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Problema de las fases
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Instrumentalmente solo se puede medir cantidad de fotones. Es decir intensidad dispersada.  La 
intensidad se relaciona con el cuadrado de la amplitud de la onda. Es decir se pierde la fase.

Descripción genérica de una onda

PROBLEMA: Como se
observa en el ejemplo la
fase contiene la mayoría
de la información.

En consecuencia los
resultados que se obtienen
por SAXS no poseen
interpretación única.
Conocimientos previos de
la muestra son necesarios.





















¿Qué podemos medir con SAXS?

SAXS es una técnica no destructiva que se emplea para caracterizar diversos sistemas 
condensados

Sistemas líquidos –
dispersiones líquidas

Proteínas en solución

Coloides inorgánicos

Nano-emulsiones

Polímeros

micelas

Sistemas semisólidos-
sólidos

Materiales en polvo

Polímeros 

Geles

Grasas/ceras

Superficies

films

polímeros

Interfases líquidas



¿Qué podemos obtener de un 
experimento SAXS?

Información estructural

Sistemas diluidos:  
- Forma y tamaño (distribución de tamaño)
-Volumen de objetos dispersores
-Área
- Masa molecular

Sistemas concentrados: 
-Estructuras periódicas largo alcance
- Arreglos supra moleculares
- distancia entre dispersores
- etc



Small Angle X-Ray Scattering

Sistemas diluidos Sistemas concentrados
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pares y P(q) es una función
llamada factor de forma.
P(q) <-> p(r) mediante una
transformada de Fourier.

Aparece una nueva función llamada 
factor de estructura. S(q)

S(q): Fenómenos de interferencia

Existen pocos factores de estructura 
analíticos. 

Muestras monodispersas

Factor de forma: transformada de 
Fourier del objeto

En caso de muestras isotrópicas:





SAXS: figuras geométricas homogéneas
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El objeto más sencillo de representar es
una esfera homogenea. La amplitud es
una función analítica.

Un incremento en el radio de la esfera
desplaza el patrón la dispersión a ángulos
menores.



SAXS: figuras geométricas homogéneas

Esfera sólida

Esfera hueca

“Pesas”

Discos planos

Cilindros

Log I(q)

q – nm-1

Intensidad relativa de SAXS para diversas figuras geométricas.



SAXS: Efecto de polidispersidad de 
tamaños
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¿Es una figura homogénea una buena 
representación de una nanopartícula?

  







=

2/

0

2/

0

2

.sin
cos.2/.

)cos.2/.sin(

sinsin.2/.

)sinsin.2/.sin(

cossin.2/.

)cossin.2/.sin(2
 















dd

aq

aq

aq

aq

aq

aq
Pcubo

Las partículas, coloides, proteínas, están compuestos por átomos
(sistemas discretos). Los modelos de dispersión calculados
anteriormente exhiben los patrones de dispersión para figuras
geométricas homogéneas (continuo).

Red cúbica                  Red cúbica centrada en       
el cuerpo (BCC)

a= 4 nm

Se proponen dos cubos (a=b=c) de
similar tamaño con motivos diferentes
de partículas esféricas (¿átomos?)



2 Å

3 Å

¿Es una figura homogénea una buena 
representación de una nanopartícula?

Se simularon partículas nanométricas cúbicas compuestas por 
esferas de 1 Å de radio cada una. 

Hay que tener en cuenta que la simetría en cada caso es 
diferente, pero sobre todo la distancia entre unidades esféricas.   

Los patrones de dispersión son similares en ambos casos y el 
cubo homogéneo ajusta perfectamente las curvas.  



2 Å

3 Å

¿Es una figura homogénea una buena 
representación de una nanopartícula?

En un experimento de dispersión de rayos X a bajos ángulos se analizan las frecuencias 
espaciales bajas (q->0). Para poder estimar las diferencias entre las nanopartículas habría que 
estudiar la intensidad registrada a ángulos altos (experimento de difracción).

Conclusión: 
En un experimento de dispersión se analiza la densidad electrónica media! 



Estrategias de análisis: Invariantes 
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Primer análisis sobre curvas SAXS 

Fracción de            Constraste
volumen
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Estrategias de análisis: Invariantes 

AVqIq
q

.)(2)( 24  ⎯⎯ →⎯
→

Límite de porod

A posee mayor límite 
de Porod que B



Estrategias de análisis: Invariantes 



p(r)
●Distribution of distances of  atoms 
from centroid

●Autocorrelation function of the 
electron density

●1-D: Only distance, not direction

–No phase information

–Can be determined unambiguously 
from SAXS pattern if collected over 
wide enough range

–20:1 ratio qmin :qmax usually ok

e-
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Estrategias de análisis: p(r)



P( r ) & Intensity related by 
Fourier transform pair*
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* This is a fourier sine transform because of 
symmetry (see Glatter & Kratky)



Estrategias de análisis: p(r)

Se invierte la ecuación:

El fin es obtener la función de 
distribución radial p(R)
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Ab initio  program DAMMIN
Using simulated annealing, finds a compact dummy 
atoms configuration X that fits the scattering data by 
minimizing

where  is the discrepancy between the experimental 
and calculated curves, P(X) is the penalty to ensure 
compactness and connectivity, >0  its weight.
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Estrategias de análisis: p(r)



Local and global search

• Local search always 
goes to a better point 
and can thus be 
trapped in a local 
minimum

• To avoid local minima, 
global search must be 
able go to a worse 
point

Local

Global

Estrategias de análisis: p(r)



Estrategias de análisis: p(r)



Estrategias de análisis: Modelos físicos-
Ajuste por mínimos cuadrados 

Extraer información de los patrones de SAXS a través de modelos físicos implica generalmente 
optimizar ecuaciones no lineales. 
La figura de mérito que suele emplearse para calcular la bondad del ajuste es el χ2

2

2
),(),(1

 











 −

−
=

j j

jj qFqI

MN 




Existen diversos programas disponibles para realizar el análisis de los patrones de dispersión:
SASfit, SASview, Irena (plataforma Igor), IsGISAXS, etc.

Modelo propuesto

Error experimentalGrados de libertad

parámetros



Microemulsiones

Se denominan microemulsiones a aquellas emulsiones nanométricas
termodinámicamente estables.

Tween 80 es un emulsionante neutro
que forma micelas cilíndricas.

Modelo propuesto: 
Elipsoide de revolución 
core shell monodisperso



Nanopartículas metálicas
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I(ε)

ε

I(ε)

ε

I(ε)

ε

“Dilute gas”                “Liquid”                    “Solid” 

(uncorrelated holes)         (short range correlation)        (2D crystalline order)

Non diluted systems



Non diluted systems



Interpretation of S(q)

Structure  (correlation)Shape



AgNW  / Acetone



Original curve

<R> = 30 nm

s / <R> = 20 %
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Model Gauss

Equation

y=y0 + (A/(w*sq
rt(PI/2)))*exp(-2
*((x-xc)/w)^2)

Reduced 
Chi-Sqr

0.19698

Adj. R-Square 0.99059

Value Standard Error

Smoothed Y1 y0 1.0501 0.11301

Smoothed Y1 xc 61.14705 0.11946

Smoothed Y1 w 14.60886 0.29969

Smoothed Y1 A 235.97376 5.5153

Smoothed Y1 sigma 7.30443

Smoothed Y1 FWHM 17.20062

Smoothed Y1 Height 12.88805
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Aged for 10 days
S(q) approximated by I(q)/ I(q)Initial

2.5 %  Acetone/AgNW solution 4.5 %  Acetone/AgNW solution



Integration of S(q)  as an indication of “the 
strength” correlation between AgNW

2.5 %  Acetone/AgNW solution 4.5 %  Acetone/AgNW solution
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Spherical nano-objects embedded in a solid matrix
Dense systems
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Interpretation of S(q)
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Red curve is a simulation of S(q)  using a correlation distance of 48 nm.
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Fractal objects:  I(q)=N.I1(q).S(q)
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SAXS

Instrumentation





SAXS facility at INIFTA



●X-ray source and collimation

Cu microsource λ=0.154 nm





Sample holders and sample environments



●Sample holders

The sample holder platform is coupled to motors that allow the samples to be moved 
around the plane perpendicular to the beam direction (axial and equatorial) and rotated 
relative to the axial axis.

The experimental arrangement allows a 
wide range of options. 

It's a very flexible device  and easy to use.

All parts move along the optical bench.

Beam



●Temperature control

Allows to perform
conentional SAXS and
GISAXS.

Range between -50 C
to 350 C

Max rate 40 C/min

The module can be controlled externally through a touch screen or 
through the command line of the computer that is fully coupled to 
the experimental setup.



●Sample distances and detector

Distances:

WAXS : 9 mm

SAXS: 500 mm; 1500 mm;  2500 mm

Detector

Pilatus 100K

Low noise
Dimensióon = 486x195 pixels
Pixels size =  0.172 mm x 0.172 mm

Wide linear dinamic range







●Virtual detector





●Virtual detector



●Virtual detector



SAXS

Data processing



●

Reducción de datos

)(qI
d

d
=





QhP


=

Vectores de onda

Vector de 
dispersion



 )(4 sen
qq ==

 Módulo del vector 
de dispersión

0,0 0,2 0,4 0,6 0,8 1,0
0,00

0,01

0,02

0,03

0,04

0,05

In
te

n
s
id

a
d
 (

u
.a

.)

q (nm
-1
)

Integrando 
en función 
del angulo φ

φ

Contraste: la diferencia entre la densidad
electronica del solvente y de la fase dispersa genera
el fenomeno continuodisperso  −=

81















Software

Fit2D

http://www.esrf.eu/computing/scientific/FIT2D/

SASFit

http://kur.web.psi.ch/sans1/SANSSoft/sasfit.html

ATSAS

http://www.embl-hamburg.de/biosaxs/software.html

Igor Routines

http://usaxs.xor.aps.anl.gov/staff/ilavsky/irena.html

Etc....

http://www.esrf.eu/computing/scientific/FIT2D/
http://kur.web.psi.ch/sans1/SANSSoft/sasfit.html
http://www.embl-hamburg.de/biosaxs/software.html
http://usaxs.xor.aps.anl.gov/staff/ilavsky/irena.html


SAXS + GI









Geometry and some theoretical considerations

















Data analysis

❑Qualitative interpretation

❑Line cuts

❑Modeling and fitting



Qualitative interpretation







Line cuts















Real Time Monitoring Changes in Distance between Surfactant-coated Au 
Nanoparticles upon Sensing Volatile Organic Compounds (VOCs).

M.C. Dalfovo, L. J. Giovanetti, J.M. Ramallo-López, F.G. Requejo, F.J. Ibañez

Instituto de Investigaciones Fisico-Químicas Teóricas y Aplicadas (INIFTA), 
FCE, UNLP – CONICET. La Plata, ARGENTINA.



●Interest and goals: VOCs Sensors

Volatile Organic 
Compounds 

(VOCs) 

Detection

Medicine Environmental 
Science

Sensitive 
platform

Chemiresistive sensors

Localized 
Surface 
Plasmon 

Resonance

In situ GISAXS
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λmax EtOH = 541.57 nm
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Fit assuming spherical NP with a LogNormal size distribution 
plus a polynomial background correction. This last 
contribution is associated to a possible depletion zone 
around the NP surface

GISAXS patterns of drop-coated (a) and immersed 
(b) SNPs into APTES-functionalized Si substrate along 
with cartoons representing the outcome from film 
assembly. 



Vapor “in”

Gas chamber
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Sensing steps:
1 = 100% N2 (50 cm3/min) 

2 = 20% Tol

3 = 40% Tol

4 = 80% Tol

5 = 100% Tol (50 cm3/min) 

6 = 100% Tol (100 cm3/min) 

7 = 100% Tol (200 cm3/min) 

8 = 100% Tol (500 cm3/min)

9 = 100% N2 (500 cm3/min) 

10 = 20% EtOH

11 = 40% EtOH

12 = 80% EtOH

13 = 100% EtOH (50 cm3/min)

14 = 100% EtOH (100 cm3/min)

15 = 100% EtOH (200 cm3/min) 

16 = 100% EtOH (500 cm3/min) 

17 = 100% N2 (500 cm3/min) 
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Sensing steps:
1 = 100% N2 (50 cm3/min) 

2 = 20% Tol

3 = 40% Tol

4 = 80% Tol

5 = 100% Tol (50 cm3/min) 

6 = 100% Tol (100 cm3/min) 

7 = 100% Tol (200 cm3/min) 

8 = 100% Tol (500 cm3/min)

9 = 100% N2 (500 cm3/min) 

10 = 20% EtOH

11 = 40% EtOH

12 = 80% EtOH

13 = 100% EtOH (50 cm3/min)

14 = 100% EtOH (100 cm3/min)

15 = 100% EtOH (200 cm3/min) 

16 = 100% EtOH (500 cm3/min) 

17 = 100% N2 (500 cm3/min) 



✓ Results indicated that drop-casted films of SNP exhibited almost 
no correlation.

✓ Films assembled by immersion exhibited correlation and 6.4 nm 
core-to-core separation, which is larger distance as compared to 
well-assembled monolayer-protected clusters of similar size.  
Such large distance between SNP was attributed to excess 
amount of weekly coordinated TOA+ ligands around the Au 
nanoparticle.  

✓ Importantly, it was determined that inter-SNP distance came 
apart and slightly shrinkage, indicating film swelling and 
contraction in the presence of non polar (Tol) and polar (EtOH) 
vapors, respectively.  However, in EtOH, SNP distance 
irreversibly decreased and film became amorphous.  

✓ Changes in nanoparticles distance were mainly attributed to 
film flexibility provided by the organic alkylchains.  Once TOA+ 
groups were exchanged with dithiol molecules, film flexibility 
was lost limiting further correlations between distance and film 
structure.  

✓ After NDT exchange inter-NPs distance expanded from ~3.5 to 
~4.0 nm and from ~4.0 to ~5.0 nm according to GISAXS and 
SAXS experiments, respectively.  The larger separation between 
metal cores was attributed to the alkanedithiols chains 
conformation.  FT-IR showed kink defects suggesting a loop 
conformation around the Au cores which ultimately leads to 
larger SNP separation. 

●Conclusions
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(a) Bright-field XTEM micrograph, along the (110) zone axis, from the interface region of a 
RDE CoSi2(001) layer. (b) HR-XTEM micrograph of the area highlighted in sad.

Lim et al., J. Appl. Phys. 97 (2005) 044909

Bright field cross-sectional TEM images of buried structures of cobalt
disilicide formed in Si(100) matrix by 400 keV Co+ ion implantation at 875 K
substrate temperature with total dose of implanted ions of 7.8 · 1015

ions/cm2 or 3% of critical dose, and postimplant annealed at 1275 K during
various times: (A) as implanted, (B) 30 s, (C) 1 min, (D) 3 min, (E) 5 min, (F)
10 min.

O. Hul’ko et al., Surface Science 547 (2003) 219

●Interest and goals: epitaxial CoSi2

SEM images of shape-controlled pits grown at 865 °C for 30 min using 30-
40 nm Au NPs as catalyst. Square, triangle, and wire-shaped pits are 
fabricated on substrates of Si (100), Si (111), and Si (110), respectively. (d-f) 
Magnified SEM images of individual pits. The inset in panel A shows Au NPs 
on substrate before pits growth, and the scale bar corresponds to 200 nm.

H. Wang et al., ACS Nano



●Description of the
samples

The initial step of our preparation procedure was to deposit a Co-doped SiO2 thin
film onto a Si(110) flat substrate. The basic idea was to build up a Co-doped
buffer layer and then to promote de diffusion of Co atoms into the Si wafer by a
controlled thermal treatment.



Results: GISAXS (extended order)

Experimental 2D-GISAXS images taken for different azimuthal angles: (a) 
 = 0 , (b)  = 4 , (c)  = -4 , (d)  = 8 , (e)  = -8 , (f)  = 12 , and 
(g)  = -12 . Appl. Phys. Lett. 100 (2012) 063116



●Results: TEM (local order)

Appl. Phys. Lett. 100 (2012) 063116

(a) TEM image corresponding to a cross-
sectioned (001) silicon wafer in which a Co-
doped silica (SiO2) was deposited.

(d) Schematic display of the hexagonal CoSi2
nanoplatelets with four different orientations,
each of them parallel to one plane belonging to
the Si{111} crystallographic form.

90°

Specimen shown oriented
along the large faces normal
to the electron beam
showing a projection of the
hexagonal nanoplatelet
onto the Si(110) plane.



●Results: GISAXS modeling

Appl. Phys. Lett. 100 (2012) 063116

(a) Experimental 2D GISAXS pattern corresponding angle  = 1.5. The vertical dark ribbon is the shadow of a
stopper that avoids to the azimuthal the strong totally reflected beam reaching the imaging plate. (b)
Simulated 2D GISAXS pattern for which the best fit to the experimental pattern (a) was achieved. (c)
Experimental GISAXS 1D profiles (symbols) and fitted curves (continuous lines) corresponding to different
constant qz values, i.e., different horizontal GISAXS linear profiles derived from the 2D image displayed in (a).



●Results: GISAXS analysis

GISAXS simulation:
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HEXAGONS:
Tilt angle = 35° (theory: 35.3°)

Side of the (regular) hexagon = 20 nm
(TEM ~ 35 nm)

Hexagon thickness = 2.5 nm
(TEM ~3 nm)
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●Results: GISAXS analysis

GISAXS simulation:

HEXAGONS:
Tilt angle = 35° (theory: 35.3°)

Side of the (regular) hexagon = 20 nm
(TEM ~ 35 nm)

Hexagon thickness = 2.5 nm
(TEM ~3 nm)
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GISAXS pattern repeats every time the azimuthal angle is incremented by 90°, as is 
expected from the 4-fold rotational symmetry around Si[001] axis.

Diffusion angle between the Si[110] and Si[111] crystallographic directions 35.3°.

Thickness and lateral side of the CoSi2 nanoplatelets buried into the Si wafer t = (2.5 ± 
0.3) nm and d = (19.5 ± 0.5) nm.

Spherical NP embedded in the silica <R> = (0.43 ± 0.03) nm, R/<R> = 0.58 ± 0.06.



●GISAXS Results: kinetic studies

Sample treatment:

•Ex-situ, before measurement: Flowing H2 at 500 °C for 1 hour.
•In-situ, during measurement: Heating from room temperature to 700 °C in He 
atmosphere at 9 °C/min.



Experiment

Simulation

Residue



Exp Fit






=
0

2)(4 dqqqIQV total

sph 



Volume fraction



●Conclusions
✓ The joint use of TEM and GISAXS techniques provided 

complementary and essential information, both being 
indispensable for achieving a clear and detailed description of the 
studied nanostructured material.

✓ The process of diffusion of cobalt atoms from a cobalt-
doped thin film into a Si(001) single crystalline wafer well 
defined thickness and lateral sizes can be achieved and 
well controlled.

✓ The buried structures exhibit four different orientations, 
each of them strictly parallel to one of the four planes of 
the Si{111} crystallographic form. The CoSi2 
nanohexagons are parallel only to planes of the {111} 
form, because the free energy of their (coherent) 
interface is in this case lower than in the other cases.

✓ Since the described process can be reproducibly achieved, 
it can also be considered as an original and simple 
alternative for the production of nanostructured 
materials with relevant physical properties, over a large 
area, which may find useful applications for 
developments of nano-integrated devices.

✓ First evidences about nanostructures growing and 
diffusion process are addressed by in situ GISAXS.
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