyeBl,

2m, (B 1 Vi
k= mﬁ;ﬁ-@ (1.16)

b, HAEHEDEBENRZ bL,

2m., (B cos? 0+
\/ p( kh 0) cos b

ki =
(1.17)

2m Ek .
k= w— sin ¢
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ERE D, HESADORERZ bk 1%, EEFBHOBICHEKRT > v L O EZ 2T
70, RIFENZV, LarL, HNGRDBERZ SR, ko mN T R o NEN R 2

7z LIRMFE SN B 728,

L%, WHNOETDOHENBFIANZ bV k| EAXBTFOEAREENRZ bV K 3FELL%S
7o, NBEFHILAE 0 2B 2 A F =Mz ilE i, slREERTPOmMN N> R
FHELZ2ZEMNTE S, ZOZ 5, ARPES X, MEHANO =T N> FHEE (R, —
JOCERYE, —XotR) ORECHWSN S,

=]

Light Source

v ; T/’

Detector

vacuum

Photoelectron

electron

Sample surface

1.8 The schematic image of angle-resolved PES The schematic image of
ARPES measurement. (A) The angle from the direction perpendicular to the sample
surface is 0. ¢ means azimuth angle. (B) K and k mean wave vectors of photoelectron

from the sample and electrons in the sample, respectively.

4T REEIMRIDEE 100 e 2EE (A-1)

IFREESERT RS O, AEICEFEEE (ARPES) ZH L7z, HED
X% 1.9 127”8 T, Deposition chamber (< 1.0 X 1077 Pa) THF&EE%1To 7. QCM %
W2 FAIEHE ORERRZ1T o 7221 Cu(111) FEIRANDEEBE 21T o 20 7 FEEERIZ QCM
25 45° J51A 130 mm B e e 2 A CRE L, A EERICHR > LINETEE 2T 2
2L b DOZEEIIETTIROZE SR (OMICRON UHV Evaporator EFM3/4) %W, #E{FZE12
Ttk e BIRICR o 7IREETEE 21T o 720 Cu(111) E#KiZ LEED Chamber (< 3.0 X 1078
Pa) T Art 2089 2 7 =— L OFEHRI A 7 V2170, BHRE LSz, UPS 2E TORME
EOREX, Micro Channel Plate (MCP) ff & ® LEED TfT- 7. LEED flli£iZ, LEED
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chamber 12 TZE (300 K) T1To7z. ARPES #li£l%, Main chamber(< 1.0 X 1078 Pa) iZ

B (300 K) LK (30 K) O TITo 7. KB, BHEFS 2~ L —F— (MBS-
L1) ZHW, Hela (hv = 21.218 eV) F£721% Hella (hv = 40.814 V) D &R % kBN A5
Uiz kD SRS MR BTOREICIE, FERMET 7 F 5 4 F— (MBS-A-1) & 200
E/ 70X == (MBS-M-1) ZH\W5 Z 2 TEWIALF —FREETOHEZAIFEIC L TW
%o ¥z, BRERASHIZEENCTRN 2 ETIX 0.03 nA LT TH 5,

LEED #fllZ£1%, LEED chamber & Talkl % BiRIZIR o 72 IRETIT o 7z LEED ZE#E 1213,
MCP 232 Z2i2& D, BOAHEFDOT 7 v 7 22L& D, EHFETOBMESH/NE W
BEICBVTHRZ Y — Y IZEITRDBET 28KEHT R o T, LEED HIER O AGHEF
779 7RI 1 nAMTTHD, EFHEHPEHN STV 2 HEICER-GND Biciih 2 il
0.1nA UTICHAETI L, LEED HIEHCHBIT 2K 0 FOBEEZ MR T\ 2,

He light source

Xe light source

MAIN/C

QCM

? PREP/C ND “L 7V DEPO/C

EPQ/C

LEED/C =

Evaporator
(Br-CR)
Evaporator
(Cobalt)

IR heater

MCP-LEED

1.9 Experimental setup of angle-resolved ultraviolet photoemission
spectroscopy (ARPES;A-1) Schematic image of ARPES (A-1) equipment.
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1.2.5 fGEEBEFHNPE (LEED)

HEFEITX, FHEORED D 2 MFMELZ R - TRMEZIER L TWa285E, EF2R
L, BELXNIZEFOEFARZ =V 2HET S Z kD, YWHERH O F G % EE T X
%, LUF, LEED OEMFEHIZOWTE RS %,

LEED Af¢)sipE
HTMROPF

BIROBEN X, BET0OHEEFEE p, 7707 E h By, K- 7o4 oG
b,

h
A=— 1.19
) (1.19)
CRED, ETOEH T ALY — B X, EFOEMERELZ m Bl L,
2
P
By =5 - (1.20)

Y #EB, HoT, EleV] & Alnm| ¥ ORNCIZLLT OBIRRAAL D 70,

h 1.504
A= ~ nm 1.21
5T \/Ek[ ] (1.21)

CORBRADP S, Bt ~BEH eV OEFROWEIEFMN 0.1 ~ 0.5 nm &2 D, FEEDOKFER
CRIBEL RS Zebhd, SO ehs, MBEREINL, BEICEFRE A LSS
ZBWTH, RO AYMEZ KR L 7-EFOEFPEE 2, 51T, BFRORATS
REIE, 1 nm BETH D RAEFPESICBIERZIE TR LTHVWSN S,

BT DMl

bR d THHI L 7z —Roe D R FBCHN 0t 3 2 ASHEF ol (K1.10) 2& 2 %, AHH 6,
MOEFHBASL, 0, DA END, ZTDITHAIX dcosby — dcosl, 72D, DT
AV EOBBEDORICE FIEDE D, DFD,

incident electrons

scattered electrons

1.10 Electron diffraction in one-dimensional array The incident electrons
come from the incident angle 6y and are reflected to the reflect angle 6.
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costlp —cosly n -
— 5 3 (n 13FE) (1.22)
DEAFBRANE D IO, £oT, 0, ZWET 2 Z K D ETFEHOMNE d %, BHE D HD

NE—= BT 2 2 e i & D EFESNONMFMERFRIES 5 Z 3 rHEL 72 %,

TV R OERIE

AT RICOVWTE R 2, —RICEXRICHIGICET 2 X fET @iz icfivwe s =y
N ROMERIETE Z %, sl RERENCH LHIE A2 6 EF %2 A4 L7858 02X 1.11
RS, RHIZH 2 FF 1/\ D% V)L RER (Ewalt sphere) W5, LEED THW% &
RO LA F —FIK T ETRORARDRELFE TH 5720, ZKITH;FHTOMEE ST ADE
frRida y MRiCEN SN2, COEESROR Yy FROEHT HZ28t&F 1 v F (reciprocal
lattice rods) & MER, X 1.11 TRLZEHE TR Y Fe 2 YL FERORZ AL, AHETOASH
O X0 THE7=9,

costy 3

= (1.23)

DBIEARD Th, K (1.22) OBIERRMET, 20k, MEE LCRBINEZS Y —
> (screen) ETETHOBDES Sy LTHMENS, 220 —> ECERNE NS 5% @i
£ (diffraction point) MR, D% D, ZOEHIED X — > &R BRI 0 X
Mo, EIZ 2 Y — o RO BEMEASEERIC BT 0, (BRSO TE8) 2 FETE 5,

incident electrons

reciprocal lattice rods
T 1 T TN
vl B SR N
/ \\
diffractionipoint

(1/4) cos O5\|

1/4
o screen
a
1/d
Ewald sphere

~ vy [

1.11 The schematic image of diffraction patterns by means of Ewald
sphere The schematic diagram when electrons are incident on the sample surface
from the direction perpendicular to the surface.
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LEED Jll@ 2@

FEFEO LEED fliE THWOH N2 EEOMEEN Z X 1.12 173, KFUNHIE S 2 EF#Hio
5, ARHN LHEEATNCEFSAS T2 (FRA), MRRE TR LB FIIENRA 7V —
VICHEET BRI N THEZET 5, [TV FOMERE] T 2= LS5, RERAIES)
DXFREICHRIE L7 [BHT A2 27 ) — > RicEif, CCD A X FI2&k D 2D EERE ST 3
(LEED 18), ITRFT&51T, R27V— 3R TH 57012, LEED B TlZ2 2 ) — >
D OHENAIUIEEN 213, PIROBALDAFENKEL RS, 207D, [EHHOMIEDF
i IZEELRDETH 5,

fluorescent screen

Sample

electron gun
‘ (@ @Dlcameral

1.12 The schematic image of LEED equipment Electrons are incident on
the sample surface from the direction perpendicular to the surface. CCD camera
detects diffraction pattern on the fluorescent screen.

1.2.6 HEENBEEBREGRTH (Density Functional Theory : DFT)

AEICHBIT 5 DFT GHERERIE, TERERFGE LEMFRED Kriger Peter BdZ &, Ayu
Novita Putri Hartini KiZ & o TfTb#7z, VASP ZHWT, PBE exchange-correlation 7R
7Yy EMES DFT §HE 21T o 72 (7], 7HEHIEIZIX Grimme DFT-D2 2 &7 (8], Cu
DIFFERZ 3.605 A, XX VE-Cu(111) DOEE T HFLF—130.62 eV ZHFEMA L7z,
o DEIZFEEE D TIFEICRW—8%R L7 (9 Cu(111) FEMRD T E /T [F D S
1%, Cudd4 R TFEHTHEDIEE 17 A ¥ L7 [10], Cu(111) £® Br-CR HAIES D 1= v

— —
Feg, EBcrocaesnze [ ) = (P 2 B s o e
as 0 7 ash

Br-CR HEIE S DN 2 M AT, agl, agd 1& Cu(1ll) EEOEALENZ FATH %,
DFT 5157 58 U7REBEE 2R MLk, Cudd ANy FOZAALF—(H%E 0.5 eV &fl
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237 R ERF, ZAUE, DFT FHEICHENT Cu @ 3d N> R ORSE T 5 L3 — 3N &
NTLES2=DHTH3 [11],

1.3 aURkHE
1.3.1 Cu(111)

AREERTIE, Cu(111) OHEFEREIER (MatecK, 99.9999%) % F W7z, Cu(111) FEMREH %,
Art 2%y R e 7 ==V DIFEFLY A4 2 V2 REIT5 2 i kD, EbES il TFr o
TYHHZ Cu(111) R 2 1F7 [12], HELsMFE, LT-UHV-STM 2 E T Art X8y &
(+1.0kV, 0.5 pA) ¥4 820 K TDO 7 =—/, ARPES ##&E Tl Art 2,8y & (+0.6 kV, 3.0
pA) 2770 K TO7 ==L OiEFLY 4 2 V21T 5 7z,

1.3.2 4,4' ,5,5' -tetrabromodibenzo [18] crown-6 ether (Br-CR)

Dibenzo [18] crown-6 77 Fl&, ~DDRERD, NODIT— 7 UFEEIC K DR LRI D T
THb, MIHDNEROKIEN _ORATEMI N7 FH4,4" 5,5 -tetrabromodibenzo
[18] crown-6 ether (Br-CR) T# %, Br-CR 73, K 1.131TRL7 LS5, HRIRFEL B
R TODTFEIRELERLZ L7 LFSTA0T L BIFINS [13],

Gas phase Single crystal (bulk)

gong .
Lxxw ¥ 033: ’ :gg.

Wog
. .‘f .‘;. p .mém‘
y&_’xl 12.6 A I

® Br @®cC ® 0 H

1.13 4,4' ,5,5' -tetrabromodibenzo [18] crown-6 ether (Br-CR) 3D mod-
els of Br-CR molecule in gas phase and bulk crystal phase.
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1.3.3 1% E

BERAER

RE FOZEE I, BIEOD T24EMR (K 1.14(AB)) W, MEEZEHICTH T2
AL, F¥EIE22I12&D Cu(11l) RANDEEZITo 120 BT FDA 0 72AHD % D1F
(crucible) 27 4 S XY+ (R T AT U ¢ = 0.3 mm) TEZDF, ERERZMTI LI
IR TFRMBA Lz, AHEZDIFDEEIC, TR N-Z7 0 VBN EZREL, NEAHD 2
DIFREZE=R— L7, ZEH, Cu(11l) BRFERITHREEL 7,

KRB =4 Zuns > 2k (QCM)

AW TIE, —ODRLZFFHEEICT, AROHBDF2AELRTNE RS R o7,
ZZ7T, QCM ZHWT, 7 TOREHRE 2 HED D alkln FREROHIE 21T - 7 [14].
QCM »8F X —&IZ, zratio = 1, density = 1, tooling factor = 100 % (#IHHE) 1ZFRE L7z,
Br-CR 7} F &2 A #E I B B0 RE-KE 7o v 2K 1.14(C) IR F, 84.0 °C TIEH#EL T
WMo 7283, 87.6°C TII,

B Filament
—
|~
a
=
=]
(D5
e
Crucible —< 2
Molecules ;_
]
-
Thermocouple
C 40 . . . : -
0.0 A/min 03 A/min 08 A/”f}”
- @84.0 °C @87.6°c @913°C
< 30;
I
220
V4
2
= 10} 1.96 A/min |
@95.9 °C
O T L L L L
0 10 20 30 40 50 60
Time (min)

1.14 Molecular evaporator (A) CAD image of the homemade molecular evap-
orator. (B) Schematic image of the heating part of the molecular evaporator. (C)
Thickness - time plot while heating Br-CR molecules by means of quartz crystal

micro-balance.
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0.03 nm/min THFE L7 . 77 FH# rate 2% 0.02 nm/min DK, Cu(111) EAd Br-CR
531785 rate 1% 0.15 ML/min (M4 U7z,

1.3.4 &J@xiss

AW TIE, BRICHEF LRI L, a XL bOREERIT- 2, REFRIEa Lk
B (=732, ¢ =2.0mm, 99.99%) Z2fEHL, Mlkoz&d (OMICRON UHV Evaporator
EFM3/4) Z FHWTEE 21T o Tz ZEMHOERICH 2EMICT, aNVIDOEFET T v 7 R
EEZR—LJ, a VL FEEROMBICIE, ETEHBEETHOTED, 747X MER
% 2.80 A, ZABTHICHIMT 28EEZ 850 VICHRE L ZORDIANLVIEFHKT T v IR
X, 2.5~3.0 nA THo7ze TOHRMFETOZEERIE, Cu(lll) EADa )L b7 rate 1% 0.3
ML /min (2% L 7=,
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#H23  Cu(111l) Xm EoBRRG T
(Br-CR) HiJg

2.1 L »IZ
2.1.1 WEOER - HNY

Ay FHEIENE, (RAffiRs - (RER - BRIRERMER Y, BF 7 A RBFEEIRADEWKR T
Yy NERoTWS [1-3l, £D7®, KIMKOBEF T N4 Mk UTHifrSh, DR
ARFTOIRT WS [12-27], EFE, AT AL ZOEE - RT7 3 —< Y RIBVWT, ®B-77T
REOEMBEPEER 7 7 7 X - LTHIGNTWS [4-7], 2T T, HRABRTT-2E - 57
THOMEMERZHEMRST 2 2 B0 FOry VY —=2KR, BRE7 et R, ETIRELOME
BIBEGREHH & 22T 2 - DICRERAIRTH %, T2, BERREICBIT 2 m HESTF ORI
e E G, ERE OMBBERIBRAICHERIN TV DI, 7LFS IG5 FORE
Mg - BETIREBOIRIE D v [8-10], ARKERMEOFREL L LT, oFoEerit - o
THE - D FEEENE R SN, TNOLOMREZFHES 2 LT, EARKRmIIEITLZ 7L 370
DTOWIEDRERAREEZ NS, £ZT, 7LIF T IA0TL LTEREESBHTERA
KR SN TWE 7 79 V=T AT ICEH L, 77V Z—T A0 FRE-RDT—T v
AW Lo TR N TV S50 F (BIRDF) TH D, FRIKEBL BEMIIBOTRECR
BT TEMEEEET S [11], A@WTlE, 77V YT —7 L0 FOMHSRETERI N
44" 55" -tetrabromodibenzo [18] crown-6 ether (Br-CR) Z{HH U7z, Midiic E#a X7z
BACED, YRAREBODFEBEEICEWT, ERXBZAETFE—X Y MXHEHRT S (1.32 &
) Tz, BHRTICBI B2 77 VBAANDT LD ) BEA T VLR EHT (KA MG T) O
WL, EA-RARFRETo HCHEBLEZ G I T0d 33,44, ZoZens, X7
NAZANDLA% RIEZ T, Br-CR 77O HOMHBL B ERIE SR 721375 X v FRFET
LALVTHIET 272007 L — e LTEHATH» 2 e EZ 605 [44-53),

Z ZTAMETIE, W& A0 L CEBRIMAIT & BRI o NG 7267 Fa—F3 %
T e T, FEMARREICHA LIRS F oM BigEcE IR 23R L 2. BEIIRRmEIC
B1F 3 Br-CR 3 FOHERZ, ER b > X VEMEE (STM) - £ /5 R/ ROEE T 0tk
(ARPES) - %NS (DFT) #t82 5, Cu(111) |k Br-CR B9 FEORERE (51
HIEHEE) - BTHEZHOMCT 2 22 HWE Lz,

ZDRIZBIT B EARE (FHR) OFIUTIIRD 2 DOHIEZZEIZANT.
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(1) FEBRIZR T LRV TH FEMMEEEIE T 2 720120F, FTF LV THHRRE D E
ThHbIr, Au(ll1l) Rz ¥ Tl 2 2 FHRE KRS % 757272 VR,

(2) EtRRE Lo, 7 FREMEEERTHOHEBBEEZ RS 2REOIRE = X LE — (9F5
WEMHEIER) TH2 ., 2% D, B F-ERHEMOMEEIERD, 77 YT LT7 -V RFEEDH
DA, BEHRREICHT2MEZRLF —2MEN, ZORDHERDOEIC, 77T LT —ILR
TGOS ERICZ > TL RV, RIFFEOHICAIZ 2V, X o T, 7 F-FAR R O E/EH
WX, 77 YT =V ARES L ERBEIEEERS TR X N5 ERTEE L,
MED2o00%HEZEZRL, EHICIEIH (BERE) ORLKEHTH S Cu(11l) ZEFERL 72,

2.1.2 WIETFE

HIEFRRNE, HHb L7z Cu(111) ki Br-CR 73 F R @ E 2SR TS (H2E4E) L THER
L7z (1.3.1,1.3.3 ZH8),

EARH AN OB FOWEICIE, WHIERD TR T L —ERED D 20 [28-31], A%
TREZERE T TOWEEIT o7z BZERBDHMHRE LT, 77 FIRAR ORI M
ERNTATL—EICHRD RN e TH 2 (Z—F vy b FUNDIREYE AVinizd),
RIFFEDOHWTH 2, 7 FREROT FREMESLEFIREZFEMCHRT 2 720120%, WA
DFOMENKELEHDoTL % [32), [5EBR] EERTIX, LT-UHV-STM %£E (1.2.3 )
¥ ARPES ¥i& (1.2.4 Z2R) THRONAIERR K D, MEflfIcE##R L7z, LT-UHV-STM %%
BT, BEEEZERET 78 K T STM/STS #IIE 217\, Br-CR 77 F O KRB O J& i
7z )L IERLEFE DB FIREEDG % 1T 572, ARPES #ETIX, BEEEEREF80K T
ARPES MIZ 21T\, HAERKEOBEB FMELFHNIL, BEEZERE T 300 K T LEED #IIE
2175 222 &k b Br-CR 3 FORAIEA O FME 2 FE L. HEmETHE) Mt
DFT % f\WT, EETE 57z Br-CR HAIEHI O FHAME 2 M AAA, 77 EisHE O Rt
{7072 (1.2.6 ZH),

BRI, EBRER e BRI, 5, Cu(111) £ BrCR ¥ T OWRERE (918
IEHEIE) & BTS2 RIS S I L,

2.2 Wi EH
2.2.1 Cu(111) EBHLRKmE

Cu(111) BFEEFMRKE IS Art 2% & (Egpr = 1.0 kV, Tsampre = 0.5 pA) + 7 =—L
(Tsample = 830 K) OIEFLY A 7 V%47V, BEERRAEZF/2, STM HIEMREZX 2.1 1R
T K2.1(A) &, BEHEZHELL STMIBETH 2, 2 0DRAT v T 300D Cu(lll) 77 &
MR TE 2, K, BRANCZ>THFLEmSTe 7741 (K 2.1(C) ZR) 26, X7 v
TOEXIEMN 210 pm TH B, £/, 77 A L% 3x3 nm? OFEBTHEE L= STM &% X
2.1(B) IT/RT ., Z 2T, AN RARNERFRMCISESOSHRTE 2, 24Uk, Cu(11l) &R
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C 200F TR ] D 15k surface state
= ',—0.40 eV
= 2,
%" Cu \\111) atomic step 2 Or
5 100 ~210 pm 1 5
—éu L‘ S |
I S S
0 10 20 30 40 50 60 =1.0 -05 0.0 0.5 1.0
X [nm] E — E; [eV]

2.1 STM results of Cu(111) clean surface (A,B) STM topographic images
of Cu(111) clean surface. (A) This image shows three atomic terraces of Cu(111)
(scan size: 100x100 nm?, Vs=—1.0 V, I,=100 pA). (B) Enlarged image of Cu(111)
terrace. 6-fold bright dots array indicates Cu(111) surface atoms (scan size: 3x3 nm?,
Vs=—10 mV, I;=1.0 nA). Insert : fast Fourier transform (FFT) image of Cu(111)
atomic image. (C) Black line shows the height information along the black arrow in
A. (D) dI/dV curve measured on the Cu(111) terrace. The peak of Cu(111) Shockley
surface state appeared at —0.4 eV.

HORFHRTH Y, HAKTERT &5 7% FFT T & RENFOFE TR Z KB L 7z 2K v b
DR X N7z,

EHI1Z, 77 A ETHE LK dI/dViliFR (K 2.1(D) Z88) T, Cu(111) RE D Shockley
REREBHKRDOE =703 —0.4 eV BTz, LEDZeh b, Art Ay X7 =—L0OY
A4 7 M XD RF LV THEERER LS iz Cu(111) R Z2H2 Z e A TE,

2.2.2 Br-CR HHIBSREE

STM JsEis R

Cu(111) ki Br-CR 77 ¥ % 0.25 ML &% L 2F0 STM HIEMR 2K 2.2 12RT,
2.2(A,CD)IZ STM % TH 3, X 2.2(A) TlX, Cu(lll) DHFETFRT v Z2HETENHT
B, 772 LIARAIZ Ty DREERD Br-CR 7 FOEDHERTE %, 2% b, Br-CR
7 FIE Cu(111) RENCWER, HAAFNICHARL, HOMMUEZER L, £/, 772 L
WS U7z Br-CR B237e w0, BEOERIZRE = 3L F —DEn» Cu(111) DR T v IHh o &
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LT\, 5, 20200 Br-CR B2, K2.2(C) TROHNZ X5 KRR T4 T
HATEBY, ZFEEOR N4 THADPHREI Nz ZOZDOD R M7 A4 T HENEHEWIZ 120°
mEz L TE D, Cu(111) OFEFEFNCH U [121],[111],[211) AN AT TH - 72 (2L Z2HD
2+ Z 4 7HEE% domain I, domain II, domain III ¥ &3 72), 2D eh s, 513K
BIFHAE R, 77/7»7—»2% ZTiER L, BAFEIAE A /E BN R
TER 72 ¥ OFFMEFEREEEIE L, Br-CR 43 F O RRIECF2S Cu(111) FRIE OXFMEZ KL
TD%Z%K%héo

M 2.2(A) FORKHIE KEORENZH> @S ER 7T 7 7 4 4 (K 2.2(B)) 225, Cu(111)
DHFEFRT v 7DEX DK 210 pm X L Br-CR &D & X138 240 pm TH - 7z, STM
W8I 2 68 FORI BRI, WERICET2RETL Vs KKFET 2720, EBD
Br-CR BEOE X TIERWVWI L CHEEPBETH S, L L, Cu(lll) OHFTFRAT v 7EE

A 121 C ‘
domainl\ \

[Z11] w
o

domain IIT

[211] ™ domain 11

wm

B _ ' ' E

__ 500 | Chains

§400- 100 - 200 pm 1

%300: ________ : I 1

2 200¢

2 o0l ~210pm ~240 pmy |a;| = 0.90 nm
0 S A WA ‘ |az| = 1.74 nm

0 50 100 150 200 250 300 0 = 88.9°

2.2 STM results [Br-CR (0.25 ML) / Cu(111)] (A,C,D) STM topo-
graphic images of molecular films covered on Cu(111) surface (coverage : 0.25 ML).
(A)Coverage of molecular islands is approximately 25%. (scan size: 300x300 nm?,
Vs = —=0.7 V, I; = 10 pA). (B) Black and gray graphs show height information
along black and gray arrows in A, respectively. (C)Enlarged image of stripe structure
(domain ITI) in Br-CR island. (scan size : 30x30 nm?, Vg = —0.7 V, I; = 50 pA)
(D) Enlarged image of molecular island in C and it shows a detailed molecular array
pattern. The pattern reveal unit cell of molecular film as rectangular shape. (scan
size : 6x6 nm?, Vs = —0.7 V, I; = 100 pA) (E) Excerpted image of unit cell from
(D). The unit cell of Br-CR film has rectangular shape and |af| = 0.90 nm, |@3| =
1.74 nm,# = 88.9°.
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EDRELZFTFRATy 7RI EDB/NEIVWZ 225, Br-CR BIED THESOEX THRE
LTW3,

4 2.2(C) 1&, domain III @ Br-CR B—2>7ZHEL STMKTH2, ZOBEHTEH
W 6x6 nm? OFINT STM REHIET 2 &, K 2.2(D) 1IIRT & 5 RHAEDHER S
7oo ZORARGEICBVT, Br-CR 3 F— 220D K =G L TV 2 Eifkam s
%2 L XNEETH 203, FAMEE, S 1=y P AL ERIET S I LIEARETH S, TDT=y
ML ERFERTR L, CORABED L=y bRZ ML EK 2.2(E) IR, HHOE
X (|at]) % 0.90 nm, BEHOEX (|a3]) 1% 1.74 nm, %3 (0) 1X88.9° TH-7.

STM HIERRD 5, Cu(1ll) |k Br-CR 471 sub-monolayer f8} T, Cu(111) DX 7 v
ThOEEL, HEBO IS ERT e BHLP R o7z, £72, Br-CR HAIFSNIZ,
Cu(111) R DONMEE KL 72=2® domain 2> Z 25, - HRMHEEIEM I
FINMEAREE DIFIEDRIE E L7z,

LEED &3

Cu(111) k2 Br-CR 47 % 0.50 ML %75 L 7zF£® LEED JIiERERZK 2.3 12”7, K
2.3(AB) 1%, 374 eV & 48.9 eV ODFE %2 AG L7-FRD LEED (8 TH %, X 2.3(A) Tl
AR L CRE A2 SE T2 AN L THEZTo TV, (00) ARy ME, Hub
DEFHROZIFENTVWS, K 2.3(B) Tid, drMCAHEZRE5ZLIT&D, (00) ARy
ME, A7V —=VEMIHEEFHLTVWS, ZhckD, ARETFZROVZ A LF—IRo 1 F F
KAl LEED ARy + %25 (EF DD TFOWEZ < 729), Br-CR HAIEHH¥K D
LEED AR v s DEHHERTE 7/, 2O LEED 2Ky b EEAMIERI L7z b D%K 2.3(C)
WORT . &, 2225 domain KT, HRMD=DD domain DY L7z, £z, =D
R M, LEED HIERFICEHNIZZA Ry FPOMEEZRLTWS, ZOMErL, RAFOL
=v %D OREHAA 120° A5 L 72 =2 ® domain 2L TW2E Z b otz ZTD
oA =y F %K 2.3(D) IIRT, Cu(lll) REDOEARMHENZ M L% ast, asi & B

_>
(v, BrCRHFuEFoa=y b, [ D )= [ * 2 ) B cnans. &
as 0 7 ash

ADEX (|af]) 1% 0.88 nm, EHOEX (|a3]) 1% 1.78 nm, &3 A (0) 1 90.0° TH 53, =
DD RRAAL UDEREINT WS Z & LG O, STM JIERR L R—8UE R L7z,
STM T, BEICXZ Y 7+ OBETEIEA, Bt pm OHELRLEDIEEND, —77,
LEED T, WEICL2 KU 7 bORRIE, WHEAOMEIIZHET S, Bllxhs 2Ky
FATa— RicBnG, ZDZ e, LEED e STM e ORI BWWT 10 pm 4 — & —
T—HLAEVWERTH 3,

MLEO#ERD S, Cu(111) Lo Br-CR HEEICBWT, HRAIEYI o S (A=
b)) &, BREM120°D=DD KX A UDBHBEINE Z L E2DDD > T,
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Ez=37.9 eV

D O : copper atom
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0000 200000000000
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)+ 2) (%) e
a, 0 7/\ag; 2n

st 9 = 90.0°

2.3 LEED results[Br-CR (0.25 ML) / Cu(111)] (A,B) LEED result after
depositing Br-CR molecules (coverage : 0.25 ML). Beam energy of ion gun was 37.9
eV and 48.9 eV, respectively. (C) Schematic image of LEED spots. Experimentally
observed spots were shown as color dots, while unobserved spots were shown as open
circles. Thus, three dots(blue, green and red) could be caused by three domains on
the surface of Br-CR films. (D) The model of unit cell from LEED spots. The unit
cell of Br-CR film has rectangular shape and|af| = 0.88 nm, |af| = 1.79 nm, § = 90°.

DFT 1845 %
DFT &I & b EsE b X9 FHRAEYEE 2N 2.4 1SR T, 97O ERE L

H
i, EgmcdenrsramEgonst (D) = (2 2 ) ) amue,
as 0 7 ash

Cu(111) k@ Br-CR AR D T3 L ¥ — R EME Z RD Tz,

Br-CR 73 Fli%, 779 VIROFWMMEDL S4B T EMEEEZE T 5 (1.3.2 2/), 72K
HETIE, 79V VEA T OFIK DAY, WHOANBEFERORTA Openzene) 1&, 112°
2R (R—1MA), ZOMED, Br-CR B FORZED T FEBHBETH 5, HiEHD L
7TCIE, 77U VBEPRATy FTRIHTHED D, Openzene (&, 180° ZRT (F =7 —H), K—
NIDFH, Fx 7 —HITHR, 023 eV ETFZAALXF—WICHZETH 5, DFT FHHETIE,
Br-CR O#lliEMHEEZ R— MF = 7 —BloM &R L, mEltziTo%k, 0,

\
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B AE-042ev C AE=-069eV
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2.4 DFT calculation results [Br-CR / Cu(111)] (A,B,C) Three Br-CR two-
dimensional structures on Cu(111) were tested. The structure in (A,B,C) was found
to be the most energetically stable configuration: top (left) and side (right) views.
For Br-CR, black, red, brown, and pink spheres denote C, O, Br, and H atoms,
respectively. Hexagonal lines denote the Cu substrate lattices. (D) Models of Br-CR
boat and chair form.

241K L% (AB,C) D=0 DREMIELFze WEZAINF — (Ey) PERDLETH >
7eb DA (A) ITRTHIET, —2.57 eV ThHolz, ZHRNL, MOMETORE T XX —
1%, (B)0.42 eV, (C)0.69 eV ZEWMERT Lz, BREMIETH 2 (A) T, NEB-HEMR
MDD 7 7 ¥ TIT = LAFEEDR RIS S X 512, Br-CR 7 il ® /S BEREHA Cu(111)
ML FATIKEE LTV, %7, Br i1 Cu(11l) FHEM oMl 3.140.1 A TH b 4
T-EREHEERAPRRDOD TEHHEETH > 72, Cu(111) REIH LT Br-CR 43 723
HWEE LIRAE S 2 M8, 2 FEMEEER (77 Y77 — LV REE) &0 F-HAREHEEE
M (77 Ty — A ZAEE&BEBEHEER) OBEICEDBZLTED, A= Y, F=
7 —RIOBREE L IIRE L R B Cu(l11) REEE O BEHEEHETH 5,
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2.2.3 Br-CR HHIEH D8 -IKEE

STS MsEisR

Br-CR 77 £ STS HIFEM R 2 X 2.5 12”9, K2.5(B) 1Rnd dI/dV #hifs 5, HOMO
¥'—271% —1.54 eV, LUMO ¥— 2% +1.37 eV IR I N 7zo Tz, 7 THRIEHIN
® HOMO/LUMO REDFFimM~ v ¥ 7 (dI/dV map) 2K 2.5(C,D) IZRT, £
oz, M25A) 1cnd STM GeRUCEBETHELLZ D TH S, K 25CD) Ho
aAYhIAME, MELLRHNEEEICBII2REBEEDREEZRLTVWE, ThEh
HOMO/LUMO DIRA&IC 2R 2R EIZ IS, B F—D—DIRELTWE Z b o
7zo F7z, HOMO/LUMO OIREEIZ 7 77 VER TR LR ABROAMICKHEL TV, 20
e, 71O HOMO/LUMO OIRREE, AEREERL TV BRED 7 PUEHKTH 3
TERHRIN D,

=]

—_
[=]

dI/dV [nA/V]
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=
=
=
‘&
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2.5 STS results [Br-CR (0.25 ML) / Cu(111)] (A-D) Br-CR array islands
on Cu(111). (A) STM image of Br-CR array (scan size : 5x5 nm?). (B) dI/dV
curve measured on the Br-CR : HOMO and LUMO peaks are identified (Vs = —2.5
V, It = 1 nA). (C,D) dI/dV maps (scan size : 5x5 nm?) at HOMO (Vs = —1.5
V) and LUMO (Vs = +1.4 V), respectively (lock-in amp : fioa = 743 Hz, Vinoa=10
mV).
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ARPES JlZiif & DFT GHaAH

Cu(111) kiZ Br-CR 77 % 0.50 ML 7% L ZBRoadfhcxt L, ARPES HIFE 217 - 72,
[ -K 405 A~ ofEBEZEELZLETRARZ FLER 2.6(A) FIHERTRT,
HOMO ¥ —21% —1.48 eV BNz, # -2 ~ —4 eV iZ Cu D d N> FEROIREEDHERR
INTze THRFEOZ ALY —FEHTIE, HFHE—D—DO2M L -2 28Nh2 Ik
, BWilizFioZe7m— FgARTZ VBIRZR L7, Cu(111) HROEBEFIREY — 27 237
TELRVWERTS 37:0, EHROT FIREDFENRBEI NS, 7z, HOMO

A d band (Cu) HOMO
[ (Hel : hv =21.218 eV) w

STS

Intensity [arb. unit]

Cu(111) ™
surface state -

> Y
= =

= = REEEEEe R
2 =y

= Y

= =

= - =2
=1} =)}

= =
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) A

—

(Hel : hv =21.218 eV)
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(Hel : hy = 21218 eV)
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2.6 ARPES results and DFT calculation results [Br-CR / Cu(111)]
(A) DOS spectrum of Br-CR/Cu(111) were obtained by STS , ARPES and DFT
calculation results(blue, navy and red dots, respectively). (B,C) 2D mapping of Fp
- k) was measured by ARPES(Angular mode). (B) 2D mapping of clean Cu(111)

surface(Hela : hv = 21.218 eV). (C) 2D mapping of Br-CR(0.88 ML) / Cu(111)
(Hela : hv = 21.218 V).
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=21, M2.6(C) DEBFRE-XILY Yy B 7IZBWT, TXAF—FHRANICHEH DN 7
Fv MANY RERLE, Cudd Y RiE, Br-CR &SRO 0t~ v ¥ 7 CRHlxh
Fed NV RO LT 2 b, KB FBEEIEIHD LTW S5, N2 REGEICE0IEED 5 72,
ZOZehn, Br-CR 7 F& Cu Dicl, Cu DL Ny REEHRT 2 X5 RBWES
BAELZZ 2L, Cu(l1l) REREELTWVWS Z e hbh b, Cu(lll) RIkEZ, Br-CR
DFPRERICTHB L 72o ZAUE, Br-CR 7 FIEIC X D, FH L7 Cu(111) KiHE O HFED
DU, Cu(11l) REAREBHB L 2 Z e Z2EKT 5, £/, d NV FHEEOZE{LIX, Cu(11l)
THFRME & Br-CR 70 T CHE X 7z Cu(111) TREHEL & BELMIIRICE WA EN 2 72720
YEZ B,

DFT 8GR D 515 5072 Br-CR/Cu(111) £24kD DOS A7 FLZX 2.6(A) HIZHR
TR Y, Br-CR T #ED AR LTz, HOMO fEHIBIZHBWT, —1.45 eV IZ HOMO ¥—2
%R L7z Br-CR 7 FWNORED m MG HKE D2 o7z, 51T, STS #lE & ARPES #ll
I & o TEHIX N7z HOMO B —Z ;& (—1.54 eV, —1.48 eV) ¥ BLW—8 %R L7z, STS
HI5E, ARPES I & DFT 5tEMER2 5, Cu(111) LIHRAIECA L 7z Br-CR 73 T HE R D
HOMO JIRfE&IZ, # —1.5 eV ITHET 2 Z e HL L K572,

41



B

ARPES #lI’E£ Ti&, Br-CR 9 7 OWRERIRICE T 2 HFHEROZ L2 RE L2, K 2.7(A)
WHBEFARZ FADLH B D iz RS, EEERO Cu(111) REOHHREEIZ 4.90 eV
TH2DITH L, Br-CR 77 F%#) IML 2848 L 7= RE O HEIENI 4.43 eV TH o7z, Br-CR
DTOEBICED, HEBERZ 047 eV HD L7, ZOHFEBEOEIZ, SERAETD
ROV KRR E R URE LR (push-back effect) 12X 2bDTH 2, WEDT L8
HARERHEENICB W TERBEMHEEA R E 2 RICBWVWT, 0.5eV 25 1.0 eV OILHEE
HoZtrHEshTtsh, SEE LN EHEBMOLELE (047 eV) 1, ZOHRICE X
N3 bl ZOZehs, WEDT L RBERKEEOMHEIEIE, $5WERBEIMHELIEH
(charge transfer) DFEIRE X7z, DFT FHRIC X D RD =B RIEEL MM 2K 2.7(B) 127K
T, HEOHEEHNH, FROEENEICHELTVWS 2R LTV, Br-CR 7 FIXIEK
HELTED, R OMIZAKTHEL TS, £/, HRED Cu L FIEMERD & AT
=XV RO, ZOBr-CR 7Tt Cu R FHEOBMEEDN M, D, WEDTFLEEE
IR M OHEAEHICE, FWERBEHEBEIER (charge transfer) DFGEAREE NS, —
i, SFENCE R R BRI HOZIHEEE I TWiRY, 2o en s, 5 FREMEEIER
X7 7 YT =V ZREEIWKIE L, B F-3EREMHEEERIE 7 7 77 — L RS L 550WE
B ORI D5 L T05 e E R 5,

>

(Hel: hv =21.218 ¢V) B Optimized film structure Charge density mapping

&o,

‘ > e .
. -’4'!’.'\1-
¢ Brcrcu(1l)]

WF=443¢V WF =4.90eV

Intensity [arb. units]

1e I 7
3 ! !lﬁf" y
1. 047ev | LCu(llL '
1 1] z
i: " FARA TS J ", P I, e T P

) j ) OO0 00O O C C00000O0 o y 2 g o

. Nl X yellow : electron-gain

45 5.0 5.5 6.0 Y blue : electron-deletion
Kinetic Energy [eV] @C 00 @Br @H OCu (iso-value=+ 0.00036[e/bohr?])

2.7 Cherge density mapping of Br-CR / Cu(111) system was optimized
by DFT calculation (A) Black and blue dots mean ARPES spectrum of Cu(111)
and Br-CR/Cu(111), respectively. (B) Charge density mapping was obtained Br-
CR/Cu(111) system by DFT calculation. The yellow (blue) area means electron-gain
(-deletion).
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2.3 Hhf

Cu(111) KB 2 BIRITF D sub-monolayer FHIEIC BT 2 R REE L, WEHRD D
TEEMEES X OCEFIREEZ STM/STS HIl5E, LEED #ll5€, ARPES #lli€ ¥ DFT HMamnstHibR
D BRI L 72,
(1) Br-CR 77 F1&, Cu(111) “FHEIZH U THAT2 D FHICE L, 2hUE, 7F-HREH
HEATH 27 7 T AY =L AFEE L FMEARE I X o TS TED, ZhFETI
WG INT T ZREE (R— M) SHER ALY (Fo7 -8 g 13845, Cu(111) R
[EH O 7272 HE T H - 72,
(2) W L7z Br-CR 23 FIXERICBWT Cu(111) R ECIEEBL, 2 FREEER & o174

= >
W L DT AL E— NS Y 20 b, ( @ ) = ( 12 ) ( @5l ) O HEIC B
a3 0o 7 as

%2bO Br-CR A FHBEOEZEM L 72,

(3) Cu(111) k@ Br-CR 7@ HOMO JRE&IX, STS #lliE, ARPES £ & DFT &tHEA Ry
5, ¥ —15eVICNEBET LI R0 ol, Tz, FEEFER L HinERO—BZ, HERHER D
SEBRE, HMAEICEZ 2 TOMEERVEREEL S > TITA L Z LR EKT %,
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o 3E B T HREIRAN OV 7oA

3.1 WIROFR - HW

DT, FlR Ay be=7 AWMl LTEHEIATWS, 7Xasy 7 =V Hi—
DFENT BRGS0 FE D (1), MKEENOBAEILTETWVS [2], KT
NA AT 3d BEREEER AR FEE2EE L CEREN S, Ay Tl 3d EBE)E
VI D ST O RRPIRS 7' 0t A O EIEIEE, 5% Tl TEETDH
%, FrZ, A TFL 3d ESEOMICE, BRE XD X201\ 7 — d ETHEIEH
PETS (3 BV —d B FHEMEAZHEZR, BRT—DFORBLEE (LD 5N 3 FDF|
RbDH2H (4], =7y boTeiESEOESIC X 2BHE (7 7 22 —{b) 24EUHKiHE
D ORI HEEL R 25E5b 55 [5le LELRES, 77 AX—APEL2H/ETREAD
fEEA S 71 L M8 OMHBIRI R 2 BAR S 2 L CIRRICEE R~ o TV 5,

INETIZ, 720y 7= (Pc) - K7 4V ¥ (TPP) 77D 3d EREJER FHA
(XZL—=>ay) OMFEEZ L EMINTE T [6], Pc = TPP (&M THlE k7 758 %
B3 HEDTTH B, @EEZE (UHV) K THTHEREFAED 3d [ FE=RTHREL, i
3T 350-700 K T7 =—13 %L, flziF Co + 2HTPP — CoTPP + Hy (gas) KIHA
AT 2 6l =7, 7TEBZEBR2 3dRT2WET 5 L HRANR D FRAIAEN S Z &
WE XN TS [5, ARFFETIE, Pc® TPP Kb dFMALZ SV —F L5144 55
' -tetrabromodibenzo [18] crown-6 ether (Br-CR) ZffHL 7% (1.3.23K), 77 vz —
TADTE D TFRCREE T 28K T2 LT 1960 ER1OLMEINTER [T, 2=— %
MELTHROPIFRAMNEBAT - 9T - AA VR NIy I T2 THiRERERMINTE
32 THISNTVWS [8-10], CR ) FOEBHEIERZD, F27 R K- lry
ZEIHSHNTVWS, LAL, Cu(lll) EiZ Br-CR 73 ¥4 § % & Br-CR 4 T 13 AIELS
L HCOHBCRERZTER S 5. £/, EHEOSBERICN L FHLS FESMEERoZ
EH2ETHLICLE [11], RETIE, Z0 Br-CR HAIESNIC 3d BEEE 2L+ (Co)
% UHV BEBEFEICTEE LB, 7rMEs X 0EFREOLE, KR UHV EHE v
FOVEREE (STM) & & UHV AR EE 76 (ARPES) EHBZHWTH o7, %7,
FEPESI (DFT) st L ol# o, MHIICHR L7z, 3d BERE e LT, Cu(111)
ERETOREN LS DhroTWD Co 2R L7 [1, 14, 15, KB, BHRPTDI 7T ¥
I—F A5G FAD Co A 7 Y WHEDHZERE XD 5728 [12], BEFERKRETOY 7Y T —
F -8 Co BHELAMDIIZLI I TVARWL, RIFFETIX, 0 Br-CR BAIESIC 3d &
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JETH% Co 27T % i2& D, Br-CR 77 FOMAIRYIMEZLPLEZEHTD Br-CR 77
T REICX2UEEVOEHICOWTHRIAST 2 Z L 2HWE § 5,

3.1.1 WIETFL

ek, BEEZERTER L Cu(111) ki, Br-CR 9 7&E & a L M EEZ(T
W, fER L7z (1.3.1, 1.3.3, 1.3.4 ZH), EFuZ, LT-UHV-STM %& (1.2.3 Z{) £ ARPES
HiE (1.2.4 Z2R) ZHWTITo 7. STM/STS Hl'ET, 2 v AR O FBIMEDZ b
7 )L IUERDAEE D E TR L R HE 5 720 T VL MIRERTR O ARPES HIED S, A KE
DOEFHEEZFH L 72, LEED HIE CHRIECS o FEIfEZ 2 3Hl L 7. STM/STS #IlE
& 78 K, ARPES #ili#i 80 K, LEED I 300 K T/T7» 7=,

3.2 HiR-EEH
3.2.1 Cu(111) k®» Co >/ Ei

FEATIZE L D, Cu(111) RIC=RETHAE L7z Co JRFIFBMERL L, FEtRD fec(111) MiEIC
o TE=ZAR R TEOEZFRT % (bilayer i), 20 Co F ./ BIZ_EHETH 5 7-
B, EMEe THEO=AFO_FEEOENERINS, #i#ED fcc M, %ED hep MED
B rEEMEEZ AT 5, 7 VIS —0.35 eV I Co D 3d HLEH kRO — 27 %
o [1, 14, 15),

STM/STS Jl&fliH

3.1(A) 12, Co % 0.57 ML 787 L 7z Cu(111) RE D STM % /RF, MREH 80 nm % 2
% Cu(111) @75 2 LT, Co lZ=AFD bilayer BEEM L 7z, Co IZZEEZRFIC Cu(111)
WRREEBILHR L, Cu(11l) BFETFRAT Yy I ThI v F7ENd e, RA7 v 7OETERITANC
& 5~10 nm @ bilayer HZEHR L7z, K 3.1(A) FOKRHNZIH> THRZEE v 7 7 4L (K
3.1(C) M) &b Co BlImxH 410 pm OZJFFEDTDEX 2B LTV L HEER L 72 (cf.
Cu(11l) i+ 7 v 7@ : 210 pm), =MD Co B LTFMIL 7 STS (dI/dV) #hftz
3.1(B) 2R T, Cu(l111) R, —0.38 eV ZRICH DY RO K ERREIREEZH T
27, Co BIIRTELT: 3d HuEHRDO Y — 2% —0.36 eV 1D, FITHEDMER L — KL%
1, 14, 15],
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Co islands
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800 | Co islands
"E 600}
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3.1 STM/STS results [Cobalt (0.57 ML) / Cu(111)]. (A) STM image
(scan size : 100 X 50 nm?, Vs = —1.0 V, I; = 1.0 nA, 4.6 K). (B) dI/dV curves
measured on the Co island (red dots) and bare Cu(111) surface (black dots) (Vs =
—1.0 V, I; = 1.0 nA). (C) Height profile along the arrow in (A).

ARPES/LEED &5 5

3.2(A) 12 0.57 ML Co %77 L7z Cu(111) R ® ARPES JIEMERERT, EflloE
TFIREZRTT v BV I 05, CuDANLZAY R (dAY R) OB(LIdER ST, L
ML, 7=V IMAGEFIC Cu(111) RERE L ER S Co D d HuEHkD 7a— R —27%

WLz, FHOZAERTIE, Co ® Cu(1ll) REIIH T 2 HERIEK 30% 1ZLTH D, Co
D dIREHRDO B — 27 OEIE Cu lIcHARMmD TR, Ta— FRAXRZ Ml L TR,
LEED JlERER %X 3.2(C,D) IR L7z, Cu(111) HRDAREXHRD LEED 2K v kD]
WARWERE TREFR D Z R v bR L7z (K 3.2(D) HEH), ZOfEHRD S, 3.2.1 L FAKD
Co F/ BEOMEZHEZE L7

o1



| | | | |
] d state (Cobalt)
& Cu(l11) SS

(1addony) pueq p

Binding Energy [eV]

Intensity [arb. units]

3.2 AEPES and LEED results [Cobalt (0.57 ML) / Cu(111)] (A) Left
panel : 2D mapping of E-kparaiter was measured by ARPES (—42° ~ 18°). Right
panel : Photo-electron spectrum (sum of angle axis). (B,C) show LEED results after
depositing cobalt (coverage : 0.57 ML). Beam energy of ion gun was 183.9 eV and
104.1 eV, respectively.
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3.2.2 Co F 7 E~D Br-CR 7 75

Br-CR & Co OHEMEMZH S 720, 3 Cu(111) ki bilayer Co EEEH L7z, K 3.1
EIRED 0.57 ML 7% L= RED STM %% X 3.3(A) 12”3, Cu(lll) 7 7 2 Lic=MAF
D Co ks, £LRAT vy Ao TIHE7 Co BHMELR, ZORMIZ Br-CR % 0.25 ML
BHLERED STM 52X 3.3(B) iond, K3.3(D) &, Cu(1ll) ko Co E~ Br-CR 77 ¥
A LI RORERREET VK TH S, K 3.3(A) LA, RE EDESRLRT v T2
WBRankE, ZhiE, Co BOERMMPL Yy DI Br-CR 0 F2RE LD # %%, Br-CR
ZEODEE, Co-CulofEx, HF-EEEREE XD, 207D, Co HONMEEREMLR
W FEZ 5, X3.3B) FOEMD L2 Tz HiiE, Cu(lll) A7 v Fift- THIFIL
TWi/h&E 7z Co BDFHND FiZ Br-CR WA LB TH %, D% D, Cu(lll) Lo Co B
MfZ2eT Br-CR 7 TEDNATED, Co BRMEMDWAETHNLF—13 Cu(111) KEIILENRT

A Co islands

B Br-CR on Co islands

5 &

1

E

¥

C — D
600 + | Br-CR molecules

— BrCR clusters - -
g 400 ~190 pm

= BrCR array land

= Coi

o ~220 pm NO 1stan clusters

S 200+ 410 pm ]
o= 2D-array \

(1) n L
0 25 50
X [nm]

3.3 STM results [Br-CR (0.25 ML) / Co islands (0.57 ML) / Cu(111)]
(A,B) STM images (200 X 200 nm?) obtained before (A) and after (B) the Br-CR
deposition (0.25 ML) on Co bilayer islands at 300 K in UHV. (A) Vs = - 1.0V, I,
= 100 pA. (B) Vs = — 2.0 V,I; = 50 pA. (C) Height profile along the arrow in (B).
(D) The schematic model of Br-CR molecules adsorbed on Co islands on Cu(111).
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W E BRI 5,

F72, M 3.3(A) Tl Co &A% D Cu(111) REDFEL L TV AR > TV, 0D
Cu(111) O FiTlg U7z Br-CR 0 FIZRMERL L, X 2.2 & FIHD Br-CR & DK Z MR
L7z (X 3.3(B) #d Br-CR array #73)o

3.3(B) FORHIZIH - 7@ 7u 7 7 4 V%X 3.3(C) I3, Cu(lll) THER X7
Br-CR BD&E &34 220 pm TH %, —77, Br-CR 2345 L7z Co BlImE 4y 600 pm %7~
L7z, Br-CR %2 $ 2 HiD bilayer Co BDEX 410 pm K h dEmWwZ e h s, Co & LRI
Br-CR ¥ E L7-tETH % L 235 %, Br-CR 7 F& & 220 pm+410 pm = 630 pm T
BLW—&%ERLZ, &4 600 pm ¥, Co B E®D Br-CR EX13# 190 pm TH 2 FHExE EHKT
%, Cu(111) £® Br-CR O&X & D % 30 pm KW, —fi%ic, 7 HERDT & 3d WHESE
iz m—d OFEEDET 3 [4], Br-CR & Co FOMEMERA, Br-CR & Cu(111) lOME
ER & D7z, STM B CRES Bl hZ e EZ 5,

L LA 6, ColEEd Br-CR 7 FOEIEF—ETIERV, £/, M 3.3(B) D STM 1%
Pod R F—o—2%HAITEIENTERIPoT, 2L, 9F-Co BHEOHEEIER (r-d
fiE) Aniz®, Br-CR ZF R FRNIC X 2B ZEK ST 2 Z e TET, Co
BRIV RACRET S Z 8RBT %, Cu(111) Rl Eick#E L7z Br-CR 27 FIEEER L
Br-CR B% T %25, Co LIl L7z Br-CR 73 I EIEALE 3 HRAIELSI L 22w 2 & 23
LIpEiRoT,
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3.2.3 Br-CR BHIACHI~ND Co W5

Br-CR BRAIALS L Co Z=imWE Lz 777 RAIECHZ REF L7 X % Co JRTIE LT
ZDh, The b B REEENHIY 2 D»REEL 7.

Co E %5 Br-CR 7 FEL X h 3 2 W E

#A& T % Co %03 Br-CR 73 FEEUT LR TIC B VIR 2 E - L 72, £5, Cu(111) ki
Br-CR 77 (0.25 ML) 7% L, Br-CR 77 FHRAIECHIZER L 7z, Zd 2 Co (0.57 ML)
7% L7z, Br-CR BHIBEIHI D Co 1< & 282 L% STM B85 L7z, 10x10 nm? DOFER
MIZ Br-CR 7777 16 ik L, Co JRF#Y 1000 HZ AT 5 Z L ITHE T 5,

3.4(A) 1%, Cu(111) £i2 0.25 ML Br-CR 7 ¥ &2 Z{iZ&E L7 RKEHD STM B TH %,
Cu(111) 77 2 k2 Br-CR B K X172, 2@ Br-CR/Cu(111) K ki< 0.57 ML Co %
HIRFEHE LTz Bohl STM B%K 3.4(B) 1IRT. K 3.4(A) THEEIATWEEIH 220
pm O TEEX D Br-CR BliE—YUHRTE ko7, KOOI, MIOELRZ EHED
FORD B % ZHEER LT, 2O EEORIRODET, KEXPERE 510 nm DE% type I,
B 20 nm D&% type II 4137, K 3.4(B) NOREIZR-7=mE7u 7 7 4 12X
3.4(C) IT/RT, type 11349 390 pm OEE Z/R L7z, & 390 pm 1, Cu(111) £® Br-CR
DEE (220 pm) 1< Co AT 1 EHDEX (205 pm) % & L7z 425 pm ISELWVMETH %, &
7z, Co ¥ CuMOMAEMEMIZ, Br-CR ¥ Cu(111) REOMHENER & LEN@EPICKENZ 5
5, type I1& Br-CR & Cu(111) BiC Co JEFMRADRAALMEZ L o TWVWd ER T, BE
JRFIZERDFO LICBRET 2 LD D, BRI T LEBERDOINICE DAL B LF -1
WRETH S [16], X 3.4(A) DRED 75 % 1% Cu(111) 77 A TH 372, REIWHE L7
Co JFT1& Cu(111) R &2 BIEH L, FHR ED Br-CR 2772t LTS (HNTTH) 205
BWE LT EZ 5[5, —/7, KHET CofiF* Co BOPERINLErolzlens, T
® Co D Br-CR 73 FIZWa L72BE, T LXF—RER Br-CR 7 7O FICBDIAAT
Z %o

—7, type II DEDEXEH 560 pm & type I & D dEWHEHENIIH %, RIZ, Co EED
Br-CR 77 f & Cu(111) RKHOMT I v S TE 282 BR 2% 01, RE Co R FEnF%x
I LU EF T FO T TRELZHT, 71 FT Co Z@MENTETCWAARENNH 5, T
D&E, @S 390 pm @ Co-BrCR HIZX LT, 5612 Co BT 1B (205 pm) A DIAA
72eEZIIEE 595 pm D, type I DEE#H 560 pm 12 2%, F7z, type I, type
IMGTOESE, —ETE R F—2o—2ZHRIL THETERP o7, TOEmIDRE—
S, 3.22 LEIL TS, 7 F-Co BEIOHEMER (7-d #E) DRV, 757 F035 1’
N X 2HANEF E KT 2 2 e B TEF, Br-CR 7 7-Cu(111) BiciRA L7 Co 28, —J@
¥ EOEZE L Br-CR SRS 2 HIE L /-t & 2 %, Cu(11l) REWCH LTI T v
I} 75 Br-CR B F O BRHEEDZEILL H Y 5 %,

3.4(D) ICETF AR ERT, Co ZEHTD Br-CR MHAIEFNE, Co K IC X D 5ERIHX
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A

Br-CR array B Cobalt on Br-CR arra

Cobalt atoms

/TN

Br-CR 2D-array
- > T T

X [nm]

3.4 STM results [Cobalt (0.57 ML) / Br-CR (0.25 ML) / Cu(111)] (A,B)
STM images (200 X 200 nm?) obtained before (A) and after (B) the Co deposition
(0.57 ML) on Br-CR array at 300 K in UHV. Vg = - 2.0 V, I; = 50 pA. (C) Height
profile along the arrow in (B). (E) The schematic models of Co deposition on Br-CR
molecules adsorbed on Cu(111) and on-surface constructed Co-BrCR islands : type
I and type II.

N, bV IcZHEDH /-7 Co-BrCR #EEE M L7z, ZDJRAZX, Br-CR 77 FED 7 »
YTNT =V AFEEIT K ORI T HRAIEY 28 L TTd, Cold Br-CR 77 7D FIZHE
DIAATZH BT ANF —CHETH S Z e BPER e EZ oMb, AiERIE, Co % 2HTPP
SFRAIEANCEE L7 HE e K BITWw3 5], 2HTPP (& & 220 pm) &k b % Co + TPP
DEDEEIEE L 7% 5 (350 pm)s X HIZ CoBNFPIIA Y X AL — 1T 5 LEEE 500 pm
DLEETHZR %, BT % Co DD T DMEEBUTLENT3ICE2WGE, Co & TPP Tl
7 EERE e L L7292 Co & Br-CR 3 ¥ Tv AL E X 5,

ARPES/LEED HlEhs#

ARPES/LEED Bl T, &b LEED BN E T 2R M OZE(LRTERT 2720,
Br-CR # T7&E&R% 025 ML 225 1. 00 ML L7z, ZOATHERIC, Co % 0.57
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ML, HiEEE Lz, ZOKERI, 10x10 nm? OFEEAIC Br-CR 2777 64 i, Co JEFH
1000 fEAEHE LTV B HISHY T 3,

LEED %EIJE%%‘%H ¥ 3.5(A-C) 1TRT, B3.5(A) 1%, Co Z&#&R1D Br-CR HAIEI% D LEED
BTH5, %2 %D LEED MR LR Lo FHKD LEED <& —> %257, ¥ 3.5B,C)
WRT DX, CoZKEKD LEED % /R"T, 2T, 7 FHKD LEED ~&Z— 2 IXIEIEH
KL, Cu(111) HEKRDAREFFD LEED ARy b DAMR L, £z, Co ZBERICH =R
LEED 2 vy F3BEIATWARY, 2% D, Br-CR HHAIES2 Co DWEIC & H BEX iz,
STM HI5E (X 3.4) THEFR X L7z FHAIEA OBIEI HHR X s,

Rz, rhehoirhicnts 2 ARPES JlEMREZK 3.5(D-F) 1o/r3, X 3.5(D) %, Co
ZEMZE Cu(111) RED=D2DHE T ARY MLERT,

Cu(111) R (K 3.5(D) HEM) TlE, —2 ~ —4 eV OFEIRT d N> KDY — 27 DE R
ATES, —J, B-CR O FOAEE LAY b (K 3.5D) hEH) T, $H28ELA
i —1.48 eV i Br-CR 7 ¥ ® HOMO ¥'—2, —3.5 ~ —6.0 eV I3 T Br-CR 4 T
ROV =27 B EBHEER LTz AR THEDERD Ho>TWE 20, HiDn TIREY—2
DNBE T 4 v T4 Y7 T2 3RETH 2D, DTRBERCHENLZBETIRETH S0,
Br-CR 77 FHIRD D FIREETH 2 Z L IS TH 5,

Br-CR #AIECH LIz Co ZERDNBTFARY M2 3.5(D) HARRTRT . region I,
region II, region 11T @ T 3L F —FHIHKT Co 7845 Al & FA R Z L 23HERR T % 7z, region I (0.0
~ —1.7eV) TiX, HOMO O ¥—ZHK L, 7 =V I TT7 e — RICKBETFRED L
ﬁbf:o ZhiE, Co DdWEIC &b Cu(11l) RED T T 2 A BNz, £7213 Co D d ¥l

EHROBETIREEZKML TV Z 2 E2RET %, X561, HOMO REELF I AN - Kb
AMHEHRORRNZE — 7 BETTVRY, ZDZ 25, ARPES BIEHRICBWT,
Co ¥ Br-CR # FOME DR B ETE RV, REIC—HERESREIE LTV RV EE
Z b,

region IT (—=3.5 ~ —4.1 eV) & region III (—4.6 ~ —5.2 eV) ¥, ZFHEHKO L -2
SRIEDVEDBIAAARY M UZ dip DR T E7ze 2D 2 DDOFEIKT, Co MEKRD AT hL
(K 3.5(D) HRR) Ti&, ARZ Mo dip IBIREERL, FHILOEETFARY PR ZEL
720 2D 3ODTFINF MR TOE(IX, Co DILHEIZ LD Br-CR 27D HAIELS 23 X
1, Co & Br-CR 73 FRNCIREMENEBE L2 2B T 5, HETARY MUE, Zh
LEBOWEMEIC L 2ETREDOIE L2 EZ 2,

% 2T, CofTOWEEEE Br-CR 7 FOWRAEMEB LD D0 FT52T, XDAKR
Co JiF¥ Br-CR 77 FOWAEREZ STM IZ X Do 7,
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Br-CR/Cu(111) D region [II  region II region I
T T ] T T T

(Hel : hv =21.218 eV)

Co/Br-CR/Cu(111)
WF=4.37 eV

" Br-CR/Cu(111)
WF = 4.43 eV

Co/Br-CR/Cu(111)

Intensity [arb. unit]

| Cu(111)
WF =4.90 eV
-6 =5 —4 =3 ) -1 0
« E,-1041eV Binding Energy [eV]
E Brcr/cu(i1n) F Co/Br-CR/Cu(111)

region I

—_ = -2
i) %
= .
5 £ -3
= =
= =
g £, region II
= -
8 ]
& &
= region I11
-6
(Hel : hv = 21.218 &V) (Hel : hv = 21218 &V)
’ -1.0 -0.5 [} 0.5 ' -1.0 0.5 0 0.5
k, [A7] K, [A"]

3.5 ARPES and LEED results [Cobalt (0.57 ML) / Br-CR (1.00 ML)
/ Cu(111)] (A,B,C) show LEED result of befor (A) and after (B,C) depositing
cobalt on Br-CR/Cu(111) system. Beam energy of ion gun was 36.9 eV, 36.9 eV
and 104.1 eV, respectively. (D) Photo-electron spectrum (Cu(111) : black dots,
Br-CR/Cu(111) : blue dots, Co/Br-CR/Cu(111) : red dots) by means of ARPES
measurements. (E,F) show 2D mapping of E-kparaier was measured by ARPES.
(E) E-kparaiier mapping before cobalt deposition (Br-CR/Cu(111)). (F) E-kparatiet
mapping after cobalt deposition (Co/Br-CR/Cu(111)).
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Co i Fih Br-CR 7 A & b P0G E
STM JEssR
0.45 ML @ Br-CR 73 Fi&i2 0.01 ML @ Co =& E L1ze ZOXEERIE, 10x10 nm?
DA Br-CR 2 F#7 30 f, Co R 10 kS LTV 2 HIHYSF 5, STM K%K
3.6(A-C) IR T, X 3.4(B) L IIHEMNCK 3.6(A) Tl& Br-CR RHAIBA D HERTE 72, X5
12, Br-CR HAEHI O3 T EBEANCT T LD & EWEBLEFEE Lz, 7 TEDOHICIEE SIS
WHEBHDHERR T E oy COZODHRTO®mE IR T 7 4 V%M 3.6(D) ITR-T, 7 FENT
mE NI type I (JREKRHED) X, #1400 pm 2R L7, B FEDU CHER I L7z type 1T (5
KED) 1349 630 pm 2R L7z 2OMHFIZEWTH T F—2—DDMEIIHHIT XD o 7z,
ZORERIZ, 3.2.3 OFERICELL TV, 2% D, CoHFOWREEE%E Br-CR 7 F DA

Co (0.01 ML) / Br-CR (0.45 ML) / Cu(111)

D 600
g 1
S 400} pe
= ~630 pm
5 QUL
'i:i_ 200 Br-CR array
~260 pm
0 + t
- 600} type I ~400 pm
E 400} ]
=
e 200 Br-CR array ]
~260 pm
% 5 10 5
X [nm]

3.6 STM results [Co islands (0.01 ML) / Br-CR (0.45 ML) / Cu(111)]
(A,B,C) STM images of after cobalt deposition (0.01 ML) on Br-CR (0.45 ML) /
Cu(111) system. (A) (scan size : 100 X 100 nm?, I, = 20 pA, Vs = —2.0 V). (B)
(scan size : 30 X 30 nm?, I; = 20 pA, Vs = —2.0 V). (C) White dots lattice mean
auxiliary line of Br-CR uniform array. Cross points indicate the center of crown-ring.
(scan size : 10x10 nm?, I; = 10 pA, Vs = —2.0 V). (D) Line profiles of the height

information along black and gray arrows in B.
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A& b DL $5 22T, STM/STS HlZETiE, Br-CR #HAIEF & X 3.4 TR L 7 type
I, type I O =F0HEET 2 RHE 21572,

3.6(C) 1 Br-CR A D type I 2773, KHOHAIRIE, Br-CR HABH O FE2R T,
BT ORZRIZ Br-CR 7 FOHD (7 7V VER) 2R3, K 3.6(C) D type I 1%, Br-CR 77
T oL T EOMEICHERTE 2, 24U, Co ¥ Br-CR 7 FRICEBOWEREDH %
NP N AR

STS HIEHTH

type I & type IT ® STS HIEMRRZK 3.7 12R"T, X 3.7(A,D) IR CHEBTHIE L /-
STM B TH %, type I & type IT @ dI/dV izt L7z %EZ Z XY v 7 LT3,
3.7(B.E) i, Br-CR % FH® HOMO ¥ LUMO ®x 3 L% —iffi-ci87: dI/d V mapping %
T~T, type I & type II A D Br-CR 77 FRRAIFAI MR E T 2 HHBICBE W TR 2.2 &
[AERD —RITHEF DR T & %,

type I TI&, =HEHOARY ML 2{, ZhZzNnla, 18,1y & L, dI/dV#ifR%2 KX 3.7(C)
LR T, HETRT type I8 O dI/dV #ifIE, +0.25 eV & —0.73 eV IZ¥ =2 %/RL
7zo LD L, type la, type Iy @ dI/dV BifRIE, FENRE -7 32 RSB o/, —DD
Br-CR 0 FICEEBD Co EFDRET 2221k, Co-n THIOKEHEKRTH 2 ¥ — 27 »H
Nhhpolz&EZx %,

—77, type I TR REHORXRY 25/, 2hzhlla, 15 L &4MHT 7z, dI/dV #ifR
ZX 3.7(C) THEBITRT . type o & type I8 DAL b, FRINRY -7 BRI BT,

wpel C HOMO LUMO el
% :
Topographic image 0.3 * type i; H Topographic image
= A * type :
PN
) * type I
2023\ ype Iy
- IN
ERRIR ! I
0.0 —
0.3F : IYPEEE
I~ * type
2 kB
202 \
g -
=
y - \_f——-"
R i
E—E; [eV]

3.7 STS results [Co islands (0.01 ML) / Br-CR (0.45 ML) / Cu(111)]
(A,D) STM images are obtained after cobalt deposition (0.01 ML) on Br-CR (0.45
ML) / Cu(111) system in the same area (scan size : 20 X 10 nm?, I; = 200 pA, Vg
= —2.5 V). (B,E) dI/dV mapping measured at —1.5 eV and +1.9 eV, respectively.
(scan size : 20 X 10 nm?). (C) dI/dV spectrum were measured at type Ia, 18, Iy in
A and type Ilq, 118 in D.
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MEXD, Br-CR 77 & Co JRTDOMEHENERD 2E%2/RLT, Br-CR 71 & Co J&T
3, ZERBRP—MOMEIFRTLLRVWI L Z2EKRT 2, ZOMRIE, ThETICREDD S m ik
BRITTAD 3d BRBREWE L1, KRE{HERS 36, 22T, Br-CR 7 FOWE T 1V
¥—Z{t% DFT GHHEIC X D B o 7z,

DFT GHE#%

HODWEY A FEFERL, DFT §H8IC X 2 S RE(LE 1T - 72 MR {bEZ D Co K
ETNEK 3.8ITRT, X 3.8(A) D case i WREEDWEMETDH S (Ejoral = —718.3 €V),
case i 1%, Co J&¥2 Br-CR 77 FHDORXYE VER Y Br JJHFHEIC Co JHF23kE L T\wb, Co
iz & b Br-CR 77N D C-B #E&00h 7z, X 3.8 TAE X case i IZBIF2E TR
F—r BB L ZEEZ RS, RICLERMER, AE = 2.5 eV ZUTRE TR LEY -0
W case it TH D, Cu(lll) K& Br-CR 7 F DR ¥ VEBRICEEF M7 5HBUC Co T HWE
LTW3 (X3.8(B)) X 3.8(C) @ case iii i, Br-CR 7 FD=2® Br & Cu(111) KHED[H
12 Co JRFDWELTWS, X38D) D caseivid, 77V YEOZDOD O & Cu(lll) OfE
2 Co JRTFDIAE LTWB, case iii & ivid AE = 3.5 eV 2 EVIRE T AL F —EHD,
%I, X 3.8(E) D case vk, AE = 5.1 eV LRI ARERETH 2 Z B - 7z,
Br-CR 3 7OV E VB EiZ Co [RFDAE L TV 5, o> olkEM#ETlE, Br-CR %
T & Cu(111) REDRIZ Co RFHMET 2HETH 2 DITH L, Br-CR 77+ k2 Co i+
DAL TS case v T, TANLF—NICHRDIALETDH o7, ZOBRIF, m DT
BECHFAMOEMRDZIN TS 4, FEDRICBVWTD, Br-CR 7770 iz Co JHT2
W& BHEE I, AERTIIEETORNWI R EZ 5,

DEozenrs, REEMETDH S case i XN THZEER D, LOLEDBS, FHEHE
% (LEED, ARPES, STM) 5 Br-CR 747 F & Co OWEREE, —Hk (—FEEHOA) TER

A casei B caseii C caseiii D caseiv E casev
between the benzene under the benzene ring  under bromine atoms under the crown ring on the benzene ring
ring and bromine atoms

T > ) T
gEﬁ"* OSE ",ﬁg%’«
SRkt T sy 2
RIS B ST LA
RORD & Rl U8
PRk ¢ RBRSR %300
AE=25¢eV AE=35eV AE=35eV

3.8 DFT calculation results of cobalt adsorption on Br-CR / Cu(111)
system (A)Co adsorbed between C and Br bonding position. This structure indicates
minimum adsorption energy (E¢ota1 = —718.3 €V). (B)Co is adsorbed between benzene
ring and Cu(111) surface. (C)Co is adsorbed between two Br atoms and Cu(111)
surface. (D)Co is adsorbed two O atoms in crown ring and Cu(111) surface. (E)Co

is adsorbed on a benzene ring of Br-CR molecule.
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Wizh, case i DIGEICHNZ, case ii, case iii, case iv DPUREEHDEIERLE U /- HE %
RLTW3 Z R I N, WIOhoEicBW»wTd, Co T Br-CR 731 Cu(111)
REOMICIE L, WEMEZRL TV,

3.3 Fham

STM/STS #l’£ % & &8 ARPES #li#, LEED #l5E % fwvT, Br-CR BIRS T RIS~
Co HF 123784 L72F#D, Br-CR BEOWEMED B LK VEFIRELE L EH -7, Co &
Cu(111) &AM, Co & Br-CR 73 1M, 2L T Br-CR 771 & Cu(111) ZEARE O EANEFH 2
B RZ2XET 5 e Baroi,

EifR (300 K) T L7 Co R FIEBMERLL, =X VF—HNTLZETH % Br-CR 7F T
ADAB S T3, ZOMRE, 5 THAIEYEEEXA, Br-CR 2T Co[RFOEALRE
DA Nz, STS JIE & ARPES HlIZETiE, Co Wi #1 Br-CR HAIAIHI kD HOMO
V— MK L, 7z I ERLEGE (£1 eV) KBWT, ETIRED EEBALNTZ, ARPES
HEICBWTIE, X HIENEEEN (-2 ~ —6 V) TlX, HETRARZ MLOFEFLAA
bRTze ZOZ B, ColEIZE S Br-CR & Cu(111) FEARZEM & OHE#ED 5 1% Br-CR
73T DEE O WS DTFEN R X N7z, STM/STS #l%E ¥ ARPES/LEED #HIZE 21TV,
DFT FHERER e MRS 2 2 2ick b, & 2 ®TF 507 Br-CR 4 FRIAIESIE, Co
OWEIZ LY, CoJFFIEH - EMRENCHE DIAA, Br-CR 7 FOMAIRY & B x a5 2
ST o T, WEEMEIE Br-CR 97 F® Br Ji 128 Co R FICEMREIN MG LR -
TED, Br-CR O FRICBT 3 v~ U AESDAREN 2R L=,

INETOMETE, FHEHDT (P, TPP) L HERE x OMT, kLo f v 2 —F 1 —
Y a v OREDHIRINZ TERD, SEYD CTEIRS T ¥ afliofEolks s L &R
REICEE T 2 AR E 172,
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W4 Pb(111) EOFN I Y LA

4.1 WEOHEE - HW

A, s-wave BHREAARENC B 2 WMEAMYEFOH LD EAIC R >TVDE, ZORICE
WT, b2 dFEHIANEAL, BEER-BEESERICEBWT, Shiba state ZHHT 52 ¥
WZH D 4o BUIRBEERAND 7 — =W R FOSKE—X > P THELZAETL, BKE—X ¥
h DR 7 2EE D% STM IZ X % STS mapping I & » THEHZEBHITZ %5, Z® Shiba
state 1%, SEIAWV2HRE LB WTIE, Mn[5],Cr[5],Fe[6] [T STM HIZEHITHhALTW
%, AWIZETIX, 4f BMESBITRP THAT— X ¥ FRATH 2 HEEMA Holmium (Ho)
ZRWT, HJFEFT Pb(111) REICZHE L, Pb(111) M L Ho FFO B FIREMIAEZ B &
L7z

4.2 Pb(111)
4.2.1 Pb(111) Hi5EIEH

Pb(111) BAEEENR 2 W7z (MatecK, 99.999%, ¢8 X ¢6 x 2mm), LU TIZSh DY E R
2RO 5,
Crystal structure : fcc
Lattice constant : 3.246 A
Melting point : 327 °C
Critical temperature(T¢) : 7.2 K (Type-I, s-wave)
Critical field(H¢) : 80 mT(0 K)
Coherence length(§ o) : 83 nm
London penetration depth(A o) : 37 nm

4.2.2 Cleaning cycles

K& HHICEAE, LUFIZ/RT Sputter + Anneal 34 7L % 10 [BfT - 721%, 1EHRM %

57,
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1. Ar* Sputter
f =310°, x =y = 0.0 mm, z = 410.5 mm
In=11A, Vg =45V
Epecam = 2.0 kV, Emission = 10 mA
Ppore = 3.2 % 10~® mbar, Lsample = 0.3 pA
Time = 30 min, Tyanip = 22°C — 65°C

2. Air cooling
Apply compressed air into the manipulator for 30 min
Tmanip = 65°C — 28°C

3. Anneal
Isi=15A, Vg =73-66V
Time = 6 min, Ty,anip = 28°C — 60°C, Teample = 180°C

4.2.3 Pb(111) measurments at 40 mK

Pb(111) clean surface

4.2.2 TR L7ZIEBLY 4 27 0120 Ph(111) HIERSRZK 4.1 1SR L7z, K 4.1(A) T,
Pb(111) REWC Z2OHFFR T v 72H D, 77 ADMRITHEATH 200 nm TH 2, X
41B) ZH—7 72D STMETH %, ¥ 5 nm OIFEEFFOELD 8 MR TE 2, Tk
Ar™ sputter T Art PREHUEICETADIAA, Anneal D70 XETEES Z L 2REKT
HIT 5, BEOMEICBVWTHFAROMESHERINTE D, Ar nanocavity & FHIATW
% [1, 2]c @ Ar nanocavity IZDWTIE, #%il3 %,

Lock-in 7 > 7% W7z STS JIE TF72 dI/dV #ifR %K 4.1(C) FOEMR TR LUz, [
12, python 12 & % BCS + Fermi-Dirac BA$¥(7 4+ v P DFER B R LU 72o BAKEFED A D
Fyv 7, KEHISIMIIOX v v 7 BB IO 200F v v THRORLEDLETH S, £
72, TOZ571%, EOTINLARTZ bAD 1~2mV 2K L2777 THS, TOMEEND,
Pb 3Z20@IEEX Yy 72 AL, ¥r v 7 HH (A) IFZOAZN A = 1.25 meV, Ay =
1.40 meV THo7z, ZHIZ, ZD2ODHEEFX ¥ v X, Pb D7 = )V IMHIFET S
S—pANYREp—d NNV RIRRENRZTNIZT —R—NNZ2ERT 5 ZPHEKTHE, -7
D, k ZEZEFOMmANY FOBIRE WAL DIRE 2720, HET 2 REDOHIEREZE
AL, -7 BEOHIEDLET S, B A & Ay DEEZ, BEORECDH S,
FRE RS (P tip) TO STS JIEMRER [1] ¥ —HL T3,

MEozenrs, Pb(111l) OXRMEEALL T TH 2 LR L7z £/, FEIOHIETIE
ETRYZ A7 (He = 16 mK) St 2 HWTE Y, SEHENCBIT 2 Pb(111) @ STM #I
FEe LTUIBERICHEHEAROVHERTDH 2,
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C =

Al
— 20¢
i — Pb(111)
= — two gap fit
gﬂ 10F 1st gap
g — 2nd gap
I
[+
3
0t . -
-3 -2 - 0 1 2 3
= 20 A =125 -
= 1=125mV, T, =179 mK
& Ay =1.40 mV, T, = 283 mK
‘@ 10F
§-]
%
3
£ 20 2 1.0 1.1 12 13 1.4 15 1.6 1.7 1.8 1.9 2.0
’—“m Bias [mV]

4.1 STM results of Pb(111) at 40 mK. (A,B) STM topographic images (A :
scan size = 100x200 nm?, Vs = +1.0 V, I; = 100 pA. B : scan size = 100x100 nm?,
Vs = +100 mV, I; = 100 pA). (C) STS (dI/dV) spectrum on Pb(111) surface (Vs
=43.0mV, I; = 1.0 nA, Vinoda = 15 uV, fimod = 1994 Hz). Blue line shows dI/dV
curve of Pb(111) surface. Black, light gray and gray lines show fitted curve of double
gap, 1st gap and 2nd gap, respectively.

Fitting function

BREI7 4 v T 47T HoT, FHLULLEBEMTIORL, EBEOZ7 4 v T4 >0
T, Z20ab—L Y =2 LTERITo D, WHENEZ T4 v T4 TR
X*-ﬁ”i, Al,AQ,Tl,TQ T%%o Of b, ERe))) bToadenedBC'S(E) @/@L/ﬁ\b'ﬁ_f74’ b4
“7—‘4 ‘/7\%1‘?0720

|E|
B2 — A2

1

f(E) =

L
1+e*sT

BCS(E) =

[e9]

broadenedBCS(E) = / BCS(E — x) x df(E — x)dx

—00
A : superconducting gap
kp : Boltzmann constant
T : measurement temperature

f(E) : Fermi distribution function
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Ar nanocavities on Pb(111)

AR L7z D, Pb(111) I Ar nanocavity 25FES %5, £ T, Z® Ar nanocavity
LT STSHEZTo 72, fERER 4.21TRF, K 4.2(A) D STM FHIZH 2 —DO DRFVHER
2 Ar nanocavity TH %, ZDFEZE, 1~3nm LEXRDH D, ZOMOWEY L O H i)
LW, L2 L, Ar nanocavity 12i&, FHEHVR =EINFROME Z BN 5, T O =B DN
iElX, Ar nanocavity ZHUINZ 7 — R—=xIDEELE N, BEFHPMRICK DBNMETDH 5,
ZD7D, p—d NV FOWEEKML TV [1, 2], £, s—pANY RO T — —xf b HiEL
SNTVEH, NV MEEDT [ SRVDFIRICIED > TWa 728, Ry mhE & LTElil
TRTWVARL,

4.2(B) DARZ F i, B#A Pb(111) k, 7R##AY Ar nanocavity ETHIE L7z dI/dV
HI#RTH %, Ar nanocavity L TiE, Pb(111) ¥ R, Ay O ¥—Z5REHH 41 %P L, Ag
DY —ZEREE 27 WM L7z, ZHUuE, Ar ORBERAIC LD, Pb(111) BEFIDHE A, s—p
NYR, p—d NV EFEPLD Y FIVBIENEN LT/ TH 2, NV FHEEZDH DHZEL
L7ebiI T, RERFOMFRELICE EISREI SN, 2Dk, ZOmMELE(L
\&, Ar nanocavity D¥id2 5 3~5 nm ML EBEN 2 & FEH L v, Pb(111) @ dI/d V #hifi,
Ar nanocavity D2 & 8 nm BN ETHIE LA RTH S, 2D s, Pb(111) &
H DIEFLIZZE D Ho JFF7E DFEBRITHE 2 MIZ S VW2 DR TE 5,

A D }ii»

Ar nanocavities

b
(=]
T

— Pb(111)
— Ar nanocavity

Lock-in signal [pA]
o

Lock-in signal [pA]

1.0 1.1 12 1.3 14 15 16 17 18 L9 20
a Bias [mV]

4.2 STM results of Ar nanocavities on Pb(111) at 40 mK. (A,B,C) STM
topographic images (A : scan size = 20x20 nm?, Vs = +0.1 V, I; = 100 pA. B :
scan size = 10x10 nm?, Vs = +0.1 V, I; = 100 pA. C : scan size = 10x10 nm?,
Vs = +0.1 V, I; = 100 pA.). (D) dI/dV spectrum on Pb(111) surface (Vs = +3.0
mV, I; = 500 pA, Vinoa = 15 uV, fimoa = 1994 Hz). Black and red lines show dI/dV
spectrum measured on Pb(111) and Ar nanocavity, respectively.
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IO IVBEREOENMEEZ L, SEDO7 4 v 74 Y THWEEKTIE, TEiR
TAvT4AYTIdERIRLIRD, PUANVEREDZENL, OFD, TNETADOANY R LB
END T — RN OHELBIRIZELR D, ZAZTNDONY F2RLOMELDEZ L TER LR

W, FERE LT, Th, T DEIFFELLSHEIRNET, s—p Y K7 ==X+ ¥ 3ILEFEICE
I} % pair breaking parameter : PBP (I'y), p —d NY R 7 ==X + ¥ FLEFRITBIT 5
PBP (I'), s—p XY F2o p—d N RIZT % PBP(I12), p—d XY EH s—p NV R
W35 PBP ([ol) 2FET 25281245 3o LLLAEDS, PBPEER LT 4 v T 4
YZBREEET 5720, SENIEZTIED 203, 7 2 I 5MBEBANORE T X —&
EENEDab—L Y PE—ZICNUTRRBEEZEAL, 749747 %To7,

4.3 Ho atoms on Pb(111)

4.3.1 Holmium evaporator

STM Chamber 123 % 6-pocket evaporator %\, A2 KR TR S Holmium FEF D7
BrlToTz. ZKAKRO Pb(111) EREIX 1.0~2.0 K TH o 72,

Degas of Ho
Ho OZEATIZIE, BMILIENTENE 279, MOBEEER LT degas TENRR D, ZKE
KD 100 FHIVT F v 7 253K % L TIEZITY, Ho ZRERFOMEZ E oz,

1. Filament Current %= EiJ %,
It =420 A ¥ TLIJ%, ZOEMMERZEEDL F LR CMHEICRETS %,

2. HV = BiFTw<,
HV = 0400V : ZOXBE T, Ho EMREBRWDT, BEEENEL LY TERVEE
W EFTWwL,
HV = 400 600 V : flux Z &7%2256 HV % FIFTW <, AT lux 290WEZR D £
KAV MDD 2, T TRADELEIRA TV, FFIZ Ho AT TVWS, SN
flux = 600 nA FTOLAEHEREL -,

Ho deposition

HV =430 V, Ig; = 4.20 A, emission = 16.83 mA

flux = 14.60 nA, I, ~ 20 pA

Tsrm = 1.36 K, Pgrv = 2.0 x 1071% mbar, Time = 5 sec
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4.3.2 Holmium atoms on Pb(111)

Ho i r W& A1 b

Ho &% %D STM HIEMREZK 4.3 1R L7, K 4.3(B) &, (A) o STM o F#:E
ZRE L STM T2, 4EO Ho JRFORETIE, 3 EEOWERFIHER SNz, (B)
HIZ/R L 7z type-1, type-2, type-3 D 3 D TH 2, D3 2ZNFhOEmSERETK 4.3(D)
WRT . #7132 pm OEX 2RO T % type-1, #7123 pm OJRT% type-2, Z L THUHIZK
Wi 40 pm DR T % type-3 LR, 77 ARMICKAE SN2 TIE, REKRT > v LOE
W hollow-site ICE T 2 EZ HN5, X 5HIZ, Pb(111) R bee #HED (111) HTH 5
Zr%xEET S, fcc-hollow ¥ hep-hollow D 2 DDWED A MR EZ SN, ZD2DOD
&4 b ORI ZK 4.3(C) ITRT, type-1 & type-2 DE X DEWIZZ OWREY A b D
BONLETVWLREEZILNS,

WEDIFETIE, Cu(11l) R Eica v b EF2FE S, fce-hollow & hep-hollow @
PA FOENDS, TNV MNETFOEEINRLSEZEPRINTVS [T, ZOFMNXTIE, @
7773 fec-hollow B4 MICIKE L TWAB ERmDOTTE D, SEIOFRCIZITCENLRL 0, KE
B4 b ORFEIFEMTH S Z 25, type-1 27 fee-hollow 4 +, type-2 A% hep-hollow #
A PEIBEELTVDEEEZDLNS, LPLRDS, type-3 DIRVEZ Z2HDHFIZB LTI,
A D F B X IR o 7272, RETZ7R0,

STS HEHH
32® Ho JEFITH LT STS MIEZITo AR EZ K 4.3(E) I8RT, KEDARZ bL

&, Pb(111) L TOMEMBRTH 2, K4.1(C) LRI, 220Dak—L Y =7 DHERX
N, zHZN Ap =1.25 meV, Ay = 1.40 meV TH o7z, type-1 & type-2 DARZ bV (F
MRETHY) R LA NF—fEICab—L Y =7 Z2F-oTWVWED, A & Ay TR LM
BEERL7z, T, A A MHARRZZ2ICED, TERTOED D Pb R OXHFREA
B2 270, MEREBIEVIRNTVWE ZeBEI NS, AR LEmSHEIROMR D EE
35k, type-l & type-2 @ Ho JR FIZAET A4 M3 ERL 2 Z e ZIHEICTRLTWS, £L T,
Cu(111) £ Co HT DRV S EIDORICHIIET 57 61X, STS FEFEED S D type-1 1
fece-hollow ¥4 I, type-2 I hep-hollow ¥4 MZHAE L TWE Z e EZX 65,

type-3 DFEHR (FHR) 1%, type-1 DARZ bl —HLTWiz, 2D b, type-3 DJE
D D Pb R FOMIMER type-1 LW, HIRLZZ@ED, type-3 1349 40 pm LA E X 2o
TELHT, type-l LT 2L 37D 1IUTTHS, 2D eh b, type-3 DPEH A M
fec-hollow H A +TlddH %53, WAERFT Ho [ FH3A A4 L L TWT Pb(111) REIZA DA
ATREEZR > TWb ZeREZ 6N S (K 4.3(C)). subgap 121, Shiba-state IXHEFR X 41
727 o 7z, Shiba-state DFEFUIX, W& LR FORSKE—X > N DFENRETH 5,
Pb(111) RicHAE Uz Ho IR P23 ETH 2 74 51X, s L7REBIZB W T EEIREBIZ S 5
Y —HHRIC K D ZHEMHR L, WRE— XA Y PHREBT S, L LA S, HERRT Shiba-
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height [pm]

D 150f"
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S

w
=

A,
Ay

wn
T

Lock-in signal [pA]
S

— Pb(111)
— type-1
— type-2
— type-3

5 -
0 E
-3
C type-3 type-2 type-1
fce-site hep-site fee-site 15F

wn
T

Lock-in signal [pA]
=)

0

O: 1st Pb layer,@: 2nd Pb layer,@: Ho atom 1.0 1.1

4.3 STM results of Ho ad atoms on

12 13 74 05 16 1718 19 20
Bias [mV]

Pb(111) at 40 mK. (A,B) STM

topographic images (A : scan size = 50x100 nm?, Vs = +0.1 V, I; = 100 pA. B :
scan size = 15x15 nm?, Vg = +0.1 V, I; = 100 pA). (C) Schematic image of the
adsorption sites of Ho atoms. (D) Line profiles along bold color lines in B. (E) dI/dV
spectrum on Ho atoms and Pb(111) bare surface (Vg = +3 mV, I; = 500 pA, Vinod
=15 uV, fmod = 1994 Hz). Gray, blue, red and green lines show dI/dV spectrum
measured on Pb(111) and Ho atoms (type-1, type-2 and type-3), respectively.

state [ZMER I N o7z, 2D D5, SEILE LT Ho JH1E, WEERET Hot 127k
D, EEFEPEBICKRE T 7 —MEMPRT, KRE—X Y b 2RoZePEZD

ﬂ%o
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4.3.3 WESEHM Ho/Pb(111)

4.3.2 TiX, Pb(111) XA & Ho [ F LOMWAFIIBWT, BREHkOae—-L Y -2
HNOBFIREDTHER I NG o720, ab—L Y bE—27ZBATL £ - e - Tw
%, Z® subsection T, FRIRMENIN L, HEHE LA XGAICEGZEHMNST 5 Z 212X Ho
HERDOBE T REDOAMICOWTHERZITS BN THEZ1T o 72 #RENTIE, Au(111) L TH%
LBy TRAT V2 VT W5,

B = 100 mT

WDz, SHOEARES (He = 80 mT(0 K )) BLET®H % 100 mT OGEEIMNT 2 Z &
WED, BREHROab -V Y - ERERIHEESE, MREZX 4.4(AB) ITRT,
4.4(A) ® STM icix, 3 ¥ D Ho adatom 23H D, ZDFXTT STS JEZIT- 7z
[ 4.4(B) 3 STS HIEMRERTH 5, ZRARY b LT, 0 mT THIELZ Pb(111) Lok
BEROMFTEMLUZ,  ZO&RICHS, 100 mT OBBEFEIINZIE, £ TD Ho adatom &
Pb(111) ®akb—L Y bE—=ZIEHERLTVWE Z e b2 %, AT, 2TDARY FILHH
Oz E, RENRY - 73RS NRr o, 24Uz kD, Pb-Ho BOMEEIERIIC &
ZHEMEFS (Kondo effect 72 &) DS E TWARWATREED S W, L LRSS, EESFRSG L
D Tld Shiba-state DIFEDHEMNHEIR T E W20, RICHEFBIZUL T TORIEZ1T -
720

B =50 mT

SEDFENTEB W T, Shiba-state ZIFEIHL L TW B2 51X, EERES LD b5V ZH]
%% Z ¥ Shiba-state ¥ — 27 DT 3L ¥ — 7 b RlEOZLLEHN S, ZI T, JhOME
BRI 72 7200 50 mT OREHZEIN U 72 KRBT OREZ1T o 720 FREZK 4.4(C,D) 1R
T, K4.4(D) OBFMTRLAZ &S, Ho adatom LT, K 4.4(B) Ak, ae—L >t
Y—20WHEKL, RMENLRY -2 ERI o7z, LIL, ZOak—L Y =0
FERICIHZ B ZDARY MUVIEFICRRTH 2, RERD, WHEOREIIEABSLLT TH
31, WHOHE-ERREAOIRS HWEIak—1L Y FE—2ZE broad 122D, ZOX ¥ v
TR 725, ThEEZ DL, sRPFRENICERC 50 mT 2HIIXATwiYy, LI,
SEFEEL TORVHOYHEBEROEFESEZ NS, Z2T, 50 mT OGEZEHIML /- %
¥, Pb(111) EOFAT STS FIEZIT - 720

4.4(D) OB FTRLZEHIZ, Zheh Ho JF55 15 nm ¥ 70 nm B 7= fE T
FE L7 STSHfTH 2, ZOWET, ThETOMEMREIIRE S BARIMEREHT,
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subgap THIBUCIEA 2 D F OV =7 238N, Hube Ap OB dip MiENA BN 5, subgap
HIHICBIT 2 2008 —=27 DL 150 peV THZZ o, 7Y RL—27RFICK S5 E—
IReEZLNDH, WEMBL->TY— 27 DMEBENELZ 2, 2 FHEOD dip i Ic LT,
FREITOHNRN, X512, ZORRERNZ AT MU, 10 5RICFRCMETHET 2 2
KL, BREFAKOY -7, dip DEWHIRE R L, 2% D, SEOZORRNZART b
M, RN LR ERIREE R AR e ZE 2 o 5,

RiT, T ORLEIIREED, Ho R FIC K2 ERO» MRS 2720, Mz BEFERL
L, FTZ&E%E L TRV Pb(111) R CTHEREEOHIE 21T - 72,

17.5 |
B Pb(111): 0 mT
150r — type-1
= | — type-2
5 12.5 — type-3 100 mT .
= 100t —Pb(111) y
=g h
= 75
3 5.0 _.u“u R
25
0.0f —
-2 -1 0 1 2
Bias [mV]
17.5¢
DISU Pb(111) : 0 mT
: — type-1
< 125 — Pb(111) — 50 mT
—Pb(111)

10.0+

Lock-in signal [pA]
~1
W

Bias [mV]

4.4 Applied magnetic field to Ho atoms on Pb(111) at 40 mK. (A,C)
STM topographic images (A : scan size = 15x15 nm?, Vs = +0.1 V, I; = 100 pA. C
: scan size = 50x50 nm?, Vs = 40.1 V, I; = 100 pA.). (B) dI/dV spectrum on Ho
atoms and Pb(111) bare surface (Vs = +3 mV, Iy = 500 pA, Vinod = 15 tV, fmod
= 1994 Hz). Black, blue, red and green lines show dI/dV spectrum measured on
Pb(111) and Ho atoms (type-1, type-2 and type-3), respectively (B = 100 mT). Gray
spectrum shows the reference spectrum measured on Pb(111) under B = 0 mT. (D)
dI/dV spectrum on Ho atoms and Pb(111) bare surface (Vs = +3 mV, I; = 500 pA,
Vinod = 15 pV, fmoa = 1994 Hz). Blue, red and black lines show dI/dV spectrum
measured on Ho atom (type-1) and Pb(111) 15 nm far from type-1 and Pb(111) 70
nm far from type-1, respectively (B = 50 mT). Gray spectrum shows the reference
spectrum measured on Pb(111) under B = 0 mT.
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4.3.4 HEM Pb(111)

4.3.3 THR SRR 2T M Ho JRTIC K 2B RO ZMERT 5720, ik
PHEBEMEL, HTPEE%2 L T0RW Ph(111) RAETHRBROHIEZIT - 72 FEREX 4.5 12
R, T T, FPAEE (100100 pm?) T grid JIEZ1TWV, ZORICHS % 80 mT 75
0 mT &L X Bz, ZHUCED, K4.5(CD)IWRT XIK xy AADGES, 2¥ IR0
WMRERE % £ 3 dI /dV mapping 2157z, K 4.5(A,B) &, B2 28528175 27 b
WEMBLZDDICKR->TED, Al 0,30,63,80 mT 128 2% (FFRNL AT R LD
M) DARZ FovE, BT 24,3564 mT B W THNAZZFFRENKL AT MLERLZ, Ho
DZEE XN TV Ph(111) IEHRMAICBVTD, FENZARY MADHREINZZ Itk
D, Ho RFOHETIERL, AKROYHBIRERLTWE IR bHI 5,

Z I CEETVAYHERIZ, £ EBEEAROREISICHT 2 58 L BRSO HRHEIREE
(intermediate state) TH 2 MNEZON S, ZOFRHIRETD % ) OAEIIARREIGIZ B 1T
2R (79 10 pm RS —v) TO dI/dV map MIEBBETH D, SROFBETH 5, LrL
BHG, SRS N AERIEE BB S AN OBIGHINZ T 5 HlERN—G 2L 2 55HR
oz,

e C D
— a ( 0mT) @A;(+1.26 mV) @ 0.00 mV
— b (30 mT) - T
— ¢ (63mT)
— d (80 mT)

[
=4

Lock-in signal [pA] >

B [mT]
B [mT]

Bias [mV]

r 1
e (24 mT)
f (35mT)
— g (64mT)

Lock-in signal [pA] =
=)

Bias [mV]

4.5 Applied magnetic field to clean Pb(111) at 40 mK (A) dI/d V spectrum
of Pb(111) bare surface(Vs = 4+3.0 mV, I; = 500 pA, Vioa = 15 uV, frmoea = 1994
Hz). Light blue, blue, dark blue and black lines show dI/d V spectrum measured on
Pb(111) B =0 mT, 30 mT, 63 mT and 80 mT, respectively. (B) dI/dV spectrum of
Pb(111) bare surface (Vs = +3 mV, I; = 500 pA, Vioa = 15 pV, fiod = 1994 Hz).
Light green, green and dark green lines show dI/d V spectrum measured on Pb(111)
B =24 mT, 35 mT and 64 mT , respectively. (C) dI/dV mapping image at +1.26
mV. (D) dI/dV mapping image at 0.00 mV.
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4.3.5 #Eam

BB EEARTH 2 Phb(111) RED STM JIEL S, 2 DORREX v v T2 MR L,
¥yv 7HE (A) ZZFAZN AL = 1.25 meV, Ay = 1.40 meV THo7, TNFTIZ, HE
BDHE (Pb £7/21X Nb) 12X % Pb RED 2 NY FBREZRZ MLORIENRE XA TW
2705, SEGD TEREDRE (2> 2727 W) I2&% Pb D 2 DDOBUREX v v FHIEIC
BTz

Pb(111) H5EREARA, HEHFAICESZHIMNS 2 22 T, Pb OFMSETH 54 80 mT
DLETiE, BREREN b S Z % STS JIED SRS Nize L L, 20~70 mT OFH
BI2T, TRETIRELNIZARY PUICAIZ R WERPR ZARY URHEREINT, 514,
JRIR (pm R —)v) TD dI/dV map HIEIC LD TDRARZ FLORFIZIES,

Pb(111) K12 L7z Holomium JE 1%, fece-hollow 4 & hep-hollow ¥4 MZHE
L7zo STSHIED S, TRAZNOWEY A FOENWL S, B Z@BREY —Z7REDLEH
WT2ZENTER, LLLARDLDL, ¥y v PRICKRRENZY — 27 3RS, Shiba-state
DIFERIER SN LD o7z T, Ho R F0EEIET Hot 12k b, & FEEEIC:
528 TY I —HMaBPRYT, MKRE—XA Y M eRkoZeDEREEZ NS, Tim, Him
HIRE IR & DRI BEARRR TR H 208, 5% DOEME LT, Ho KTt 2EFROMTME
DBRLD Af RREETFTHZIATOI YL (Dy) $ETAE YL (Br) REERESE 2
BTN D,
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H53  EEMRVEMBIONRE - b
k¥

5.1 RBOFGH b kT

[E AR OIS - B IREERIE T 28Ny — L Th B ERE b > I LVEMEE (STM) %E
DEgeEt - b EF R To e, AETIE, BEEERICEHANE N, 2 F2&KN, STM J
ERMEDIFR 21T o 72,

5.1 WEBICILE B ARREEEZE STM #E O CAD KZ2/R3, Hoffnid, STM
HEZTSAEE, FEFOREZIEIRICRDOTDD X > 7 (cryostat) BNHEINLTWS, 7R
BT, BEBEAMBEROEHRNL (R X7 ==Y A I V) ZITOMEHETH 5, %
DT, K56 DFEPEA % 72133 REMRAN DO 7 FREZIT I EABITRoTW0S, MU
T, ZRENOFMIZNEIEE - FIEEZEE, STM AMEOKET - 1FRZRT,

Preparation
chamber

Introduction
chamber

5.1 CAD image of home built STM setup The STM measurement part is
mounted with the cryostat in STM chamber (blue part). The metal substrate is
cleaned in Preparation chamber (red part). The home built molecular evaporator is

mounted in Introduction chamber (green part).
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5.1.1 A% (Introduction Chamber)

PR

X 5.2(A)(B) 1, BAEOWHEZHEANCRLEZKTH S, HKHEL LT, X—R0T
R > 7 (turbo molecular pump : TMP, PFEIFFER), Neo Dry(dry vacuum pump : DVP,
Kashiyama NeoDryl5E) Z W THE D, X 5.2(B) OBFERHOAAIZHRZITo TW\W5, EiE
BHZEEX, 1.0 X 1077 Pa TH %, EFEHEAMOAKEI D0, FRE (HEXHERE) oo
1 mOEEEEZHVTWS D, FRavyX 72y ZABMETL, 1078 PalZEE L TV,
KERE LT, BWEEZHOTICEE TMP 2RE T2 28 Tohs, LELESS, o
FEEOBX, 5 0REOARRZEARICRET 270, BIROEZEE (1.0 X 1077 Pa)
WKBWTH, MBHREOHERIMR I TV, £/, 1.0 X 1077 Pa(273 K) TOFEHH
BT, 6 x10°m THH, HTFOEEIIITDREREEIGEL TWD,

SRR

€ 5.2(A) (B) TRF & 512, A= DERHEREA S 5., HRELRAOGHES T
(R X—ROBEETH D, MBI RET 39 TR 2) KEOBON THRER, HTK
E B ORI 7 F O REEREWET 3 70 OKEIEHT (QCM), 7EHHO S FHE

molecular spray

A B
View port
molecular spra) == QCM
transfer rod E LJ?qur"I Ro— }:.
i =

@ I Al P e 1
’_|—| F molecular = . '
evaporator

L vacuumn
IIF gauge
E ] molecular
= é@ evaporator
)

D thermocouple ent
(tungsten w1re ¢ = 0.3 mm)
T M— molecular crucible
(quartz)
O/
DC power supply

5.2 Introduction chamber (A,B)The schematic images of Introduction cham-
ber. (A)The view from STM chamber. (B)The view from Preparation chamber.
(C)3D-CAD image of the home built molecular evaporator. (D)The schematic image
of heating part in the home built molecular evaporator.
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AR ANBMN T 272000 F AT L —D=0onREINTWVWE, DTAFL—3HET
5 B oIk 2 A, SEIEEKT 2,

DFHEAERD CAD K%K 5.2 1R, 7 FHIICIR, AEE (SME 4 mm, WE 2 mm)
ZAN—F =12 & DT OEHRICETE LAV T WS (9 FHAM 20 mm, EEHEAM 10
mm), HOEE - AT 4+ X P OREMEZERL, X 5.2(C) DRWAREGHE T DG -
BB Z T o720 MAT 4 I XV MNE, BV FZ AT T4 %Y — (6=0.3 mm) ZHVTHEED
FRICES 747XV PEAER LT, 22 30MBMHEOBAK %X 5.2(D) ITRT, 77 FHiH
DOWREZE D (EXH 1 mm) OFFEEFHRATT LA ILZ 0 XVEERNTHEL TV 5,

5.1.2 #Eff=E (Preparation Chamber)

ﬁ,— ion gun
— |

=
Titan sublimation pump
(TSP)

=¥

=] |

ion getter pump (TP)

_;; W vacuum gauge

Turbo molecular pump —
(T™MP)

5.3 Preparation chamber (A,B,C)The schematic images of Preparation cham-
ber. (A)The view from the top of Preparation chamber. (B)The cross sectional view
along dash line (D) in A. (C)The sectional view along dash line (2) in A.
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PV

5.3(A,B,C) &, MEHEEEZHEAICRLAZKTH S, K 5.3(B,C) 1%, K53(A) DRk
O,PWHEMERL TV, HEXHEMIZ, TMP  (leybold vacuum TURBOVAC350i) &
DVP  (Kashiyama NeoDryl5E) TR, A AR 7 (IP), FEX P TV RX—a iR
¥ 7 (TSP) Z HWTHR L T\W\W5, EREREZEEE, 1.0 X 1078 Pa TH %,

Al G B

5.3(A,B,C) TR¥ k91T, BHZEITIE Ar+ Zo%y XD A & V8, s 2
OBDH B, AEHINEERE, 1000 |CUL LMD AIRER B FEREZRA L, &t - %
fTo726

MEAZ 4 SR PCBE Y TRAT VT4 Y — (6=0.15 mm) ZHWTWS, 44 VEFIZE
OMICRON ## D 2%y X4 > %2 HWTW 5,

5.1.3 HIE= (STM Chamber)

bl

— cryostat
view port
1
M ‘E' STM body
cooling shield

5.4 STM chamber The schematic image of STM chamber view from Preparation
chamber.
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PEXUBER

X 5.4 1%, BEZEOMEEZERXMCRLEZKTDH 5, FEXHEHEE LTk, %=z kI,
TMP (PFEIFFER) ¢ DVP (Kashiyama NeoDryl5E), IP, TSP %MW THGA LTV 2,
FIEEHZEEEIE, 1.0 X 1078 Pa Th 3.,

gl

X 5.5(A,B) iRF & 512, FIEHIE STM JIEERIZIED & DIRBIFRED /=, 774 F
ARy P OIARY VT ANRTDEINT WD, ZORFMEBAGELOEWEM, RN
WKEA Y FE HB0ETLI =T L8 (A6063) D> — L FTHETrZ ik, STM JIEHE
DIIRHEFFRFE R IE IS e 3T E B, ZOBD Y —L KOG - 1E-EIT- 72,

The joint of
outer shield

The joint of
cryostat _< inner shield

wiring relay points

CuBe spring

The joint to cryostat

The joint to cryostat

Copper ribbon

door

5.5 STM cooling system (A)Pictures of cryostat and STM measurement part
(STM body). (B) Enlarged picture of the red square in A. (C)The picture of inner
shield. (D)The picture of outer shield.
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(R — R] K 5.5(C) IEBIEH LN — L FOBEEEZRT, 71 3I=7 s8MOMED
EEZ A X2 Xy PTIECHEREL, HETHE 7L =Y 2 8ofETtax$, 2heh
ORI BB 2 A X 5729, 185 mm M EOETES LTV, STM HIEHHIC
R B REAT 2D DEEMITWS, 72, FEFOEEZMFELZTUIE SRV
728, BERHDZEEAEFHRO N7 EHRELTWVWS, BEEAHXEL-HIC7 700D 2%
HALTED, F7HMOBMRERIMHICETLTLES o, SIfH YR ICE ) ORITT
W3,

(> =L R] EEZDN S — L FOBEZK 5.5(D) 1IR3, WY —L R eFkICHED E
WE 7744 RA Ky FIERCER L, AR THIEARTIE <, F7IEaRHRER oA %
HEL, MEOMMINCEERAE R B 7 2# T Lz, X512, sk - BEEHERFCEI N Y U v 4
NATHSLTWS STM BIEERE 7 54 AR Ry MZEET 2720 DEEHEMDRE L.
X D IE SR E EARE DD A EBTANCRA T A4 BT 5 2 & TRIERDEIE - R BHAT
ZBEIWTHoTWVWAB,

5.2 STM JlEioi%st « vib ki

ARFETIX, STM FEGRDRRGT - 1ER & WEF DIRE) /) 4 XDEREZ HIY & L BRIk O
REE - IRETER R 2 L 9 5,

5.2.1 STM HlERoi%st

STM HIEHD CAD K EREZEOEE K 5.6 ISRT, K& 750 TR & BREHE 2 &
%, TN TWS, ZRFhOES O E A% CAD KHO/RKEEITRT,
Ao EIC XD, "HEHOKZHY v RO EEONME TORE FAREIC LTV, £z,
et 0B =13, AREESFTH Y, HEHBo# %2 SPM 2> b u—2 (NANONIS) %H
WTT7 4= KNy ZHlfIT 2 2 2 i X DRRRECHE 27 70 —F T2 22 TE 3, 5l
D STM ZHEIFEETOREEZREL TWE 20, BREROSHWIEZ AWV BERD 5,
REMBT LN 20D ERIETNVI=ZTLTH B, TNENOBMREL (W.-m—1 . K1)
X100 KiZBWT Al =1.0 X 1072, Cu=5.0 X 1072, —J, 5 K TiZ Al = 5 X 10°, Cu
=10 X 10* TH %, AEBIIMAEREE (78 K) TORERTH %720, HEEHMIIZE
W7V =7 A (A6063) & Wz, —Hoiig, HIESEREOELMEEZFHINCT 270
N ESTE Lo IRV
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sample side

tip side

5.6 The part of STM body in home built STM 3D-CAD image of STM
body I designed (left panel). The picture of STM body I assembled (right panel).

5.2.2  FRIGEERE

STM HIEZEEICHWON2RIREM LT, STMEBEL2KREZX Y /T 5RAEE -
TeZERANR R 8=, HEMDAZ STMEEX Y VY 7T 2EB/AXKX Y~ BFHh oIk
SR 0B %12 X 218ERZ A L7z Eddy Current & > o8— (EC) 235 %, REETII,
ZFRENDOBRIRIENE 2 BRI NL, SPM a > b o — 5 THE ORI 2 R 0&E
M/ ARZARY MLERIET % 2 & ChRIREEE Ol 217> T,

TGN IE 28—

ZEGNFI R =% K 5.7(A) D Air DERTICHEL, STM BESEEF LXE5, FEX
B3I ROBZEAPEEICB T 2B 4 XARZ MK 5.7(C) RS, REHITRLZ/
A XD =271, 50 Hz TH 25, TDOY—271% GND L—FHERE LT\ 720, RIRFE#ED
ﬁﬁK%beﬁbﬁF%?T 50 fA/vVHz LTFICHIZ 5 TwWa 78, EROHIEICS 2

HEIESATE S, LaL, METRLE 1741 Hz /4 X¥—2 (320 fA/V/Hz) 13224
Ax&/n—%mmét(mfmwlh)tmﬁbfmét , B (B 05 OIRE)
ARXEWVSZenbhd o;@h%f®b/xw@m%ﬁﬂbfmmmh®/4x CERTTR U
5504100 fA TH o7z, ZBRNIKX Y N—DADRIRDEGE, NOFREEICXDIEZ 2IRE)

WERPRML, /A4 XEBRMEILZELTVERYL, ZD7=DH, CuBe N2IZ X 3 BRiRHEHE 28
7J[lL7:o

BENASRHX 2 %— (CuBe)
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NADFEAEFA STM OFEE S A7 4 L mm *+— & —CTOFHBRER =D, §AXY Y
LBDIXREFEH L7z, CuBe VA4 ¥ — (¢=0.6 mm, ) ZHV, NAXHEFE 6.0 mm T 80 [0
EL7RICEAy b 7L — bT 12 K 300 CCTMEA L 7ze 2D 3% 4 DfEK L, STM HIE
Hems L. FEAXORRKRIZRFOEMET 70 mm LT TES ZeRESN TV
O, KRZHWTRARICE D N X - BERERE LIE-L -,

CuBe XA THEZ LIZKRETD /) £ XERARS bALEK 5.7(D) IRT, /4 &R,
600+30 fA TH D, ZEINAX Y R=DADHE LR, /A XBRMEDILELTWD Z LH
bhd, LHL, 2,5+1,40+1 Hz @/ 4 ADHERTE 72 (BRH), ZOWRH) / 4 RFZHAN
FR Y NR=DADRIIIHNT VRN D5, NAOERR RS —2 v 7 (REMOMBENC
o RIRET— F) ¥ STM JIEH OB 5 K 2IREIE EX 6505, NI, 2 Hz OIRENZ
BIBARC X ZPELOIR D THEBOIRENIT— F, 541 Hz BB DIEM T A OIRE)E —
F, 40+1 Hz 3EEAX DY — 2 v THIREBIRROIRFI TH 5 Z L BHER I NS, #RREIDJE
W1TE3 Hz IS HIC /) A A= I DR TE B D, D/ 4 A — 73R L » 12
DRNES LOH DB, BREZCHERFTH o270, BV 60REZE 2 o0
%, /A4 XBIMEIE 600430 fA Z/RL, BRARR Y R—DADGE LD bRE LD, %
EA (STM HIEHS « CuBe N2 ) 226 DIRIHHNTL £ o7, ZD7%®, Eddy Current &
YR=HBIL, WRNIRE ORI Z A7z

Eddy Current % > >3— (EC)

4 5.7(B) IZRF X5, W — FOMRE THEICKRE L M SmCo WA ZKEL,
STM BIEHDIKFEH A DBRIREIT 5720 STM HIETHIEZ 7N I =Y 28D 720, KHEEES
NS 2 MA % 2 8 Tl L BMEZ ST AORMZ2HET 2N TES, ZOHATD /A
RBRMARY bIVEK 5.7(E) RS TRERDZARY LS ECBIMEDARY ML TH 5, 2
Hz / 4 R4 96% I, 5+1 Hz / 4 R 70% 3, 40+1 Hz / 4 R 60% M THo7ze TDZ
Y5, BmBBELTWS 2 Hz D/ A4 XH STM BIEHROKFEHEOIRE) (IR Y 75EE) TH
b, Db, D 2D 4 R STM JIEHEE /M ORE), EMROREIEEZ 5
ns .

T72u YT =Tk 3BEAFIIROWE

ZIT, RARETIT-o TV B BEANARDLHAET 2 HROBEAE (BEAROFIZT 7
0y 7 —7%uD5) Zildl, TORD ) 4 XERARY P2 5.7(F) ITRS, 771>
T—TEEDHKIE, 51 Hz D/ 4 X0 2 Hz @AY 7 F Lize 20l D> a v b
J A RFEER R0, 2O Zeh 6, 5+1 Hz ORENE STM JIEFEE /7 7 O IRE)
CWIE LT, IREIBE DB NA LN Lo ERKE LT, Eddy Current &> o8—12& D,
RENBELNE LA TONTED, EEARCEZ Y-V ITRTDADE->TVWDS Z e hE
Abhd,

(Y
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SmCo magnets
C 5 400 D = 300
o 4 — no damping E — Air & CuBe spring damper
E’ — Air damper E
g 3 Z 200
3 s
= 200- a
w wn
a &~ 100
s 100 =
< )
E + E
s N E]
o 0 y y y y y &) 0
0 10 20 30 40 50 0 10 20 30 40 50
Frequency |[Hz] Frequency [Hz]
= 300 = 300
E E — Air & CuBe spring damper F E — no Teflon tape
E’ + — Air & CuBe spring & EC damper ‘E’ — Teflon tape
g o
@ 200 'é' 2004
= P} M
=] =
£ 100 £ 100-
2 5 M Vo
E L
(S [ 1] 7 T 7 T T
0 10 20 30 40 S0 0 100 20 30 40 50
Frequency |Hz| Frequency |Hz|

5.7 The damping system in STM measurment part (A)3D-CAD image
of the home built STM setup. Air damper is mounted under the STM chamber
and supports the whole STM equipments. (B)3D-CAD image of the eddy current
damping system. The red cylindrical parts are SmCo magnets. (C,D,E,F)The current
value graph at each frequency detected by the probe when not approaching the sample
(noise current spectrum). Red arrow : The noise from the power supply (50 Hz), green
arrow : The vibration from the floor (17+1 Hz), black arrow : The vibration from
the STM setup. (C)Noise current spectrum before and after activating air damper
(gray : no damping, purple : activating air damper). (D)Noise current spectrum after
activating air damper and CuBe spring damper (blue). (E)Noise current spectrum
before and after activating eddy current damper (blue : activate air and CuBe spring
damper, red : activate air, CuBe spring and eddu current damper). (F)Noise current
spectrum before and after mounting Teflon tape in CuBe springs (red : before mount

Teflon tape, green : after mount Teflon tape).
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5.2.3 STM JlEHDOUR

INETORIEEBT 2 v 25, KI5.7(C) D/ 4 XERARYZ MIKEH Lz, ZOAR
7 MVTIE, @BEARTORIRIEL TOWARWD, oNKWRIRE (R, Nro¥— >
7Y DA X—=7 (2, 5+1, 40+1 Hz) 28R 65720, 20RO STM HIERRE, T2 51345+
=V FOREHEEHERE, LiZZ o544 2&%y MCXDRERREEIATVWS, ZOIRET
&, STM HIEH DRUEHE & BREFR DM RAED 0 FARFEZIT W, L L, IREI S H
KXo TmdINTWBIRAETIE, STM HER O L SR 2oL S 7 L — A 7L
=Y AERDREE 3 mm LR DI R EIC AL BE TR T RD, N7
7 —FHNZEBEAROHEIRIRE Z R L THRAILTWwWd e EZ6NE, 22T, 7=
L&D HHEENE L, 78 K TORMRERDFE D MEE R 2 F W7o #i 7272 STM HII7E #8 % 3%
U7z, AlRHER & BREHEIZE X 8 mm ML EO—FRD 7 L — 4 (¥ 5.8(A) FPKEER) THEIE X
NTED, A U7k & SRR R B D XL & 12 S WikEhic Lz, K5.6 D
WA TD ) A RERARZ A OB ZK 5.8(B) ITRT, AXZ FLOHIETIE, 225N
IR INR—EBRAXK Y N—ZERA LTz, M (B) PERTRLAED DD, BEikataio A7
FVT, FRERTRLED O HHFFROWERRTDH 2, BRATATIORRT FLTIE, REAN
IR —DYREN (2, 5+1 Hz, BKRHD) &4 & OHREN (17+£3 Hz, #&KH), BAROIRE)
(40+1 Hz, BEH) O -7 DR TE %, L L, AREHEROMERRTIEX, EIFE/ A XT
H550Hz D=2 I3ERBLTVW2d00D, ZOMOY— 713X Wi -7, FHikitic
BT, AIRENCHEERHFNCT 5 22k D, STM HIERICHRIRBI D2 % HlE R D
BRHRAE CERT 2 Z 2 M Lz Z0BOUPEICBWT, Au(110) KO JFE 5 % i
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5.8 Newly designed of STM body (A)3D-CAD image of new STM body that
is constructed by integrated body part. (B)Comparison of Noise current spectrum
in previously designed STM body (blue) and newly designed STM body (red). Both
spectrum were measured in activating the air damper and CuBe spring damper.
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