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1.1 HISTORICAL PERSPECTIVE

Surface science in general and surface chemistry in particular have a long and distinguished
history. The spontaneous spreading of oil on water was described in ancient times and was
studied by Benjamin Franklin. A timeline of the historical development of surface chemistry
since then is shown in Figure 1.1. The application of catalysis started in the early 1800s, with
the discovery of the platinum (Pt)-surface-catalyzed reaction of H2 and O2 in 1823 by
Dobereiner. He used this reaction in his “lighter” (i.e., a portable flame) source, of which
he sold a large number. By 1835 [1], the discovery of heterogeneous catalysis was complete
thanks to the studies of Kirchhoff, Davy, Henry, Philips, Faraday, and Berzelius. It was at
about this time that the Daguerre process was introduced for photography. The study of tri-
bology, or friction, also started around this time, coinciding with the industrial revolution,
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although some level of understanding of friction appears in the work of Leonardo da Vinci.
Surface-catalyzed chemistry-based technologies first appeared in the period of 1860–1912,
starting with the Deacon process (2HCl þ O2 ! H2O þ Cl2), SO2 oxidation to SO3

(Messel, 1875), the reaction of methane (CH4) with steam to produce CO and H2 (Mond,
1888), ammonia (NH3) oxidation (Ostwald, 1901), ethylene (C2H4) hydrogenation
(Sabatier, 1902), and NH3 synthesis (Haber, Mittasch, 1905–1912). Surface tension
measurements and recognition of equilibrium constraints on surface-chemical processes
led to the development of the thermodynamics of surface phases by Gibbs (1877). The exist-
ence of polyatomic or polymolecular aggregates that lack crystallinity and diffuse slowly
(e.g., gelatine and albumin) was described in 1861 by Graham, who called these systems
“colloids”. Polymolecular aggregates that exhibit internal structure were called “micelles”
by Nageli, and stable metal colloids were prepared by Faraday. However, the colloid subfield
of surface chemistry gained prominence at the beginning of the 20th century with the rise of
the paint industry and the preparation of artificial rubbers. Studies of light bulb filament life-
times, high-surface-area gas absorbers in the gas mask, and gas-separation technologies in
other forms, led to investigations of atomic and molecular adsorption (Langmuir, 1915).
The properties of chemisorbed and physisorbed monolayers, adsorption isotherms, dissocia-
tive adsorption, energy exchange, and sticking upon gas–surface collisions were studied.
Studies of electrode surfaces in electrochemistry led to the detection of the surface space
charge [2] (for a review of electrochemistry in the 19th century, see Ref. [3]). The surface
diffraction of electrons was discovered by Davisson and Germer (1927). Major academic
and industrial laboratories focusing on surface studies have been formed in Germany
(Haber, Polanyi, Farkas, Bonhoefer), the United Kingdom (Rideal, Roberts, Bowden), the
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Figure 1.1. Timeline of the historical development of surface chemistry.
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United States (Langmuir, Emmett, Harkins, Taylor, Ipatief, Adams), and many other
countries. They have helped to bring surface chemistry into the center of development of
chemistry—both because of the intellectual challenge to understand the rich diversity of
surface phenomena and because of its importance in chemical and energy conversion
technologies.

In the early 1950s, focus in chemistry research shifted to studies of gas-phase molecular
processes, as many new techniques were developed to study gas-phase species on the mol-
ecular level. This was not the case in surface and interface chemistry, although the newly
developed field-ion and electron microscopies did provide atomic level information on sur-
face structure. The development of surface-chemistry-based technologies continued at a very
high rate, however, especially in areas of petroleum refining and the production of commod-
ity chemicals. Then, in the late 1950s, the rise of the solid-state-device-based electronics
industry and the availability of economical ultrahigh vacuum systems (UHV) (developed
by research in space sciences) provided surface chemistry with new challenges and oppor-
tunities, resulting in an explosive growth of the discipline. Clean surfaces of single crystals
could be studied for the first time, and the preparation of surfaces and interfaces with known
atomic structure and controlled composition was driving the development of microelec-
tronics and computer technologies. New surface instrumentation and techniques have
been developed that permit the study of surface properties on the atomic scale. Many of
the most frequently used surface characterization techniques are listed in Table 1.1. Most
of these have been developed since the 1960s.

As a result of the sudden availability of surface characterization techniques, macroscopic
surface phenomena (adsorption, bonding, catalysis, oxidation and other surface reactions,
diffusion, desorption, melting and other phase transformation, growth, nucleation, charge
transport, atom, ion, and electron scattering, friction, hardness, lubrication) are being
re-examined on the molecular scale. This finding has led to a remarkable growth of surface
chemistry that has continued uninterrupted to date. The discipline has again become one
of the frontier areas of chemistry. The newly gained knowledge of the molecular ingredients
of surface phenomena has given birth to a steady stream of high-technology products,
including new hard coatings that passivate surfaces; chemically treated glass, semiconduc-
tor, metal, and polymer surfaces, where the treatment imparts unique surface properties;
newly designed catalysts, chemical sensors, and carbon fiber composites; surface-space-
charge-based copying; and new methods of electric, magnetic, and optical signal processing
and storage. Molecular surface chemistry is being utilized increasingly in biological
science.

1.2 SURFACES AND INTERFACES: CLASSIFICATION OF PROPERTIES

Condensed phases (solids and liquids) must have surfaces or interfaces. The suit of an astro-
naut maneuvering in outer space represents a solid–vacuum interface (Fig. 1.2a); a basket-
ball player jumping to score is a moving solid–gas interface (Fig. 1.2b); a sailboat moving
over the waves is a solid–liquid interface (Fig. 1.2c); a tire sliding at the solid–solid interface
(Fig. 1.2d). The surface of a lake is a liquid–gas interface. Olive oil poured on top of an open
bottle of wine to prevent air oxidation forms a liquid–liquid interface. These interfaces exhi-
bit some remarkable physical and chemical properties. The chemical behavior of surfaces is
responsible for heterogeneous catalysis (e.g., NH3 synthesis) and gas separations (as in the
extraction of oxygen and nitrogen from air) by selective adsorption. Mechanical surface

1.2 SURFACES AND INTERFACES: CLASSIFICATION OF PROPERTIES 7





A
P

X
P

S
A

pp
ea

ra
nc

e
po

te
nt

ia
l

X
-r

ay
ph

ot
oe

m
is

si
on

sp
ec

tr
os

co
py

[5
–7

,
19

]

T
he

E
A

P
F

S
ex

ci
ta

tio
n

cr
os

s
se

ct
io

n
is

m
on

ito
re

d
by

fl
uo

re
sc

en
ce

fr
om

co
re

ho
le

de
ca

y
(a

ls
o

kn
ow

n
as

S
X

A
P

S
).

C
he

m
ic

al
co

m
po

si
tio

n

A
R

A
E

S
A

ng
le

-r
es

ol
ve

d
au

ge
r

el
ec

tr
on

sp
ec

tr
os

co
py

[4
1]

A
ug

er
el

ec
tr

on
s

ar
e

de
te

ct
ed

as
a

fu
nc

tio
n

of
an

gl
e

to
pr

ov
id

e
in

fo
rm

at
io

n
on

th
e

sp
at

ia
l

di
st

ri
bu

tio
n

or
en

vi
ro

nm
en

t
of

th
e

ex
ci

te
d

at
om

s
(s

ee
A

E
S

).

S
ur

fa
ce

st
ru

ct
ur

e

A
R

P
E

F
S

A
ng

le
-r

es
ol

ve
d

ph
ot

oe
m

is
si

on
ex

te
nd

ed
fi

ne
st

ru
ct

ur
e

[4
1–

43
]

E
le

ct
ro

ns
ar

e
de

te
ct

ed
at

gi
ve

n
an

gl
es

af
te

r
be

in
g

ph
ot

oe
m

itt
ed

by
po

la
ri

ze
d

sy
nc

hr
ot

ro
n

ra
di

at
io

n.
T

he
in

te
rf

er
en

ce
in

th
e

de
te

ct
ed

ph
ot

oe
m

is
si

on
in

te
ns

ity
as

a
fu

nc
tio

n
of

el
ec

tr
on

en
er

gy
�

10
0

–
50

0
eV

ab
ov

e
th

e
ex

ci
ta

tio
n

th
re

sh
ol

d
gi

ve
s

st
ru

ct
ur

al
in

fo
rm

at
io

n.

S
ur

fa
ce

st
ru

ct
ur

e

A
R

P
E

S
A

ng
le

-r
es

ol
ve

d
ph

ot
oe

m
is

si
on

sp
ec

tr
os

co
py

[6
,2

7,
44

–4
7]

A
ge

ne
ra

l
te

rm
fo

r
st

ru
ct

ur
e-

se
ns

iti
ve

ph
ot

oe
m

is
si

on
te

ch
ni

qu
es

,
in

cl
ud

in
g

A
R

P
E

F
S

,A
R

X
P

S
,

A
R

U
P

S
,

an
d

A
R

X
P

D
.

E
le

ct
ro

ni
c

st
ru

ct
ur

e,
su

rf
ac

e
st

ru
ct

ur
e

A
R

U
P

S
A

ng
le

-r
es

ol
ve

d
ul

tr
av

io
le

t
ph

ot
oe

m
is

si
on

sp
ec

tr
os

co
py

[6
,4

5,
48

–5
1]

E
le

ct
ro

ns
ph

ot
oe

m
itt

ed
fr

om
th

e
va

le
nc

e
an

d
co

nd
uc

tio
n

ba
nd

s
of

a
su

rf
ac

e
ar

e
de

te
ct

ed
as

a
fu

nc
tio

n
of

an
gl

e.
T

hi
s

gi
ve

s
in

fo
rm

at
io

n
on

th
e

di
sp

er
si

on
of

th
es

e
ba

nd
s

(w
hi

ch
is

re
la

te
d

to
su

rf
ac

e
st

ru
ct

ur
e)

an
d

al
so

gi
ve

s
st

ru
ct

ur
al

in
fo

rm
at

io
n

fr
om

th
e

di
ff

ra
ct

io
n

of
th

e
em

itt
ed

el
ec

tr
on

s.

V
al

en
ce

ba
nd

st
ru

ct
ur

e,
bo

nd
in

g

A
R

X
P

D
A

ng
le

-r
es

ol
ve

d
X

-r
ay

ph
ot

oe
le

ct
ro

n
di

ff
ra

ct
io

n
[6

,4
1,

42
,5

2–
54

]
S

im
ila

r
to

A
R

X
P

S
an

d
A

R
P

E
FS

.T
he

an
gu

la
r

va
ri

at
io

n
in

th
e

ph
ot

oe
m

is
si

on
in

te
ns

ity
is

m
ea

su
re

d
at

a
fi

xe
d

en
er

gy
ab

ov
e

th
e

ex
ci

ta
tio

n
th

re
sh

ol
d

to
pr

ov
id

e
st

ru
ct

ur
al

in
fo

rm
at

io
n.

S
ur

fa
ce

st
ru

ct
ur

e

A
R

X
P

S
A

ng
le

-r
es

ol
ve

d
X

-r
ay

ph
ot

oe
m

is
si

on
sp

ec
tr

os
co

py
[6

,4
1,

42
,5

2,
53

]

T
he

di
ff

ra
ct

io
n

of
el

ec
tr

on
s

ph
ot

oe
m

itt
ed

fr
om

co
re

le
ve

ls
gi

ve
s

st
ru

ct
ur

al
in

fo
rm

at
io

n
on

th
e

su
rf

ac
e.

S
ur

fa
ce

st
ru

ct
ur

e

C
E

M
C

on
ve

rs
io

n
el

ec
tr

on
M

ös
sb

au
er

sp
ec

tr
os

co
py

[7
,5

5–
58

]
A

su
rf

ac
e-

se
ns

iti
ve

ve
rs

io
n

of
M

ös
sb

au
er

sp
ec

tr
os

co
py

.L
ik

e
M

ös
sb

au
er

sp
ec

tr
os

co
py

,t
hi

s
te

ch
ni

qu
e

is
lim

ite
d

to
so

m
e

is
ot

op
es

of
ce

rt
ai

n
m

et
al

s.
A

ft
er

a
nu

cl
eu

s
is

ex
ci

te
d

by
g-

ra
y

ab
so

rp
tio

n,
it

ca
n

un
de

rg
o

in
ve

rs
e

b
-d

ec
ay

,c
re

at
in

g
a

co
re

ho
le

.
T

he
de

ca
y

of
co

re
ho

le
s

by
A

ug
er

pr
oc

es
se

s
w

ith
in

an
el

ec
tr

on
m

ea
n

fr
ee

pa
th

of
th

e
su

rf
ac

e
pr

od
uc

es
a

si
gn

al
.D

et
ec

tin
g

em
itt

ed
el

ec
tr

on
s

as
a

fu
nc

tio
n

of
en

er
gy

gi
ve

s
so

m
e

de
pt

h
pr

ofi
le

in
fo

rm
at

io
n

be
ca

us
e

th
e

ch
an

gi
ng

el
ec

tr
on

m
ea

n
fr

ee
pa

th
.

C
he

m
ic

al
en

vi
ro

nm
en

t,
ox

id
at

io
n

st
at

e

(C
on

tin
ue

d
)

9



TA
B

L
E

1.
1

C
on

tin
ue

d

A
cr

on
ym

N
am

e
D

es
cr

ip
tio

n
P

ri
m

ar
y

S
ur

fa
ce

In
fo

rm
at

io
n

D
A

P
S

D
is

ap
pe

ar
an

ce
po

te
nt

ia
l

sp
ec

tr
os

co
py

[5
–7

,1
9]

T
he

E
A

P
F

S
cr

os
s

se
ct

io
n

is
m

on
ito

re
d

by
va

ri
at

io
ns

in
th

e
in

te
ns

ity
of

el
ec

tr
on

s
ba

ck
-s

ca
tte

re
d

fr
om

th
e

su
rf

ac
e.

C
he

m
ic

al
co

m
po

si
tio

n

E
A

P
F

S
E

le
ct

ro
n

ap
pe

ar
an

ce
po

te
nt

ia
l

fi
ne

st
ru

ct
ur

e
[6

,5
9]

A
fi

ne
-s

tr
uc

tu
re

te
ch

ni
qu

e
(s

ee
E

X
A

F
S

).
C

or
e

ho
le

s
ar

e
ex

ci
te

d
by

m
on

oe
ne

rg
et

ic
el

ec
tr

on
s.

T
he

m
od

ul
at

io
n

in
th

e
ex

ci
ta

tio
n

cr
os

s
se

ct
io

n
as

th
e

be
am

en
er

gy
is

va
ri

ed
m

ay
be

m
on

ito
re

d
th

ro
ug

h
ab

so
rp

tio
n,

fl
uo

re
sc

en
ce

,
or

A
ug

er
em

is
si

on
.

S
ur

fa
ce

st
ru

ct
ur

e

E
L

N
E

S
E

le
ct

ro
n

en
er

gy
lo

ss
ne

ar
ed

ge
st

ru
ct

ur
e

S
im

ila
r

to
N

E
X

A
F

S
,

ex
ce

pt
m

on
oe

ne
rg

et
ic

hi
gh

-e
ne

rg
y

el
ec

tr
on

s
�

60
–

30
0

ke
V

ex
ci

te
co

re
ho

le
s.

S
ur

fa
ce

st
ru

ct
ur

e

E
L

S
or

E
E

L
S

E
le

ct
ro

n
en

er
gy

lo
ss

sp
ec

tr
os

co
py

[6
,7

,
23

,2
6,

44
,6

0–
63

]
M

on
oe

ne
rg

et
ic

el
ec

tr
on

s
ar

e
sc

at
te

re
d

of
f

a
su

rf
ac

e,
an

d
th

e
en

er
gy

lo
ss

es
ar

e
de

te
rm

in
ed

.
T

hi
s

gi
ve

s
in

fo
rm

at
io

n
on

th
e

el
ec

tr
on

ic
ex

ci
ta

tio
ns

of
th

e
su

rf
ac

e
an

d
th

e
ad

so
rb

ed
m

ol
ec

ul
es

.

E
le

ct
ro

ni
c

st
ru

ct
ur

e,
su

rf
ac

e
st

ru
ct

ur
e

E
S

C
A

E
le

ct
ro

n
sp

ec
tr

os
co

py
fo

r
ch

em
ic

al
an

al
ys

is
[5

–7
,

19
,2

5,
64

–6
6]

N
ow

ge
ne

ra
lly

ca
lle

d
X

P
S

.
C

om
po

si
tio

n,
ox

id
at

io
n

st
at

e

E
S

D
IA

D
or

P
S

D
E

le
ct

ro
n

(p
ho

to
n)

-s
tim

ul
at

ed
io

n
an

gu
la

r
di

st
ri

bu
tio

n
[5

–7
,

11
,6

7–
72

]

E
le

ct
ro

ns
or

ph
ot

on
s

br
ea

k
ch

em
ic

al
bo

nd
s

in
ab

so
rb

ed
at

om
s

or
m

ol
ec

ul
es

,
ca

us
in

g
io

ni
ze

d
at

om
s

or
ra

di
ca

ls
to

be
ej

ec
te

d
fr

om
th

e
su

rf
ac

e
al

on
g

th
e

ax
is

of
th

e
br

ok
en

bo
nd

by
C

ou
lo

m
b

re
pu

ls
io

n.
T

he
an

gu
la

rd
is

tr
ib

ut
io

n
of

th
es

e
io

ns
gi

ve
s

in
fo

rm
at

io
n

on
th

e
bo

nd
in

g
ge

om
et

ry
of

ad
so

rb
ed

m
ol

ec
ul

es
.

B
on

di
ng

ge
om

et
ry

,
m

ol
ec

ul
ar

or
ie

nt
at

io
n

E
lli

ps
om

et
ry

[7
3]

U
se

d
to

de
te

rm
in

e
th

ic
kn

es
s

of
an

ad
so

rb
ed

fi
lm

.A
ci

rc
ul

ar
po

la
ri

ze
d

be
am

of
lig

ht
is

re
fl

ec
te

d
fr

om
a

su
rf

ac
e,

an
d

th
e

ch
an

ge
in

th
e

po
la

ri
za

tio
n

ch
ar

ac
te

ri
st

ic
s

of
th

e
lig

ht
gi

ve
s

in
fo

rm
at

io
n

ab
ou

t
th

e
su

rf
ac

e
fi

lm
.

L
ay

er
th

ic
kn

es
s

E
X

A
F

S
E

xt
en

de
d

X
-r

ay
ab

so
rp

tio
n

fi
ne

st
ru

ct
ur

e
[6

,1
1,

74
–8

0]
M

on
oe

ne
rg

et
ic

ph
ot

on
s

ex
ci

te
a

co
re

ho
le

.T
he

m
od

ul
at

io
n

of
th

e
ab

so
rp

tio
n

cr
os

s
se

ct
io

n
w

ith
en

er
gy

at
10

0
–

50
0

eV
ab

ov
e

th
e

ex
ci

ta
tio

n
th

re
sh

ol
d

yi
el

ds
in

fo
rm

at
io

n
on

th
e

ra
di

al
di

st
an

ce
s

to
th

e
ne

ig
hb

or
in

g
at

om
s.

T
he

cr
os

s
se

ct
io

n
ca

n
be

m
ea

su
re

d
by

fl
uo

re
sc

en
ce

as
th

e
co

re
ho

le
s

de
ca

y
or

by
at

te
nu

at
io

n
of

th
e

tr
an

sm
itt

ed
ph

ot
on

be
am

.E
X

A
F

S
is

on
e

of
th

e
m

an
y

“fi
ne

-s
tr

uc
tu

re
”

te
ch

ni
qu

es
.

L
oc

al
su

rf
ac

e
st

ru
ct

ur
e

an
d

co
or

di
na

tio
n

nu
m

be
rs

10



TA
B

L
E

1.
1

C
on

tin
ue

d

A
cr

on
ym

N
am

e
D

es
cr

ip
tio

n
P

ri
m

ar
y

S
ur

fa
ce

In
fo

rm
at

io
n

H
R

E
E

L
S

H
ig

h-
re

so
lu

tio
n

el
ec

tr
on

en
er

gy
lo

ss
sp

ec
tr

os
co

py
[5

,6
,9

1–
93

]
A

m
on

oe
ne

rg
et

ic
el

ec
tr

on
be

am
,

�
2

–
10

eV
,i

s
sc

at
te

re
d

of
f

a
su

rf
ac

e;
an

d
th

e
en

er
gy

lo
ss

es
be

tw
ee

n
�

0.
5

eV
to

bu
lk

an
d

su
rf

ac
e

ph
on

on
s

an
d

vi
br

at
io

na
l

ex
ci

ta
tio

ns
of

ad
so

rb
at

es
ar

e
m

ea
su

re
d

as
a

fu
nc

tio
n

of
an

gl
e

an
d

en
er

gy
(a

ls
o

ca
lle

d
E

E
L

S
).

B
on

di
ng

ge
om

et
ry

,
su

rf
ac

e
at

om
vi

br
at

io
ns

IN
S

Io
n-

ne
ut

ra
liz

at
io

n
sp

ec
tr

os
co

py
[5

,6
,

94
]

S
lo

w
io

ni
ze

d
at

om
s,

us
ua

lly
H

eþ
,

st
ri

ke
a

su
rf

ac
e,

w
he

re
th

ey
ar

e
ne

ut
ra

liz
ed

in
a

tw
o-

el
ec

tr
on

pr
oc

es
s

th
at

ca
n

ej
ec

t
a

su
rf

ac
e

el
ec

tr
on

(a
pr

oc
es

s
si

m
ila

r
to

A
ug

er
em

is
si

on
fr

om
th

e
va

le
nc

e
ba

nd
).

T
he

ej
ec

te
d

el
ec

tr
on

s
ar

e
de

te
ct

ed
as

a
fu

nc
tio

n
of

en
er

gy
,

an
d

th
e

su
rf

ac
e

de
ns

ity
of

st
at

es
ca

n
be

de
te

rm
in

ed
fr

om
th

e
en

er
gy

di
st

ri
bu

tio
n.

T
he

in
te

rp
re

ta
tio

n
is

m
or

e
co

m
pl

ic
at

ed
th

an
fo

r
S

P
I

or
U

P
S

.

V
al

en
ce

ba
nd

s

IP
In

ve
rs

e
ph

ot
o-

em
is

si
on

[9
5–

10
0]

T
he

ab
so

rp
tio

n
of

el
ec

tr
on

s
by

a
su

rf
ac

e
is

m
ea

su
re

d
as

a
fu

nc
tio

n
of

en
er

gy
an

d
an

gl
e.

T
hi

s
te

ch
ni

qu
e

gi
ve

s
in

fo
rm

at
io

n
ab

ou
t

co
nd

uc
tio

n
ba

nd
s

an
d

un
oc

cu
pi

ed
le

ve
ls

.

E
le

ct
ro

ni
c

st
ru

ct
ur

e

IR
A

S
In

fr
ar

ed
re

fl
ec

tio
n

ad
so

rp
tio

n
sp

ec
tr

os
co

py
[6

,6
2,

63
,8

6,
10

1,
10

2]

T
he

vi
br

at
io

na
l

m
od

es
of

ad
so

rb
ed

m
ol

ec
ul

es
on

a
su

rf
ac

e
ar

e
st

ud
ie

d
by

m
on

ito
ri

ng
th

e
ab

so
rb

tio
n

or
em

is
si

on
of

IR
ra

di
at

io
n

fr
om

th
er

m
al

ly
ex

ci
te

d
m

od
es

as
a

fu
nc

tio
n

of
en

er
gy

.

M
ol

ec
ul

ar
st

ru
ct

ur
e

IS
S

Io
n

sc
at

te
ri

ng
sp

ec
tr

os
co

py
[5

–7
,

11
,1

03
,

10
4]

Io
ns

ar
e

sc
at

te
re

d
fr

om
a

su
rf

ac
e,

an
d

th
e

ch
em

ic
al

co
m

po
si

tio
n

of
th

e
su

rf
ac

e
m

ay
be

de
te

rm
in

ed
by

th
e

m
om

en
tu

m
tr

an
sf

er
to

su
rf

ac
e

at
om

s.
T

he
en

er
gy

ra
ng

e
is

�
1

ke
V

to
10

M
eV

,a
nd

th
e

lo
w

er
en

er
gi

es
ar

e
m

or
e

su
rf

ac
e

se
ns

iti
ve

.A
th

ig
he

r
en

er
gi

es
,t

hi
s

te
ch

ni
qu

e
is

al
so

kn
ow

n
as

R
ut

he
rf

or
d

ba
ck

-s
ca

tte
ri

ng
(R

B
S

).
A

co
m

pi
la

tio
n

of
su

rf
ac

e
st

ru
ct

ur
es

de
te

rm
in

ed
w

ith
io

n
sc

at
te

ri
ng

su
m

m
ar

iz
in

g
th

e
pr

e-
19

88
lit

er
at

ur
e

ap
pe

ar
s

in
R

ef
.[

10
5]

.

S
ur

fa
ce

st
ru

ct
ur

e,
co

m
po

si
tio

n

12



L
E

E
D

L
ow

-e
ne

rg
y

el
ec

tr
on

di
ff

ra
ct

io
n

[5
–7

,
11

,
13

–1
5,

23
,

25
,

26
,

10
6–

10
9]

M
on

oe
ne

rg
et

ic
el

ec
tr

on
s

be
lo

w
�

50
0

eV
ar

e
el

as
tic

al
ly

ba
ck

-
sc

at
te

re
d

fr
om

a
su

rf
ac

e
an

d
de

te
ct

ed
as

a
fu

nc
tio

n
of

en
er

gy
an

d
an

gl
e.

T
hi

s
gi

ve
s

in
fo

rm
at

io
n

on
th

e
st

ru
ct

ur
e

of
th

e
ne

ar
-s

ur
fa

ce
re

gi
on

.
A

co
m

pi
la

tio
n

of
su

rf
ac

e
st

ru
ct

ur
es

su
m

m
ar

iz
in

g
th

e
pr

e-
19

86
lit

er
at

ur
e

ap
pe

ar
s

in
R

ef
.[

11
0]

.

S
ur

fa
ce

st
ru

ct
ur

e

L
E

IS
L

ow
-e

ne
rg

y
io

n
sc

at
te

ri
ng

[6
,7

,1
4,

11
1,

11
2]

L
ow

-e
ne

rg
y

io
ns

be
lo

w
�

5
eV

ar
e

sc
at

te
re

d
fr

om
a

su
rf

ac
e,

an
d

th
e

io
n

“s
ha

do
w

in
g”

gi
ve

s
in

fo
rm

at
io

n
on

th
e

su
rf

ac
e

st
ru

ct
ur

e.
A

t
th

es
e

lo
w

en
er

gi
es

th
e

su
rf

ac
e-

at
om

io
n-

sc
at

te
ri

ng
cr

os
s

se
ct

io
n

is
ve

ry
la

rg
e,

re
su

lti
ng

in
la

rg
e

su
rf

ac
e

se
ns

iti
vi

ty
.A

cc
ur

ac
y

is
lim

ite
d

be
ca

us
e

th
e

lo
w

-e
ne

rg
y

io
n-

sc
at

te
ri

ng
cr

os
s

se
ct

io
ns

ar
e

no
t

w
el

l
kn

ow
n.

S
ur

fa
ce

st
ru

ct
ur

e

L
E

P
D

L
ow

-e
ne

rg
y

po
si

tr
on

di
ff

ra
ct

io
n

[1
13

,
11

4]
S

im
ila

r
to

L
E

E
D

w
ith

po
si

tr
on

s
as

th
e

in
ci

de
nt

pa
rt

ic
le

.T
he

in
te

ra
ct

io
n

po
te

nt
ia

l
is

so
m

ew
ha

t
di

ff
er

en
t

th
an

fo
r

el
ec

tr
on

s,
so

th
e

fo
rm

of
th

e
st

ru
ct

ur
al

in
fo

rm
at

io
n

is
m

od
ifi

ed
.

S
ur

fa
ce

st
ru

ct
ur

e

M
E

E
D

M
ed

iu
m

-e
ne

rg
y

el
ec

tr
on

di
ff

ra
ct

io
n

[1
4]

S
im

ila
r

to
L

E
E

D
,e

xc
ep

t
th

e
en

er
gy

ra
ng

e
is

hi
gh

er
,

�
30

0
–

10
00

eV
.

S
ur

fa
ce

st
ru

ct
ur

e

M
E

IS
M

ed
iu

m
-e

ne
rg

y
io

n
sc

at
te

ri
ng

[7
,1

4]
S

im
ila

r
to

H
E

IS
,e

xc
ep

t
th

at
in

ci
de

nt
io

n
en

er
gi

es
ar

e
�

50
–

50
0

ke
V

.
S

ur
fa

ce
st

ru
ct

ur
e

N
eu

tr
on

di
ff

ra
ct

io
n

[1
15

–1
17

]
N

eu
tr

on
di

ff
ra

ct
io

n
is

no
t

an
ex

pl
ic

itl
y

su
rf

ac
e

se
ns

iti
ve

te
ch

ni
qu

e,
bu

tn
eu

tr
on

di
ff

ra
ct

io
n

ex
pe

ri
m

en
ts

on
la

rg
e-

su
rf

ac
e-

ar
ea

sa
m

pl
es

ha
ve

pr
ov

id
ed

im
po

rt
an

t
st

ru
ct

ur
al

in
fo

rm
at

io
n

on
ad

so
rb

ed
m

ol
ec

ul
es

an
d

al
so

on
su

rf
ac

e
ph

as
e

tr
an

si
tio

ns
.

S
ur

fa
ce

st
ru

ct
ur

e

N
E

X
A

F
S

N
ea

r-
ed

ge
X

-r
ay

ab
so

rp
tio

n
lin

e
st

ru
ct

ur
e

[7
4,

75
,1

18
–1

20
]

A
co

re
ho

le
is

ex
ci

te
d

as
in

fi
ne

-s
tr

uc
tu

re
te

ch
ni

qu
es

(s
ee

E
X

A
F

S
,

S
E

X
A

F
S

.A
R

-P
E

F
S

.N
P

D
.A

P
D

,E
X

E
L

F
S

,S
E

E
L

FS
)e

xc
ep

tt
ha

t
th

e
fi

ne
st

ru
ct

ur
e

w
ith

in
�

30
eV

of
th

e
ex

ci
ta

tio
n

th
re

sh
ol

d
is

m
ea

su
re

d.
M

ul
tip

le
sc

at
te

ri
ng

is
m

uc
h

st
ro

ng
er

at
lo

w
el

ec
tr

on
en

er
gi

es
,

so
th

is
te

ch
ni

qu
e

is
se

ns
iti

ve
to

th
e

lo
ca

l
3D

ge
om

et
ry

,
no

t
ju

st
th

e
ra

di
al

se
pa

ra
tio

n
be

tw
ee

n
th

e
so

ur
ce

at
om

an
d

its
ne

ig
hb

or
s.

T
he

ex
ci

ta
tio

n
cr

os
s

se
ct

io
n

m
ay

be
m

on
ito

re
d

by
de

te
ct

in
g

th
e

ph
ot

oe
m

itt
ed

el
ec

tr
on

s
or

th
e

A
ug

er
el

ec
tr

on
s

em
itt

ed
du

ri
ng

th
e

co
re

-h
ol

e
de

ca
y.

S
ur

fa
ce

st
ru

ct
ur

e

(C
on

tin
ue

d
)

13





chemical, electronic, and mechanical properties. The emphasis has been on surface probes
that monitor properties on the molecular level and are sensitive enough to detect ever smaller
numbers of surface atoms. The frontiers of surface instrumentation are constantly being
pushed toward detection of finer detail: atomic spatial resolution, ever smaller energy resol-
ution, and shorter time scales. Because no one technique provides all the necessary infor-
mation about surface atoms, the tendency is to use a combination of techniques. The most
commonly used techniques involve the scattering, absorption, or emission of photons, elec-
trons, atoms, and ions, although some important surface-analysis techniques cannot be
classified this way.

Electrons, atoms, and ions are used primarily to investigate external surfaces and require
low ambient pressures during their application. Photons can be used to study both internal
and external surfaces because of their much lower scattering cross sections. They can also
be employed at high-gas pressures and for studies of solid–liquid and solid–solid interfaces.

Because many surface probes require high vacuum during their application, most surface
science instruments are also equipped with high-pressure or environmental cells. The sample
to be analyzed is first subjected to the usual high-pressure and/or high-temperature con-
ditions encountered during reactions in the environmental cell. Then it is transferred into
the evacuated chamber where the surface probe is located for surface analysis. One such
apparatus is shown in Figure 1.13.

Sample preparation is always an important part of surface studies. Single crystals are
oriented by X-ray back-diffraction, cut, and polished. They are then ion bombarded or
chemically treated to remove undesirable impurities from their surfaces.

Thin films are deposited from vapor by sublimation, sputtering, or the use of plasma-
assisted chemical vapor deposition. Materials of high internal surface area are prepared
from a sol–gel or by calcination at high temperatures. The genesis and environmental history
of the surface is primarily responsible for its structure and composition and must always be
carefully monitored.

Figure 1.13. Photograph of a stainless steel chamber used for surface studies. It is equipped with sur-
face characterization instruments that are used in UHV and with a high-pressure cell that is shown in
both open (a) and closed (b) positions. The cell is used to expose the samples to high pressures and
temperatures. The chamber can be evacuated to 10210 Torr and equipped with windows on steel flanges
with glass–metal seals for easy viewing. The flanges are mounted using Cu gaskets to avoid the use of
lubricated seals so that the chamber can be “baked” at high temperatures (�2008C) to clean its internal
surfaces. A manipulator that is used to mount the sample provides motion in three dimensions (3D) and
permits cooling and heating. Gas analysis is provided by a mass spectrometer mounted on the chamber.
The pressure is measured by ionization and thermocouple gauges.
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Table 1.1 lists many of the surface science techniques that have been used most frequently
in recent years to learn about the interface on the atomic scale [15–187]. The names of the
techniques, their acronyms, and brief descriptions are provided, along with references, if a
more detailed study of the capabilities and limitations of a particular technique is desired.
We also indicate the primary surface information that can be obtained by the application
of each technique. Detailed discussions of these techniques are outside the scope of this
book. The reader is referred to review papers that describe the principles of operation for
each, the instrumentation, and some of the findings of the experiments that used this tech-
nique. Many surface-science techniques are used in combination to obtain a more complete
characterization of the structure (atomic, molecular, electronic) and the composition (includ-
ing oxidation states) of atoms and molecules at the interface with increasing spatial and time
resolution.

1.7 SUMMARY AND CONCEPTS

† The surface concentration of atoms or molecules is on the order of 1015 for most solids
and liquids.

† Small particles used in surface studies are frequently described in terms of their
dispersion.

† Thin films and microporous solids are systems with high surface/volume ratios.
† Many surface-science studies focus on interfaces (solid–gas, solid–liquid, and solid–

solid), since surfaces are covered with adsorbates under the practical conditions in
which they are utilized.

† The definition of how many atomic layers constitute the “surface region” depends on
the surface phenomena under investigation. For example, one atomic or molecular
layer can be responsible for most surface chemical properties, whereas almost 103

layers are required to investigate surface effects in electron or photon transport.
† Most techniques provide information on only one side of the surface–adsorbate bond.

Future instrumentation developments aim for molecular level studies at buried inter-
faces, of both sides of the surface chemical bonds, and on an ever shorter time scale
(time-resolved studies).

† Photon, electron, atom, and ion scattering are utilized most frequently to study surface
atomic and electronic structures and composition. Vacuum or reduced pressures at the
interface is needed during experiments using electrons, atoms, and ions. As a result, we
know more about the properties of the solid–vacuum and solid–gas interfaces than
about solid–liquid, solid–solid, and liquid–liquid interfaces.

† Clean, adsorbate-free surfaces must be prepared in UHV.
† Selective adsorption of atoms and molecules are also important tools for studies of

surface composition and bonding.

1.8 PROBLEMS

1.1 Calculate the concentration of surface atoms (atoms cm22) for a droplet of
mercury (Hg), a piece of copper (Cu) and a drop benzene (C6H6).

1.2 (a) What is the gas flux striking a surface in air at 1 atm and 300 K?
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