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Scanning probe microscopy:
analytical methods
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Contractive relaxation of low index metal surfaces

2 //// /m

Fig.3.7. Schematic representation of the formation of electronic surface dipoles at
metal surfaces (a) by smearing out of the electronic charge distribution of the Wigner

Seitz cells at the surface (rectangles), and (b) by smearing out of the electronic charge
distribution at a step

&JE: A, jelliumBER, BA 5 k.
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Si(111)2X1

from Pandy Phys. Rev. Let 47(1981)1913
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Famous Si(111)7x7

Fig.2 Low-energy electron diffraction (LEED) Fig.3 Transmission electron diffraction (TED)
pattern of the Si(111)7x7 reconstruction [3]. pattern of the Si(111)7x7 [4].

Schlier,R.E. and Fransworth,H.E.,J.Chem.Phys. 30, 917 (1959).

Takayangi,K., Tanishiro,Y.,Takahashi,S. and Takahashi,M., ”Structure analysis of Si(111)-7x7 reconstructed
surface by transmission electron diffraction”, Surf. Sci. 164, 367 (1985).
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Fig. 4.3. (a)-(e) STM images calculated for (a) Binnig’s model, (b) Chadi’s

model, (¢) Snyder’s model, (d) McRae’s model, and (e) Takayanagi’s model.

(f) Measured STM image. The line scans run from corner hole to corner hole

along the long (left) and short (right) diagonal of the (7X7) unit cell. The

vertical range in these line scans is 4 A. Solid lines are calculations, dashed
lines represent the experimental results (Tromp et al., 1986).
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The "relief" of 7x7 silicon (111), produced by Gerd
Binnig in 1982 (courtesy of IBM research center
Zirich)
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Scanning Tunneling Spectroscopy

Tunneling I(V) curves

We can study LDOS as a function of energy by varying voltage on tip

Si(11D)-(7x7) at the specified points A,B,C
1
Ca0 ’.X
o A
I’m - ‘)(
ABC 0 a0
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(a)

(h)

Images of a ball and stick representation of steps on hydrogen-
terminated {111} diamond surfaces: (a) a step edge with a local
{110} like structure requiring a two-atom addition event to
continue growth and (b) a step edge with a local {100} dihydride
structure requiring only one-atom addition events to continue
growth.
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Si(100)

Structure model of the Si(100)-2x1

Tromp et al., PRL 1985
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Structure model of the Si(100)-2x1 ToP VIEW

Si{100)
Ixl

Bonding configuration diagram SIDE VIEW
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Si(100)-2x1

c(4x2)
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o 0. 0 e
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c(4x2) p(2x2)

filled states {(-1.0 V) empty states (1.0 V)
al 63K
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STM observations below 50 k

(a) 20K

oK

(c) 50K

w—0—(2X2)
e c(4%2)
=—tr= flip flop

Temperature (K)
From T. Uda et al surface science 76(2004) 147-162
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Hydrogen-terminated Si(100)-2x1 Surface

Dimer buckling is killed by hydrogen-termination — strain increases

1x1 2x1 Jx1
Dihydride Monohydride Monohydride + Dihydride

XX A

IR

Moiré pattern
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Diebold et al. Surf. Sci. 411, 137(1998)
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Step (4, $:|

®  Tisurface atom
@ O surtaco atom Step (3, 1},
® O adsorbed atom 2)

Step (1) Step (2)

Step IS‘QJ\‘_

Schaub et al. Science 299, 377(2003)

N ?

Thompson et al. Chem. Phys. Lett. 393,

28(2004)

Rasmussen et al. J. Chem. Phys. 120,

988(2004)

Wau et al. PRB 68, 241402(2003)
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Bikondoa et al. Nature Mater. 5, 189(2006)
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FIG. 1 (color). (a)—(d) Dissociation of water in an O, vacancy
on TiOs(110) at ~187 K [STM movie dissociation [15]].
Protrusions are labeled as follows: Oy vacancies (open white
circles), OH,, groups (filled white circles), water on 5f-Ti sites
(filled black squares). (¢) Schematic: letters (a)—(d) mark oxygen
positions of the water.

= \ e)
5£Ti ()

O, (@); OH, IO}
H0 diffusion (—)

H transfer (==}

FIG. 2 (color). (a)—(d) Splitting of an OHy, pair mediated by a
water molecule at ~187 K [STM movie splitting [15]].
Protrusions are labeled as in Fig. 1. (e) Schematic: numerals
0—6 mark oxygen positions of the water for selected configura-
tions that we will discuss in the DFT section. The hatched white
disk indicates the proton of the pair that is transferred.

Wendt et al. PRL 96, 066107(2006)
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Li et al. J. Am. Chem. Soc. 130, 9080-9088 (2008)
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DIFFICULTIES.:

< Extremely-High Vacuum
(XHV) is needed

& AM Coverage determination
- Not by STM alone

J.J. Paggel et al. Surf. Sci. 414,221(1998)

@ d DML RS H| ERRRSNEORERE

& Filled state STM images, -1.2V, 20pA, Na /Si(111)-(7x7): 6< 0.08 ML
Clean Si(111)-(7x7) 1 atom/UC (0.02 ML) 2 atom/UC(0.04 ML)

* Nacluster

& No visible adsorption site (dangling bond adsorption) at 6< 0.08 ML
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Na atoms do exist on the surface !

Work Function Change (A¢) measurement:

o |7 0.0]e@
{lv L oosmL 02 &P
N . .. a > .
A 0.22 ML v 0.4 .(c)
2 06l @
< .
\ saturation -0.8- o(®
24 T T T
L 0.00 0.04 0.08
© e Na Coverage (ML)
0 lb ‘ 2‘0

Evaporation time (min)
& Work function (¢) decreases linearly with
calibrated Na coverage at 6 <0.08 ML

- Na atoms do exist on the surface !
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Faulted halves (FHUCs) Unfaulted halves (UHUCSs)
o ) become brighter become brighter
Original images, filled A
state 1.2V 'd N\

Subtracted images

()]

Two main features:

> 2D GAS PHASE forms
instead of localized

< Periodic contrast modulation adsorption

@ |ntrinsic noise
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eg.1: Clean Si(100) surface at HT:
- Increased adatom mobility at HT

R. M. Tromp and M. Mankos, Phys. Rev. Lett. 81, 1050(1998)

Low energy electron microscopy (LEEM) observation

eg. 2. Ag adatoms on Ag/Si(111)-V3x\3
- Surface with small corrugation

STM@6 K

N. Sato, et al. Phys. Rev. B60, 16083(1999)

Examples of 2D Gas

2 dimensional gas
==Xy

Fotential energy surface

 Diffusion probability: |

n=Ae E/kT

e ™
To form 2D gas, a system either has
small potential barrier or is heated up
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Direct evidence of diffusing Na atoms: Cooling
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0 >0.08 ML: Na clustering
Formation of Na magic clusters are higher coverages (6>0.08 ML)

5 atom/UC(0.10 ML) /UC(0.10 ML)

Filled state —2.0 V, Empty state +0.8 V,
20pA, 20pA,

@ Magic clusters form in both FHUC and UHUC

©® Magic clusters decay at 6 > 0.22 ML

B & @ b RS | LERBRSHEORLDE

Na Cluster Statistics

10.2

Number of magic clusters per unit cell

i @

ks T T T T - 0
0.00 0.04 0.08 012 0.16 020 024 0.28
Na coverage (ML)

-1.5%- T ¢

@ Existence of an onset coverage
For Nag clustering
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Case 1: Single Na Adsorption

Results:

= Na atom on top of Si adatoms or rest atoms is
unstable

basins” inside each half 7x7 unit cell

Binding energies:
# Inside a basin:
FHUC: E = 2.26 & 0.01 eV

UHUC: E,=2.20 + 0.01 eV

< Diffusion barriers (Ea):

n:Ae-Ea/kT
Inside a basin: Ea=0.14eV (10 19 successful hopping/ s)
1-2-1 path: Ea = 0.36 eV (10 7 successful hopping/ s)
3-4-3' path: Ea = 0.42 eV (10 8 successful hopping/ s)

Results: The potential energy surface is flat along certain pathways !

= The most stable sites are within three “attraction

Coverage-dependent calculation : multiple Na atoms

Model E, /Na
(eV)

2.262
2117
2.259
2.253
2238
6 2.262

Single atom calculation:
FHUC: E, = 2.26 & 0.01 eV

| h[W[IN|F

UHUC: E,= 2.20 + 0.01 eV

= Na atoms in different “basins”
have negligible interaction

= Na atoms strongly repel each
other when they go in the same
basin

A “basin” on the Si(111)-(7x7) surface is exclusively
occupied by one Na atom
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Nag magic cluster: Structural model (with site exchange)

e Si adatom o 858 058 8Ca X

‘t-s:t" v'-s‘)!"“

@ Sirest atom

O Na atom

(with site exchange)

2.0V E,=2.13 eV
+0.8V
Wu et al. PRL,126101(2003)
(p) tovsnsnnan ssunsannzzas
@ Filled state STM images, -1.5V, 20pA, K /Si(111)-(7x7): 6< 0.08 ML
2/3 413 6/3 8/3 10/3 4 atom/UC (0.08 ML)

Subtraction images

Main features:

(1) Similar contrast modulation patterns = K forms similar 2D gas system

(2) The modulation is stronger and more =—=p Stronger charge transfer from K
significant that the Na case atoms to the Si substrate

(3) There is no intrinsic noise in the K case === K gtoms are more mobile than Na
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K clusters at 6 >0.08 ML

| T i @ K

Filled state STM Image @ sample bias -1.5V, 20pA

Rotating and flipping of a K cluster

Six K atoms form a magic cluster on the Si(111)-(7x7) surface. A‘; O Az
The type A cluster has three rotational directions with chirality,
thus having totally six configurations. The type B cluster is mirror Type A cluster with right hand chirality

Type A cluster with left hand chirality

configurations (A", Ay, AyY, Ay, Ag', Ag, By, By, By) the green ) .
g (A A As's A As'y Ag' By, By, By the g Type B cluster (with mirror symmetry)

symmetric. A K cluster is moving around within the nine different 8
pathways shown in the illustration.
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Adsorption of Ag atom on Si-7x7

FIG. 1 (color). STM images of single Ag atoms on
Si(111)-(7 X 7) at (a) 300 K and (b) 77 K, taken at a tunneling
current of 50 pA and a sample bias of —2.0 V. The FUHC and
UHUC with Ag atoms are labeled.

K. Wang et al. PRL 101, 266107 (2008)
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FIG. 2 (color). (a) and ic) Typical ime-dependent wnneling
spectra taken at 144 K for an STM tip above the comer and
center Si-adatom, respectively, in a FUHC containing a moving
Ag atom, (b) and (d) Typical time-dependent tunneling spectra at
106 K for an STM tip above the corresponding sites in a UHUC
with a moving Ag atom. {¢) Schematics for the STM dp
positions to acquire the spectra in (a) to (d). (f) and (g) Zoom-
in of the dense noisy spectra in (b) and (d), respectively.
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