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SURFACES, INTERFACES

Definitions 
(Oxford English Dictionary)

Interface. A point where two systems, 
subjects, organizations, etc. meet and 
interact.

Surface. The outside part or uppermost 
layer of something. 



SURFACES, INTERFACES AND NANO-OBJECTS

Surfaces as 
• interface material vs vacuum
• support of nano-objects

Physical properties (electronic, catalytic, photonics, magnetic):
• different from the bulk
• depending on the interface nature (solid/solid, solid/liquid, solid/gaz, 

liquid/liquid, liquid/gaz)
• depend on the atomic structure, the size, the shape and the 

organisation at the nanometric scale 

X-ray scattering techniques can give information on all these factors



SURFACE SCIENCE TECHNIQUES

Reciprocal space

X-rays 
   

E=hν=hc/λ(Å)=12398/E(eV) 
λ=1 Å, E=12,4 keV 

  
Abs.length > 100mm

σa ~ Z2barn 
n = 1-δ :  GIXD 

Coherence width > 1mm

Electrons 

E=p2/2m = (h/λ)2/2m
λ(Å)=12,265/E0.5(eV) 
λ=1 Å, E=150 eV LEED 
λ=0.1 Å, E=15 keV RHEED 
Abs.length   1 nm (LEED)

  σa ~ 108 barn 

n=1+δ 
 

 Coherence width  < 0.1mm 

Direct Space (STM)

1x1 bare Cu 
c(2x2) N/Cu 

Elmer et al. Surf. Sc.476, 95 (2001)
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Figure 2.1 The interaction of x-rays with matter. Surface (and interface) regions of a solid
or liquid material are characterized by physical properties and structures that may differ
significantly from those of the bulk structure. The x-rays may be elastically or inelastically
scattered, or absorbed, in which case electrons or lower-energy photons can be emitted. If
none of the above occur, the photon is transmitted through the sample.

with matter can be explained by the much higher photon energies involved. The most
important phenomena are sketched in Figure 2.1.

The binding energy of the only electron in a hydrogen atom is 13.6 eV. To a first
approximation, the innermost electrons in an atom of atomic number Z have binding
energies which are proportional to Z 2, as shown in Figure 2.2 for the 1s-electrons. X-rays
therefore have energies similar to or larger than those of tightly-bound core electrons,
and hence the interaction strengths or ‘cross-sections’ between x-rays and core electrons
are stronger than those between x-rays and valence electrons.

In this chapter, we will discuss how x-rays interact with matter and how this manifests
itself in the phenomena of refraction, reflection, absorption and fluorescence. Diffraction
phenomena are treated separately in Chapter 5.

2.2 The Electromagnetic Spectrum

The use of light to investigate the properties and structures of materials goes back to the
dawn of science. Before the end of the nineteenth century, mankind only had visible light
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Fig. 3.4 Snell’s law and the Fresnel equations can be derived by requiring continuity at the interface of the wave and its
derivative.

Thus the absorption cross-section, σa, is proportional to the imaginary part of the atomic scattering
length, f ′′, in the forward direction. This result is sometimes known as the Optical Theorem. It should
be noted that f ′′ is negative since σa is a positive real number, and that in other texts the sign convention
is sometimes such that f ′′ is positive.

3.4 Snell’s law and the Fresnel equations in the X-ray region

In the X-ray wavelength region, both δ and β are very much smaller than unity. It follows that
when considering refraction and reflection phenomena we can limit ourselves to small angles and take
advantage of the appropriate expansions.

The incident wavevector is kI , and the amplitude is aI , as indicated in Fig. 3.4. Similarly the
reflected and the transmitted wavevectors (at angle α′) are kR and kT , respectively, and the amplitudes
are aR and aT . Snell’s law and the Fresnel equations are derived by imposing the boundary conditions
that the wave and its derivative at the interface z = 0 must be continuous. These require that the
amplitudes are related by

aI + aR = aT (3.11)

and
aIkI + aRkR = aT kT (3.12)

The wavenumber in vacuum is denoted by k=|kI |=|kR| and in the material it is n k=|kT |. Taking
components of k parallel and perpendicular to the surface yields respectively

aIk cosα + aRk cosα = aT (n k) cosα′ (3.13)

−(aI − aR)k sinα = −aT (n k) sinα′ (3.14)

From Eq. (3.11) together with the projection parallel to the interface (Eq. (3.13)) one readily derives
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Fig. 1.15 (a) The refraction of light shows that in the visible part of the spectrum the refractive index of glass is considerably
greater than one. In contrast, the index of refraction for X-rays is slightly less than one, implying total external reflection at
glancing angles below the critical angle αc. (b) A focusing X-ray mirror can be constructed by arranging that the incident angle
is below the critical angle for total external reflection. (c) At glancing angles below the critical angle the reflectivity is almost
100%, and the X-ray only penetrates into the material as an evanescent wave with a typical penetration depth of ≈10 Å. In this
way X-rays can be made to be surface sensitive.
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Figure 2.13 The penetration depth and reflectivity of 5 keV and 12.4 keV photons in SrTiO3
(ρ = 5.12 g cm−3). Below the critical angle, the reflectivity is close to unity, while the
evanescent wave penetrates the surface by only 2 to 3 nm. Above the critical angle, the x-rays
rapidly begin to penetrate deeply into the material, which is accompanied by a catastrophic
reduction in the reflectivity.

2.6.3 Absorption

2.6.3.1 The Absorption Coefficient

From Equations (2.13) and (2.14), it can be seen that the absorption index β is related
to f ′′ by

β = r0

2π
λ2f ′′. (2.19)

We have already stated that away from absorption edges, f ′′ is proportional to the inverse
square of E , hence from Equation (2.19) it should be apparent that β is proportional to
the inverse fourth power of the energy.

Let us imagine an x-ray beam travelling in vacuum and then penetrating some sort of
absorbing medium (Figure 2.14). We begin with the classical description of the electric
field vector of a linearly-polarized electromagnetic wave propagating in the z -direction
through vacuum

E (z , t) = E0 exp [i (k0z − ωt)] , (2.20)

where k0 = 2π/λ0 is the wavevector in vacuum and λ0 is the wavelength in vacuum.
When the wave travels through the medium, however, the wave function changes to

E (z , t) = E0 exp (ink0z − ωt) , (2.21)

where we have now included the complex refractive index n . In other words, the wave-
length of the x-rays is changed by the medium, although their frequency (ω) is, obviously,
unaffected. Substituting Equation (2.12) into Equation (2.21), we obtain

E (z , t) = E0 exp(−nI k0z ) exp (inRk0z − ωt) . (2.22)
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Kinematic approximation

Perfectly ordered structure : 

EXPRESSION OF THE SCATTERING INTENSITY

Decomposition :  crystal description

Atom Atomic scattering factor

Lattice vector :  Rn
Crystal shape  :

Cristal 

Structure FactorUnit Cell 

The intensity diffused by the crystal is :

where
Atomic 
structure periodicity

Finite size effects

the atomic form factor is a complex quantity       f(q)=f 0(q)+ f '+ i f  
the terms f' et f'' are only dependent on the X-ray energy and represent the dispersion and absorption 
corrections, they take significant values in a close vicinity of absorption edges of the considered atom 
(anomalous effect)  



 Crystal Truncation Rods (CTR): 
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SURFACE ROUGHNESS

h0

01

The Intensity decays more rapidly from the reciprocal node than for a flat surface  
Roughness models:   
i. a simple two level model (E. Vlieg)
ii. an exponential decay (I. Robinson)
iii. a gaussian distribution of successive layers occupancy (P. Guenard)



CTR FROM A ROUGH SURFACE
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CTR :  EFFECT OF THE RELAXATION 



CTR :  CU (001)  ET  N/CU(001)

Rod (1,1,L) Rod (2,0,L)

bare Cu saturated Cu(q =1)
Relaxation d12 -3,16% +13,54%
Relaxation d23 -0,54% +1,46%

B. Croset et al., Phys. Rev. Lett.  88,056103 (2002)



CTR AND INTERFACES

Adjustment →  

Si(111)
structure
known

NiSi2
Structure
and
thickness
known d ?

FSi

FNiSi2

FTotal= Fsi + exp(2πld) FNiSi2

FTotala1

I. K. Robinson et al., Phys. Rev. B 38, 3632(R)

SiNi2/Si(111) interface around Si(111) Bragg peak
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SURFACE X-RAY DIFFRACTION
Real space

Fractional rods
Top layer and surface 

reconstruction

Crystal Truncation Rods
Bulk and surface 
reconstruction

In-plane map
Over layer symmetry

Reciprocal space



SURFACE CRYSTALLOGRAPHY

Ex:  (110) cut in the  
3 cubic lattices

c fccbcc

Basis vectors as   bs    
of the 1x1surface cells 

 Basis vectors of a 2x2  unit cell on a 

 reconstructed (110) surface of an fcc lattice

More generally  mxn reconstruction  
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Charrier et al. J. Appl. Phys. 92, 2479(2002)

2ML 85% and 3ML 15%

GRAPHENE GROWTH

Graphene



LEED VS GIXD
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A fully relaxed graphene plane in registry with the 
SiC substrate

Multiple scattering          versus      single scattering



ROD SOFTWARE

Bulk

SurfaceThe « ROD »  code

E. Vlieg, J. Appl. Cryst, 33, 401 (2000)  
➔interactive webpage   ANA-ROD

http://www.esrf.fr/computing/scientific/
joint_projects/ANA-ROD/index.html

http://www.esrf.fr/computing/scientific/joint_projects/ANA-ROD/index.html
http://www.esrf.fr/computing/scientific/joint_projects/ANA-ROD/index.html


VICINAL SURFACE
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SELF ORGANISATION: AG/CU

Cu	(433)	(100x100)	nm

0.3	ML	Ag/Cu(433)		(200x200)	nm

0.6	ML	Ag/Cu(433)		(200x200)	nm



SELF ORGANISATION: AG/NI
Ag/Ni(11 9 9)

Organisation 1D

Ag/Ni(27 17 19)

Organisation 2D



SELF ORGANISATION: CO/AU

60x60nm²	

Co/Au(788)
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“MODEL SYSTEMS”: AG/CU, AG/NI

• fcc structure
• Immiscibles
• atomic radii       rAg/rCu=1,13 rAg/rNi=1,15
• cohesion energies : ENCu=-3,50 eV EcNi=-4,44 eV    EcAg=-2,96 eV

aCu=	3.61	Å	
aNi	=	3.52	Å	
aAg	=	4.09	Å

(111)	plane

[-1	-1	2]

[-1	1	0]

Ag segregates on Ni or Cu
Abrupt Interfaces
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1 ML AG/CU (211)  - RECONSTRUCTION C(2X10)

C(2x…)
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Y. Garreau, A. Coati, A. Zobelli, and J. Creuze
Phys. Rev. Lett. 91, 116101
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NI(11 9 9)

VS=875mV,	It=0.22nATerrasses : (111) 
Steps: (001)

VS=895mV,	It=0.11nA

α = 5.57°       
L = 2.1 nm

[0	-1	1]

[-2	1	1][1	1	1]

L = 2.09 ± 0.41 nm

L
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Λ
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Bellec, A., et al., Physical Review B., 96(8): art.n° 085414. (2017)



AG(4ML)/NI(11 9 9)

200x200nm2	-	VS=0.85V	-	It=0.15nA 50x50nm2	-	VS=0.85V	-	It=0.15nA

Largeur	des	terrasses	mesurée	:							L	=2.1±	0.3	nm

Recuit	à	190°C



AG/ NI(11 9 9): VICINAL BASIS
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RECIPROCAL SPACE MAPPING

0-5 5 10 15 20-10-15-20

l (
11

 9
 9

) 

5

10

15

20

25

30

35 (1, -1,3)Ni

(2, -2,2)Ni

(-1, -1,3)Ni

(0, -2,2)Ni

h (11 9 9) 

 

  

Ni map  -  k11 9 9 = -2

-2.2 -2.0 -1.8 -1.6
102

103

104

105

106

107

108

109

In
te

ns
ity

k(11 9 9)



RECIPROCAL SPACE MAPPING

0-5 5 10 15 20-10-15-20

l (
11

 9
 9

) 

5

10

15

20

25

30

35 (1, -1,3)Ni

(2, -2,2)Ni

(-1, -1,3)Ni

(0, -2,2)Ni

[1 1 1]

5.57°

[11 9 9]

h (11 9 9) 

Ni map  -  k11 9 9 = -2

-2.2 -2.0 -1.8 -1.6
102

103

104

105

106

107

108

109

In
te

ns
ity

k(11 9 9)



RECIPROCAL SPACE MAPPING

h (11 9 9) 

0-5 5 10 15 20-10-15-20

l (
11

 9
 9

)

5

10

15

20

25

30

35

(-1, -1,3)Ag

(2, -2,2)Ag

(1, -1,3)Ag

(0, -2,2)Ag
0-5 5 10 15 20-10-15-20

l (
11

 9
 9

) 

5

10

15

20

25

30

35 (1, -1,3)Ni

(2, -2,2)Ni

(-1, -1,3)Ni

(0, -2,2)Ni

[1 1 1]

5.57°

[11 9 9]

h (11 9 9) 

Ag map  -  k11 9 9 = -1.73Ni map  -  k11 9 9 = -2

Ag layer presents a fcc 
structure

Inversion of the stacking 
between the Ag layer and 

the Ni substrate

[1 1 1]

-2.2 -2.0 -1.8 -1.6
102

103

104

105

106

107

108

109

In
te

ns
ity

k(11 9 9)



RECIPROCAL SPACE MAPPING
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“MAGIC” HETEROEPITAXY

Ni (11 9 9):   terraces (111) 
     steps (001) 

  
Ag (7 9 9):   terraces (111) 

    steps (111) 

ΛAg(7 9 9)  = 20.95Å

ΛNi(11 9 9) = 20.96Å 
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Formation of Ag homogeneous thin film

Step period governs the growth of the Ag layer



AG ISLANDS

1500 x 750 nm2



AG ISLANDS
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SURFACE X-RAY SCATTERING

• Reliable quantitative analysis
• Statistical information
• Beyond the surface (buried interfaces…)
• In-situ and operando measurements 
• Atomic structure and morphology



SIXS  
SURFACES AND INTERFACES X-RAY SCATTERING



SixS  
 Surface Interface X-ray Scattering

Solid surfaces and interfaces structures
Nanostructures 
Self-organised surfaces 
Original in-situ growths
Surface magnetic X-ray diffraction
Surfaces in catalytic environment
Solid-liquid electrochemical interfaces
Buried soft interfaces
Liquid-liquid interfaces
……..

GIXD
GISAXS
X-ray reflectivity
Anomalous Scattering
Coherent Scattering 
Magnetic Scattering
….



SIXS BEAMLINE OVERVIEWOH

EH1

EH2

UHV 
Diffractometer

M1 / M2

M3bBeam sizes (FWHM) : 

at MED position : 1500(H) x 25(V) µm2

at UHV position : 30(H) x 30(V) µm2

U20 undulator
Si(111) monochromator
Energy range 5-25 keV

MED 
Diffractometer

Flux on both experimental stations

4 1013   ph/s with  ΔE/E ~ 10-4 (6 keV) 
3 1012   ph/s with  ΔE/E ~ 2 10-4 (15 keV)

M3a

Phase plate

Two experimental end-stations

MED:  multi-environment diffractometer
UHV: diffractometer coupled to an UHV chamber



Co/Thiol/Au(111)

Ag/Ni(11 9 9)

UHV diffractometer



MED end-station
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Continuous scan mode

• Time saved
• Full encoder resolution exploitation
• HKL trajectories > non-linear grouped motors 
• Trajectories (XPS controller – DC motor with PID)

• Need to integrate properly 2D detectors
• Generalization of the trajectories on other motors

>>> Flyscan <<<



2D detector (XPAD-S140)

Pixel dimensions
130x130 μm2

Active surface
240 × 560 pixels
75 × 32 mm2
Counter
12 bits + 1 OVF
250 Hz sampling   



Reciprocal Space Visualisation - BINOCULARS

Roobol, S., Onderwaater,  W., Drnec, J., Felici, R. & Frenken, J. , J. Appl. Cryst. 48, 1324-1329 (2015)

• Installed on the SOLEIL high performance cluster 
SUMO

• Data
• Reduction
• Representation
• Projection

• Build a reciprocal space volume in
• Q-space
• (hkl) space
• Angles space (soon)

• Intensity integration
• Python



Pentacene/Cu(322)

Pentacene/Cu322
(M. Sauvage, K. Muller, A. Kara,  et al.)
In-plane (hk) – map
1h, 36000 images

Surface structure
Surface periodicity
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H
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Pentacene/Cu(322)

CTR in flyscan
- Less than 1 min
- projection in the (h l) plane
- Absorbers correction 
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XCAT
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