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Ab stract
In ter est in structural fea tures on sur faces has been grad u -
ally in creas ing during last decades. Many dif fer ent meth -
ods for stud ies of surface struc tures have been de vel oped.
In this short re view, spe cific fea tures of sur face struc ture
are mentioned and then the meth ods for stud ies of sur face
struc tures are char ac ter ized. They can be di vided into sev -
eral groups - dif frac tion meth ods (LEED, XRD, GIXRD,
SWXRS, atomic dif frac tion),  spec tro scopic tech niques
(EXAFS, NEXAFS, SEXAFS), scat ter ing (ISS) and
microscopies (FEM, FIM, STM, AFM).

1.  Sur face crys tal log ra phy

There are sev eral sources of in for ma tion on sur face crys tal -
log ra phy, in ad di tion to In ter na tional Ta bles of Crys tal log -
ra phy. A nice sur vey can be found for ex am ple at site [1]
from which also some il lus tra tive pic tures were taken for
this re view. Books [2-4] can also be use ful for first read ing
on sur face crystallography.

Struc tural ef fects on sur faces
The main aim of struc tural stud ies of sur faces con sists in
the iden ti fi ca tion of sur face at oms and their po si tions as
well as the length and char ac ter of bond ing. 2D sur face
struc tures are usu ally dif fer ent than in the bulk. Sev eral ef -
fects are stud ied:

Re lax ation is a small and sub tle re ar range ment of the
sur face lay ers which may nev er the less be sig nif i cant en er -
get i cally. It in volves ad just ments in the layer spac ings per -
pen dic u lar to the sur face, there is no change ei ther in the
pe ri od ic ity par al lel to the sur face or to the sym me try of the
sur face.  

The re con struc tion of sur faces is more often ob serv -
able ef fect, in volv ing larger dis place ments of the sur face
at oms. It oc curs with many of the less sta ble metal sur faces, 
but is much more prev a lent on semi con duc tor sur faces. 

Un like re lax ation, the phe nom e non of re con struc tion
in volves a change in the pe ri od ic ity of the sur face struc -
ture.

The ef fect of ad sorp tion of for eign at oms can of ten be
ob served. The ad sorbed at oms usually cre ate a new (re con -
structed) struc ture.

The sta bil ity of sur face de pends on the sur face en ergy.
Dense, closely packed crys tal lo graphic planes are quite
sta ble but if the crys tal is cut in a gen eral high in dex di rec -
tion then other sur face struc tures can ap pear - fac ets and
steps with low in dex planes.

Ar ti fi cial sur face struc tures like quan tum dots and
quan tum wires are of increasin in ter estg now a days.

Crys tal log ra phy
In 2D there are only five lat tice cells - oblique, hex ag o nal,
square, rect an gu lar and cen tered retangular. For de scrip -
tion of the sur face struc tures two no ta tions have been in tro -
duced - ma trix and Woods no ta tion. The for mer is rig or ous
scheme re lat ing the unit cell lat tice vec tors of the sur face
2D struc ture - b to ba sis vec tors a of sub strate (bulk) 2D
struc ture (Fig. 1) in ma trix form. How ever, the lat ter is
much more fre quently used since it is quite clear.

Gen eral form is the fol low ing

M(hkl) – p/c (m ´  n) Ra E

where M is the sub strate (el e ment, phase), (hkl) is sub strate
ori en ta tion - plane par al lel to the sur face, p or c means
prim i tive or cen tered cell of the sur face struc ture, m and n
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Fig ure 2. Ex am ple of sur face struc ture (dark at oms). Two unit
cells can be cho sen - cen tered (left bot tom) which would be

marked as  c(2 ´ 2) or prim i tive but ro tated (up per) which should

be marked as (Ö2 ´ Ö2) R45. 

Fig ure 1. Ex am ple of sur face struc ture (dark at oms). Ma trix no ta -
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are equal to the ra tio of cor re spond ing unit cell vec tors of
the sur face and sub strate struc ture, re spec tively (b1/a1 and
b2/a2), R stands for pos si ble ro ta tion of the sur face unti cell
with re spect to the sub strate unit cell, E is used for the spec -
i fi ca tion of ad sor bate atom or mol e cule. Ex am ples are
shown on Fig. 2-4
Steps and fac ets have a lit tle more ex tended no ta tion.

M(S) – (m(hkl) ´  n(h’k’l’)) 

where S stands for sub strate, m is num ber of at oms in the
ter race plane of the ori en ta tion (hkl) and n the num ber of at -
oms in the step of the ori en ta tion (h’k’l’).

NIST dis trib utes da ta base of sur face struc tures. Many
pic tures can be found at [5]. Sur face planes can be vi su al -
ized by Sur face Ex plorer [6].

2.  Meth ods for stud ies of sur face struc tures

The meth ods can be di vided into sev eral groups - dif frac -
tion, scat ter ing, spec tro scopic and mi cro scopic. There are
nu mer ous books and ar ti cles on the meth ods [e.g. 7 - 15].

2.1  Dif frac tion meth ods

Low en ergy elec tron diffraction

This is the tra di tional method of study of sur face struc tures. 
It was dis cov ered by Davisson, Kunsman and Germer in
1924-27. Dif frac tion of elec trons of en ergy in the range 30
- 500 eVis suit able for study of sur face be cause the pen e tra -
tion depth is onle a few atomic planes in gen eral. The gen -
eral scheme of ex per i ment ar range ment can be seen on
sche matic pic ture (Fig. 6).

Anal y sis of the ge om e try of LEED dif frac tion pat terns
can give 2D sur face struc tures. How ever, it must taken into
ac count that the Ewald con struc tion looks dif fer ently than
for 3D be cause re cip ro cal lat tice points are replaced by re -
cip ro cal lat tice rods (Fig. 7).

This ap proach is in suf fi cient for 3D sur face struc ture
de ter mi na tion, i.e. the po si tion of the 2D sur face layer with
re spect to the sub strate. In this task, in ten si ties of dif frac -
tion spots must be mea sured. The cor re spond ing the ory is
much more com pli cated than for X-ray dif frac tion. It in -
cludes dy namic the ory and quan tum the ory of scat ter ing on 
muf fin-tin po ten tial. Ac tu ally, the so-called I vs E  (in ten -
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Fig ure 3. Ex am ple of sur face struc ture Ru(0001) - (Ö3 x Ö3)
R30-CO

Fig ure 4. Ex am ple of sur face struc ture Si(100) - (2 ´ 1) - Na 

Fig ure 5. Ex am ple of sur face step struc tures fcc(775)

Fig ure 6. Sche matic pic ture of LEED ex per i ment. The grids
placed in front of the screen be cause of en ergy fil ter ing, di rect
path of the lectrons and shad ing of field of col lec tor, re spec tively.



sity vs. en ergy) curves are mea sured for dif fer ent Bragg
dif frac tion spots (hk). The ex per i men tal data are then com -
pared to the o ret i cal cal cu la tions made for dif fer ent sur face
struc ture mod els. More so phis ti cated cri te ria for es ti ma tion 
of the agree ment than usual R-fac tor must be con structed.
Kinematical the ory is only some times used for par tic u lar
prob lems like steps and fac ets on the sur face. For more, see
e.g. [3, 4]

Re flec tion High En ergy Elec tron Dif frac tion 

The method is used at low an gles of in ci dence (1-3°) and
en ergy range of elec trons 1 - 10 keV. Corresponding pen e -
tra tion depth is 3 -10 nm. In the arrangment, the ra dius of
the Ewald sphere is very large. The method is in par tic u lar
used for the in-situ stud ies of thin films growth. Two ba sic
modes can be dis tin guished - layer-by-layer growth (cir cles 
on dif frac tion pat tern) or bulk-like with nu cle ation cen ters
(spots on the pat tern - dif frac tion in trans mis sion).

Atom scat ter ing and diffraction

This method was sug gested al ready in 1929 by Stern but
since it is ex per i men tally not that sim ple, it has been de vel -
oped only af ter 1970. It uses the beam of neu tral He or Ne
at oms with rather low en er gies - 20 - 300 meV cor re spond -
ing to wave length of about 1 A. This is the most sur face
sen si tive method as the at oms feels only pe ri odic sur face
atomic po ten tial and do not pen e trate into the film. The
sim plest model of the sur face is called cor ru gated
hard-wall model and the sur face po ten tial is de scribed by

pe ri odic cor ru ga tion func tion which is to be de ter mined
from the ex per i ment. Main ad van tage is strong scat ter ing
on the at oms with low Z so that it is suit able for study of hy -
dro gen chemisorption, in su lat ing sur faces, sur face re con -
struc tion and vi bra tional char ac ter is tics. It is a
com ple men tary method to LEED and un like LEED it is not
sen si tive to interplanar spac ing. On Fig. 9, a part of quite
fa mous pic ture is shown - evo lu tion of hy dro gen sur face
struc ture on Ni(110) sur face with hy dro gen cov er age. In
left parts the cor ru ga tion func tions, and in right parts cor re -
spond ing mod els are shown, re spec tively. See e.g. [14] for
more.

X-ray diffraction

XRD meth ods for study of polycrystalline thin films con -
sist first of all in phase anal y sis, de ter mi na tion of crys tal lite 
size, strain, stress and tex ture. Depth pro fil ing can also be
done by us ing of dif fer ent ra di a tion and an gles of in ci dence 
(vary ing pen e tra tion depth) or by spec i men etch ing.

In the field of sin gle crys tal films the high est in ter est  is
usu ally in stud ies of  epitaxial films where the mis fit, tilt
and strains  are de ter mined and also in implanted films for
which the strain pro file is de ter mined.

Re flec tivity mea sure ment of all amor phous, sin gle crys -
tal line and polycrystalline thin films can give in for ma tion
on elec tron den sity and sur face rough ness.

Spe cial tech niques of sur face dif frac tion are graz ing in -
ci dence dif frac tion and stand ing wave method. Ap pli ca tion 
of both meth ods for bi o log i cal ma te ri als has been de -
scribed in this jour nal re cently [16]. The for mer method is a 
non-coplanar ge om e try close to the crit i cal an gel of to tal
re flec tion when lat tice planes per pen dic u lar to the sur faces
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Fig ure 8. Ex am ple of RHEED pic ture.

Fig ure 9. Evo lu tion of H sur face struc ture on Ni(110) sur face.

Fig ure 7. Ewald con struc tion for 2D sur face struc ture.
In stead of re cip ro cal lat tice points, re cip ro cal lat tice
rods must be con sid ered.



are dif fract ing. The lat ter method con sists of mea sure ment
of sec ond ary ra di a tion or par ti cles (flu o res cent ra di a tion,
photolectrons, Au ger elec trons, Compton ra di a tion) com -
ing from the sur face lay ers or adatoms dur ing dif frac tion.
The ap pear ance of sec ond ary ra di a tion is re lated to the
stand ing waves gen er ated in the sub strate un der the dif frac -
tion phe nom e non. The method is ex tremely sen si tive to the
po si tion of sur face at oms and it is chem i cally selective. 

2.2.  Spec tro scopic meth ods

There are a num ber spec tro scopic method for study of sur -
faces. They are usu ally used first of all for el e men tal anal y -
sis and also for  stud ies of elec tronic struc tures, how ever,
struc tural fea tures can also be de rived for ex am ple from the 
in for ma tion on bond ing. This con cerns the meth ods like
XPS - X-Ray Photolectron Spec tros copy, UPS - Ul tra vi o let 
Pho to elec tron Spec tros copy and AES - Au ger Elec tron
Spec tros copy. The gen er ated photolectrons can be a lo cal
source for dif frac tion in side the ma te rial. The method of
Pho to elec tron Diffaction is used for study of lo cal
environment of a se lected (chem i cal) atom in the ma te rial.

Ex tended X-Ray Ab sorp tion Fine Struc ture -
EXAFS

The method con sists in mea sure ment of ab sorp tion co ef fi -
cient in de pend ence on the energy of in com ing beam. The
co ef fi cient can be mea sured sim ply in a trans mis sion as at -
ten u a tion of the beam but for the pur pose of thin film stud -
ies, it is mea sured in di rectly through the sec ond ary ef fects
con nected with the ab sorp tion pro cess - photoelectrons,
Au ger elec trons. Since ab sorp tion edges of par tic u lar at -
oms ares tudied, the method is chem i cally se lec tive. Sur -

round ings of the se lected atom can sig nif i cantly mod ify the 
ab sorp tion edge and leads to os cil la tions (Fig. 10).

The sur face sen si tive al ter na tives of the method are
called SEXAFS – Sur face Ex tended X-Ray Ab sorp tion Fine 
Struc ture and NEXAFS – Near Edge X-Ray Ab sorp tion
Fine Struc ture (XANES). The NEXAFS is usu ally con sid -
ered about 50 eV from the edge. Quite com pli cated pro -
cesses with mul ti ple scat ter ing are con nected to this re gion
which is sen si tive to the de tailed dis tri bu tion of elec tron
den sity. The method is mainly used for study of mol e cules
on sur faces where the intramolecular pro cesses are dom i -
nat ing.

The meth ods are suit able for study of lo cal sur round -
ings of the atom se lected. Max ima in the os cil la tions cor re -
spond to the ef fec tive co or di nate numer in a spe cific
dis tance from the atom. As the pro cesses are given by the
di pole se lec tion rule there is a strong de pend ence on the
ori en ta tion of the elec tric fiel vec tor with re spect to the im -
por tant di rec tion in the struc ture (from the atom stud ied)
for ex am ple sig nif i cant mol e cule axis. The di rec tion of the
elec tric vec tor can be changed by the direction of the beam. 
Usu ally two beam directions are used - per pen dic u lar to the 
sur face (elec tric vec tor is in the sur face plane) and at small
an gle of in ci dence (eletric vec tor is nearly per pen dic u lar to
the sur face). Ex am ple is shown on Fig. 11. 

For mol e cules on the sur faces, the method can give ori -
en ta tion of the mol e cule on the sur face (ac cu racy about

10°), bond length and hy brid iza tion.
In some cases, the method can also give ori en ta tion of

sur face at oms with re spect to the sub strate at oms, atomic
dis tances in clus ters.
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Fig ure 10. Com par i son of the ab sorp tion
edge for Rb atom in va por and Rb atom in
RbNO3. More sig nif i cant os cil la tions are
found for the lat ter case.

Fig ure 11.  Ex am ple of NEXAFS spec tra for CH3O and CO on Cu(100) for two dif fer ent 
ori en ta tions of elec tric field vec tor. Ori en ta tion of mol e cule on the sur face can be es ti -
mated as well as the tri ple bond ing in CO and bond length.



2.3  Scat ter ing

The most im por tant method in this group  of meth ods is  ion 
scat ter ing, ISS - Ion Scat ter ing Spec tros copy. It can be di -
vided into three groups ac cord ing en ergy - LEIS, MEIS,
HEIS (low, me dium, high). Usu ally ions of He or Ne are
used in the energy range 100 eV - 10 keV. High en ergy ions 
are used in the well-known Rutherford Back Scat ter ing -
RBS (500 keV- 2 MeV).

RBS is used mainly for chem i cal el e men tal anal y sis
which can be depth sen si tive. The method was well char ac -
ter ized for ex am ple in [17]. If the sur face has crystalline
struc ture, the so-called sur face peak can ap pear in the sig -
nal de pend ence on en ergy. The peak is re lated to the mass
of scat ter ers but can also be used for char ac ter iza tion of the
struc ture be cause its in ten sity is re lated to the di rec tion of
in com ing ions with re spect to the crys tal lo graphic di rec -
tions (the so-called chan nel ing) and of course to all the sur -
face struc tural ef fects - re lax ation if the beam is in clined to
the sur face, re con struc tion and ad sorp tion. The method is
quite sim ple and can also be used for sep a ra tion of ef fects
of en hanced sur face atom vi bra tions from the re lax ation ef -
fects by an gu lar mea sure ments. It is a very suit able as as a
complementary method to pre vi ous tech niques also in
study un der non-am bi ent con di tions.

2.4  Mi cros copy

The first mi cro scop i cal stud ies were per formed by FEM
(Field Emission Mi cro scope) which can not in prin ci ple
reach atomic res o lu tion and FIM (Field Ion Mi cro scope)
which was the first mi cro scopic method able to vi su al ize
in di vid ual at oms.  How ever, both method has se vere lim i -
ta tions in the shape of sam ple which must be a sharp tip.

Af ter dis cov ery of STM (scan ning tun nel ing mi cros -
copy) very fast de vel op ment in this field lead to ap pear ance 
of dif fer ent vari ants of sur face microscopies with atomic
res o lu tion, first of all AFM (atomic froce mi cros copy).
How ever, a spe cial con tri bu tion [18] will be de voted to the
top ics.
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