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1.1.1  EELS in a nutshell 

 

In the Transmission Electron Microscope (TEM), an incident electron suffers both elastic and 

inelastic scattering by the solid state thin sample that is being characterised. In the event of 

inelastic scattering, the incident electron gives a part of its energy to the electrons in the 

sample. The amount of lost energy can then be measured by a magnetic filter at the end of the 

column, and a plot displaying how many electrons have lost what amount of energy will give 

us an Electron Energy Loss (EEL) Spectrum. Thus, in an EEL Spectrum the ordinate axis 

corresponds to the number of electrons, or counts, and the abscise corresponds to the Energy 

Loss. 

 

Notice that most electrons shall not suffer any inelastic scattering whatsoever. As a 

consequence, the greatest contribution to the spectrum is due to these electrons having lost 

zero energy, giving rise to the so-called zero loss peak (ZLP). As for those electrons having 

lost a certain amount of energy, they may lose it to ionization of specimen electrons, 

transitions from occupied core states to unoccupied core states or to conduction band states, to 

interband transitions or excitations of collective vibrations of conduction band electrons. 

 

Incident electrons carry a given momentum, and it is worth keeping in mind that in an 

inelastic scattering event not only energy, but also momentum, may be transferred. In fact, 

this is the reason why it is not straightforward to compare EELS results with those obtained 

by means of optic spectroscopies.  

 

EELS detectors can provide an energy resolution down to the order of the 0.1 eV. In addition, 

incident electrons can be tuned by TEM optics, making it possible to get spectroscopic 

information from an extremely constrained area, and to combine EEL Spectroscopy with 

TEM imaging. 
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1.1.2  The Physics of EELS 

 

1.1.2.1 Understanding inelastic scattering 

 

Whenever an incident beam interacts with a solid state specimen in the TEM, a number of 

signals are generated, as schematically displayed in figure 1.1.1.  

 

A scattering event is inelastic if the incident fast electron suffers a detectable energy loss. 

Elastic scattering can be viewed as being billiard-ball-like, with very little energy loss 

implied. Yet, Rutherford scattering may cause appreciable displacement damage to the 

sample, with an energy interchange in the order of the tens of eV. 

 

Single scattering refers to one single scattering event; plural scattering, to a string of several 

(countable) scattering events suffered by the incident electron; finally, multiple scattering 

refers to a string of scattering events which are too numerous to keep track of them, and, thus, 

to implement accurate calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.1: Signals generated from the beam/specimen interaction in the TEM. 
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The probability for a scattering event to take place is described by its cross section. The cross 

section is the apparent area each atom makes available in relation to the event. In order to 

understand this definition, it is important to keep in mind that, if the number of atoms per unit 

volume in the solid state sample is na, then, the probability that a scattering event X, described 

by a cross section σX, takes place in a differential thickness dy is: Prob(X) = naσXdy [1.1]. 

Alternatively, we can define the mean free path (mfp) λ as the average distance travelled 

before the event takes place, thus λ = 1/naσX. 

 

The cross section may be a function of angle, and of  the energy lost by the incident electron 

in the case of an inelastic event, and, in this sense, the differential cross section per unit solid 

angle 
Ω
σ

d

d X  and the double differential cross section 
dEd

d X

2

Ω
σ

 are usually referred to. 

 

A simplistic description of elastic scattering is given by assuming Rutherford scattering from 

the whole atom. In this case,  
42

0

22

qa

Z4

d

d γ=
Ω
σ

 [1.2] where Z is the atomic number, 

2/1

2

2

c

v
1

−









−=γ , m10·529.0a 10

0

−=  is the Bohr radius and q is the scattering vector q = 

2k0sin(θ/2), with q
r

 being the momentum transferred to the nucleus in h  units. Notice that 

formula [1.2] implies a strongly forward peaked scattering.  

 

Rutherford scattering does not take into account the screening of the nucleus potential by 

localised electrons, overestimates scattering at low angles and, if integrated over all angles, 

yields an infinite cross section. 

 

In order to take the screening into account, a Yukawa potential with a screening radius r0 can 

be considered: )r/rexp(
r4

Ze
)r(V 0

0

−
πε

=  [1.3] 

 

Then, the obtained differential cross section is of the form: 

2

2

0

22

0

4

0

2

1rq

Z

a

Zr4

d

d









+
γ=

Ω
σ

 [1.4] 
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We will later discuss the physics of inelastic scattering in detail. 

 

Inelastic scattering can promote a number of excitations in the specimen. Phonons are the 

lowest form of life in the desexcitation chain, as everything else dies by exciting a phonon. 

Their energy is yet too low (less than 0.1 eV) to be detected in the EELS spectrum.  

 

Collective oscillations of the free electrons, ejections of a single valence electron (single 

electron excitation) and ejections of a single atom core electron (core-loss) will be present in 

the EELS spectrum. 

 

 

1.1.2.2 Lentz formalism of atomic inelastic scattering 

 

Let us consider the inelastic scattering of an electron by a single atom. This event is described 

by a differential cross section dσi/dΩ. 

 

Lentz modification of Morse’s theory of elastic scattering gives an expression for the inelastic 

differential cross section of the form:  










+
−γ=

Ω
σ

22

0

42

0

2

i

))qr(1(

1
1

qa

Z4

d

d
    

[1.5] 

where again the electrons in the atom are described by a screening radius r0 (in a Thomas-

Fermi model, r0 can be assumed to be 
3/1

00 Zar −= ). q
r

 is the scattering vector 0f kkq
rrr

−= , 

where 0f k,k
rr

 are the final and initial momentum of the incident electron respectively (see 

figure 1.1.2). 

 

q
2
 can be written as ( )EE

2

0

2 2cos2122kq θ−θθ−−=  [1.6], where θ is the scattering angle (i. 

e.: the angle between fk
r

 and 0k
r

, as shown in figure 1.1.2), and θE is the characteristic 

scattering angle 
0

E
E2

E=θ , with E0 being the initial energy, and E, the energy loss. 

 

Using a Taylor expansion for E21 θ− and cosθ up to second order in θE and θ, we obtain 
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( )2

E

22

0

2 kq θ+θ≈     

[1.7] 

Substituting in the differential inelastic cross section expression, we obtain: 










θ+θ+θ
θ−

θ+θ
γ≈

Ω
σ

22

0

2

E

2

4

0

22

E

24

0

2

0

2

i

)(
1

)(

1

ka

Z4

d

d
    

[1.8] 

where 
00

0
rk

1=θ .  

Equation [1.8] contains the information relative to the angular distribution of the scattered 

electrons. Notice that the largest part of the scattering falls between θE and θ0, where the 

differential inelastic cross section is roughly proportional to θ-2
.  

 

One can be interested in the total cross section integrated up to a certain angle β. In this case,  










θ+θ+βθ
θ+θθ+βπγ≈βσ

)(

))((
ln

k

Z8
)(

2

E

2

0

22

E

2

E

2

0

2

E

2

2

0

2

i     

[1.9] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.2: Geometric construction of the scattering vector. 
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1.1.2.3 The quantum mechanical approach: Bethe Theory 

 

Let us now consider a sample, consisting of one atom for simplicity (we will later see how 

accurate this simplification is), as being described before and after the inelastic scattering 

event by its wavefunctions, 0ψ and nψ . 0ψ will then be the ground state of the atom and nψ a 

certain excited state.  

 

If we can regard the interaction with the atom as a perturbation for the fast electron, which we 

can reasonably do in any practical EELS experiment, we can use the first order Born 

approximation to obtain a differential cross section of the form 

 

2
rqi*

n0

0

f

2

0n de)r(V
k

k

2

m

d

d τψψ∫








π
=

Ω
σ rrr

h
   

[1.10] 

Again, q
r

is the scattering vector, and, thus, )kk(q f0

rr
h

r
h −= is the moment transferred to the 

atom. r
r

 is the coordinate of the fast electron,V( r
r

) is the interaction potential and, finally, dτ 

is a differential volume element within the atom.  

 

The explicit form for V( r
r

) is given by 

∑
−πε

−
πε

=
=

Z

1j
j

2

00

2

rr

e

r4

1

r4

Ze
)r(V rr
r

    

[1.11] 

where jr
r

 is the position of the j-th electron in the atom. 

 

Notice that the interaction potential is not a proper potential. In fact, it is related to the 

electrostatic potential φ as V = eφ = - U, where U is the potential energy of the fast electron. 

 

Also notice that the atomic nucleus contribution to V amounts to zero when integrated, 

because of its symmetry. In physical terms, we could say that the nucleus mass is by no 

means comparable to the mass of the incident electron, and thus no inelastic scattering is 

allowed. Inelastic scattering is an electron-electron event. 
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Integrating,  
2

n

0

f

)a(

4

0

2

n )q(
k

k

qa

4

d

d ε






 γ=
Ω
σ

  [1.12] 

where (a) is the Rutherford cross section for a single electron, and εn is the dynamical 

structure factor 

τψ∑∫ψ=ψ∑ψ=ε d)rqiexp()rqiexp( n
j

j

*

nn
j

jnn

rrrr
    

[1.13] 

 

It is then convenient to define the generalized oscillator strength (GOS) as 

)qa(

)q(

R

E
)q(f

2

0

2

nn
n

ε
=     

[1.14] 

where En is the energy lost in the transition (finally appearing in an explicit form) and R is the 

Rhydberg energy eV6.13
)4(

2/em
R

2

0

4

0 =
πε

=
h

. 

 

Substituting in [1.8], we obtain )q(f
k

k

qE

R4

d

d
n

0

f

2

n

2

n γ=
Ω
σ

 [1.15] 

 

It is worth noticing that in the q→0 limit, fn(q) = fn, with fn being the dipole oscillation 

strength –optical absorption is governed by the dipole oscillation strength.  

 

As we are interested in the E dependence of the differential cross section, we can now define 

)E,q(
dE

df

k

k

Eq

R4

dEd

d

0

f

2

22 γ=
Ω

σ
    

[1.16] 

As 
0

0

0 E

EE

k

k f −
= , and E0 >> E, we can assume ≈

0k

k f
1.  

 

Recovering equation [1.7], we then obtain 
dE

df
)

1
(

Ek

R4

dEd

d
2

E

22

0

22

θ+θ
γ≈

Ω
σ

 [1.17] 
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This formalism applies to single atoms or gas specimens, but TEM experiments are supposed 

to deal with solid state samples. Is this the wrong approach? Not really. The formalism still 

applies to the inner atomic shells of atoms in a solid, and, even if solid state effects modify 

df/dE, it  can be treated as a perturbation. A scheme of an inelastic scattering event in a crystal 

is given in figure 1.1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.3: Scheme of an inelastic scattering event in a crystal. 

 

As for outer shell electrons, their wavefunctions are modified by chemical bonding, and 

collective effects cannot be ruled out. 

 

 

1.1.2.4 GOS calculations 

 

In order to calculate the GOS, mainly two atomic models are considered, the hydrogenic 

model and Hartree-Slater. 
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1.1.2.4(a) Hydrogenic model 

 

In the hydrogenic model, and effective Zs nuclear charge is used in an hydrogen-like model to 

solve the Schrödinger equation.  

 

In the case of K shell excitations (where K shell refers to the initial state of the specimen 

electron involved in the transition), the second 1s electron screens the nucleus, reducing its 

effective charge by 0.3 −eq , so that Zs = Z – 0.3. In the case of L shell excitations, the two K 

shell electrons and seven L shell electrons are taken into account, the first reducing the 

effective nucleus charge by 0.85 −eq , the latter,  by 0.35 −eq . Thus, Zs = Z – (2·0.85) – 

(7·0.35) = Z – 4.15  

 

The generalized oscillator strength for a K-edge of carbon in the hydrogenic approximation 

(E0=300 kV)
6
 is given in figure 1.1.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.4: Generalized oscillator strength for a K-edge of C in the hydrogenic approximation (E0=300 kV) 

 

1.1.2.4(b)Hartree-Slater 

 

Hartree-Slater is just a simplification of Hartree-Fock assuming a spherically symmetric field 

within the atom. 
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This means describing the wavefunction of the several electrons in an atom by a Slater 

determinant containing the N wavefunctions of the N electrons, each of which is an 

eigenfunction of the Hartree-Fock operator, which takes into account  the potential created by 

the nucleus and by all the other electrons in the atom.  

 

 

1.1.2.5 -aming the core-loss edges 

 

The atomic shell of the initial state of the sample electron involved in an inelastic scattering 

event gives its name to the corresponding core-loss edge in the EEL spectrum. In order to 

keep in mind the quantum numbers and the degeneracy of each electronic shell, we explicitly 

give them in table 1.1.1. 

 

Table 1.1.1: EELS edge, and state, quantum numbers and degeneracy of the initial state of the sample electron 

involved in the transition. 

Edge State - l j Degeneracy 

K 1s1/2 1 0 1/2 2 

L1 2s1/2 2 0 1/2 2 

L2 2p1/2 2 1 1/2 2 

L3 2p3/2 2 1 3/2 4 

M1 3s1/2 3 0 1/2 2 

M2 3p1/2 3 1 1/2 2 

M3 3p3/2 3 1 3/2 4 

M4 3d3/2 3 2 3/2 4 

M5 3d5/2 3 2 5/2 6 

N1 4s1/2 4 0 1/2 2 

N2 4p1/2 4 1 1/2 2 

N3 4p3/2 4 1 3/2 4 

N4 4d3/2 4 2 3/2 4 

N5 4d5/2 4 2 5/2 6 

N6 4f5/2 4 3 5/2 6 

N7 4f7/2 4 3 7/2 8 
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1.1.2.6 EELS in the dielectric description 

 

We can also look at our sample from a completely different point of view. Instead of 

considering the atoms that constitute it, we can take the solid as a medium characterized by a 

dielectric function ε. ε can be calculated from first principles in many cases, and can be 

deduced from optical properties. 

 

An electron in a point b
r

moving with a velocity v
r

will suffer a work 

dt)t),t(r(Evq)b(W einde ∫=
∞

∞−
−−

rrrr
  

[1.18] 

where −eq is the electron charge, indE
r

is the induced electric field, and −er
r

(t) is the electron 

position at a given time. 

 

We can define 
h

E=ω , then ( ) )(d)b,(P)b(W
0

)a(

ω∫ ωω=
∞

h
r

h
r

 [1.19], where (a) is the amount of 

energy lost by the incident electron at position b
r

 as an ωh  energy package. 

 

For a bulk sample, ∫ εν
εβ−−=ω

(max)k

0
y

2y

dk
1

Im)(P  [1.20], considering that the incident electron 

is moving along the y axis. 

c

v=β , and )1(
v

k 2

2

2
2

y εβ−ω+=ν . Notice that )(ωε=ε . 

 

In the quasistatic limit, 








ε
−∝ 1

ImP . P is referred to as the loss function.  

 

1.1.2.6(a) The Drude model 

 

In order to find the explicit form of ε(ω) for metals, we can apply the Drude model. The 

Drude model assumes that the metal contains immobile positive ions and an electron gas of 

classical, non-interacting electrons of density n, with effective mass m, each of whose motion 
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is damped by a frictional force due to collisions of the electrons with the ions, characterized 

by a dampening coefficient γ: 

Eqxmxm e

r
&r&&r

−−=γ+     

[1.21] 

The solution to equation [1.21] would then yield 
)i(m

Eq
x

2

e

ωγ+ω
= −

r
r

 [1.22] 

Keeping in mind that the polarisation density would then be ExnqP 0e

rrr
χε=−= −  [1.23], with χ 

being the electric susceptibility, then 

)i(m

nq
2

0

2

e

ωγ+ωε
−=χ −     

[1.24] 

Finally, as ε = 1+ χ, 

)i(
1

2

2

0

ωγ+ω
ω−=ε  [1.25] expressed in ε0 units, where m/nq 0

2

e0 ε=ω −  

 

The Drude model can be generalized to insulators (Drude – Lorentz model) by adding nit 

bound electrons behaving as simple harmonic oscillators. In this case, 

ωγ−ω−ω
ω+=ε

i)(
1

22

it

2

0  [1.26]; 
h

it
it

E=ω , where Eit is the characteristic energy of the 

interband transition 

 

1.1.2.6(b) Kramers-Kronig transformations 

 

For a complex function χ = χ1(ω) + iχ2(ω) of the complex variable ω, analytic in the upper half 

plane of ω and which is such that χ → 0 when ω → 0, the Kramers–Kronig 

transformations allow to obtain χ1(ω) from χ2(ω) and vice versa:  
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π
=ωχ 1

)(1 P 'd
'

)'(2 ω∫ ω−ω
ωχ∞

∞−
    

[1.27] 

π
−=ωχ 1

)(2 P 'd
'

)'(1 ω∫ ω−ω
ωχ∞

∞−
    

[1.28] 

where P denotes the Cauchy principal part of the integral, avoiding the pole at ω=ω' . It is 

worth noticing that this allows the full function to be reconstructed given just one of its parts. 

 

In the case that  χ1(ω) is an even function and χ2(ω) is odd, 

π
=ωχ 2

)(1 P 'd
'

)'('
22

2 ω∫ ω−ω
ωχω∞

∞−
    

[1.29] 

π
ω−=ωχ 2

)(2 P 'd
'

)'('
22

1 ω∫ ω−ω
ωχ∞

∞−
    

[1.30] 

 

As ε(ω) fulfils all of the above mentioned conditions, Kramers-Kronig transformation allows 

to obtain 








ε
1

Re from 








ε
− 1

Im : 

=








ωε )(

1
Re P 'd

'

'

)'(

1
Im

22
0

ω
ω−ω

ω
∫ 









ωε
−∞

h     

[1.31] 

and thus to reconstruct ε(ω) from 








ε
− 1

Im . 
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1.1.2.6(c) Geometric considerations 

 

For interfaces or nanostructures, P(ω) must be calculated taking into account the geometry of the 

problem. To illustrate this point, we can recall it has been reported that, for a plane parallel to the 

trajectory of the incident electron
8
, P is expected to be of the form 









+ε
−ε∝

1

1
ImP  and, for a 

nanosphere
9
 of the form 









+ε
−ε∝

2

1
ImP ; in these cases, the response function P is not the loss 

function but the polarizability, and in the Drude model an effective ω0 must be introduced, of the form 

20eff ω=ω  and 30ω=ω respectively. It has also been reported that for an interface 

parallel to the trajectory of the incident electron between materials A and B
8
, 










ε+ε
−∝

BA

2
ImP .  

 

1.2.2.6(d) Plasmons 

 

In the case of no dampening, Re(ε) =0 and 








ε
− 1

Im  is maximum at ω = ω0. This corresponds 

to the characteristic energy of resonance of the plasma (the resonance of the electron gas 

density). The resonance can also be described as a pseudoparticle, the Plasmon, with energy 

EP = 0ωh . To generalize this concept to insulators, we can think that the electrons which are 

given an energy above that of the bandgap, keep an “extra” energy invested in the collective 

oscillation. In this case 2

it

2

P

eff

P EEE +≈ , as deduced from equation [1.26].  

 

Dampening is yet an important effect. On one hand, the fact that the Plasmon has a finite 

lifetime makes it broader. A relaxation time of τ (τ = 1/γ) will give a full width at half 

maximum (FWHM) of τ=∆ /E h  to the Plasmon. On the other hand, equation [1.21] 

indicates that the Plasmon maximum position will be shifted with respect to the energy 

determined for the case in which no dampening was taken into account, as 

22

P

2damp

P )E(E)E( ∆−= .   
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1.1.2.7 Poisson distribution 

 

As every inelastic scattering event suffered by an incident electron can be considered 

independent to any other previous or subsequent inelastic scattering event, the probability Pn 

of n scattering events happening follows a Poisson distribution: 
!n

ek
P

kn

n

−

=  [1.32] where k is 

the expected number of events. If the specimen thickness is t, then the expected number of 

events will be k = t/λ. 

 

In the EELS spectrum, Pn will represent the fraction of the whole integrated intensity due to n-

scattering processes. In the case of no scattering (n = 0), then  

λ−== /t

tot

ZLP
0 e

I

I
P     

[1.33] 

where IZLP is the ZLP integrated intensity and Itot is the integrated intensity of the whole 

spectrum. 

 

Notice that, in order to assume k = t/λ, scattering angles must be small, so that the same t can 

be assumed for all n. If several (j) layers were to be taken into account, then, quite trivially 

∑ λ=
j

i
ii /tk , as the scattering probabilities are additive. 

 

1.1.2.7(a) Fourier-log deconvolution 

 

We can also try to use equation [1.32] to determine the intensity of a single scattering event as 

a function of energy S1(E). It is then necessary to define Z(E) = I0(E) = I0R(E), where Z(E) is 

the zero event intensity as a function of energy, and R(E) is an instrumental response function 

with FWMH coincident with that of the ZLP and area equal to unity. 

 

Following equation [1.32], )/t(Ie)/t(IdE)E(SI 0

/t

1 λ=∫ λ== λ−  [1.34]. 
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n 

The experimental one event spectrum will not be given by S(E), but by J
1
(E) = R(E) * S(E), 

where * denotes a convolution between functions Y(x) and Z(x) as defined by 

∫ −=
∞

∞−
'dx)'x(Z)'xx(Y)x(Z*)x(Y     

[1.35] 

Then, if we define J
n
(E) as 

J
n
(E) = n! (I0)

(n-1)
 R(E) * S(E) * … * S(E)    

[1.35] 

 

the total intensity J(E) will be given by 

 

J(E) = ∑
n

n )E(J     

[1.37] 

Let us recall that the Fourier transform )f(Y of function Y(x) is given by 

∫=
∞

∞−

π dxe)x(YY fx2i     

[1.38] 

If we take the Fourier transform of equation [1.37] we obtain 

[ ]∑ ==
n

I/)f(Sn

0

10 0

n

e)f(Z)I!n/()f(J)f(J)f(J     

[1.39] 

Thus, [ ])f(Z/)f(JlnI)f(S 0=  [1.40] 

 

Yet, we do not want to take the inverse Fourier transform of equation [1.40], as S(f) would be 

masked by high frequency noise. From a physical point of view, we would be trying to 

recover features that lay under the actual resolution of the experiment, so we would get a 

nonsensical result. Instead, we can consider  

[ ])f(Z/)f(Jln)f(Z)f(S)f(R)f(J1 ==     

[1.41] 

and take the inverse Fourier transform of equation [1.41]. 
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1.1.3  Experimental conditions. Collection angle. Convergence angle 

 

1.1.3.1 Effect of the collection angle 

 

As the electrons that have lost a certain amount of energy to the specimen are not collected 

from the whole solid angle, but up to a given collection semiangle β (see figure 1.1.5), the 

cross sections one has to consider to perform an elemental quantification will not only depend 

on the primary energy of the incident beam, but also on the collection semiangle β.  

 

Following equation [1.34], for a given core-loss EELS edge e of an element X,  

ee

e ,ItII σλ 001 )/( ==    

[1.42]  

where N is the areal density of the element X, N = ρt.  

 

If we introduce a collection semiangle β, equation [1.42] becomes 

)()( 01 βσβ e

e ,II =     

[1.43] 

 

Now, we can consider that elastic scattering is to cause a certain number of electrons to fall 

out of the collection semiangle, and, thus, be left out of the EELS spectrum. In a simplistic 

approximation, the fraction of left out electrons is the same for electrons having and having 

not lost the characteristic amount of energy of core-loss transition, so that, if I0(β) is the 

observed intensity corresponding to no inelastic scattering, we can assume 

)()()( 01 βσββ e

e ,II =    

[1.44] 

 

We can regard the effect of the Plasmon excitation as a redistribution of intensity towards 

higher energies both at the zero event and the one event peaks. Thus, we can take the effect of 

Plasmon excitation into account by modifying equation [1.44] into 

)()()(1 βσββ eLL

e ,II =    

 [1.45] 
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1.1.3.2 Effect of the convergence angle 

 

If the incident electrons are condensed using a large convergence semiangle α (see figure 

1.1.5), in order to obtain the angular distribution of the core-loss scattered electrons, one has 

to convolute the core-loss angular distribution of a given edge 
Ω

=
d

dI e )0(1 α
 by the incident 

electron angular distribution 
Ωd

dIi . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.5: Convergence (α) and collection (β) angles. 
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If we assume 
Ω

=
d

dI e )0(1 α
 to be a Lorentzian function of width 

0

e
E

E2

E ><=θ , with E0 being 

the initial energy, and < Ee > the mean energy loss of the integration region for the given 

edge, then 

φ
θφθθθθ

θθθπθ
β

θ

α

θ

π

φ

d
d

dI
ddI

E

e

+−+Ω
∝ ∫ ∫ ∫

= = = cos'2'

1
''2

22

0 0'

2

0

0
1     

[1.46] 

 

Generally,  Ii (α) is assumed to be a step function with intensity equal to I0 up to a semiangle 

α and 0 for bigger angles. In this case, 

( ) 











 ++
+

==
= ∫

=
2

2242

0

220

1

1
4

ln
)/(1ln

2

)0( E

E

E

e

e

dF
I

I

θ
θθψψ

θθ
θβαα

β

θ

    

[1.47] 

with 22

E

22 θ−θ+α=ψ  

 

Notice that the correction accounting for α depends on the edge.  

 

As for low-loss scattering θE/β << 1, then 
)0(I

I

LL

LL

=α
is close to unity if  α < β and 

approximately proportional to the area of the beam disk which falls into the collection 

aperture if α > β. Then,  

)(),(),(1 βσβαβα eLL

e F,II =     

[1.47] 

with factor F being 0FF ≈ for β≤α  and 0

2 F)/(F βα≈  for β≥α . 

 

Finally, the equivalent σ (α,β) can be defined as σ (α,β) = F σ (β) [1.48]. 
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1.1.3.3 Choosing your experimental conditions 

 

Following equation 1.17, it is possible to demonstrate that for energies not much higher than 

the edge characteristic energy the incident electron having suffered and inelastic scattering 

event is strongly forward peaked . Yet, for energies significantly higher than the edge energy, 

the maximum intensity is found at angles ±θR, with ER 2θ≈θ . These maxima are known as 

the Bethe ridge. 

 

From a physical point of view, the intensity is peaked at those angles corresponding to the 

incident electron having given all of its momentum to the now free specimen electron. Yet, as 

the specimen electrons do not necessary have an initial zero momentum, these peaks are 

rather broad. 

 

As the tail of one core-loss edge will contribute to the background of the following one, it is 

then clear that a small (5-10 mrad) collection angle will improve the edge/background ratio, 

making the edge somehow sharper. Yet, choosing a small collection angle will lower the 

overall signal, which can be problematic specially for edges lying at very high energies. 

Nevertheless, it can be proved that for collection angles over 20 mrad, considerably increasing 

of the collection angle leads to negligibly increasing the collected signal.  

 

It is important not to choose angles which are near those of the specimen Bragg spots, as the 

equivalent σ calculated for those angles will no longer apply given the abnormal rise in elastic 

scattering signal, leading to considerable quantification errors. 

 

In the case of a small probe, and, thus, of a large α, it is advisable to choose β > α, as, else, a 

significant amount of signal will be lost. 
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1.1.4  What do we learn from an EELS spectrum? 

 

In the present section, a general overview of the utility of the different available informations 

in the EEL spectrum is given. Their applications will be addressed in further detail in the 

following chapters. 

 

1.1.4.1 Zero Loss Peak. Thickness determination 

 

The ZLP is the most prominent feature in the low-loss region (and in the whole spectrum). 

Although it obviously does not contain any energy loss information, it does contain relevant 

information. Quite trivially, it allows to calibrate the energy scale. In addition, the FWHM of 

the ZLP gives a good estimation of the resolution of the EELS experiment being conducted.  

 

It is possible to determine the local thickness of the specimen from the EELS spectrum. 

Although other methods exist, the most straight forward one for doing so is the so-called log-

ratio method, which takes advantage of the relation stated in equation [1.33]: 

t/λ = ln (IZLP/ Itot)    

[1.49] 

where, again, IZLP is the ZLP integrated intensity and Itot is the integrated intensity of the 

whole spectrum. λ can either be calculated or determined from a reference sample. 

 

1.1.4.2 Low-loss region 

 

The low-loss region of the EELS spectrum corresponds to energy losses under about 100eV, 

as, typically, core-loss edges are found over 100 eV (in the core-loss region).  

 

In the case of an insulator specimen, valence band excitations can be observed. These are 

excitations of a valence band electron to a free state, and, thus, interband transitions. This, of 

course, requires a suitable experimental resolution. On the other hand, for a thin specimen 

(and all functional specimens need to be thin) the zero-loss peak is very intense when 

compared to the actual energy-loss features, as illustrated in figure 1.1.6., and thus the low 

energy losses are superposed on a background which must be estimated and subtracted, and 
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which is especially important if the point-spread function of the electron detector has 

extended tails
10

. A background correction needs to be carried out to extract the tail of the 

zero-loss peak from the spectrum. Methods to extract the ZLP include assuming symmetry 

and subtracting the negative tail to the positive energy side; modelling the ZLP by a Gaussian 

(or Lorentzian) function and subtracting the fitted function from the spectrum; subtracting the 

normalized ZLP obtained in the void from the normalized spectrum obtained at the specimen; 

fourier-log deconvolution of the low-loss spectrum. In the case where the spectrum is only 

used to measure the band gap of the material (and not for further processing in order to 

derivate its optical properties), a power-law function has been reported
11

  to be  a good local 

fit of the tail of the zero-loss peak.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.6: Low-loss EELS spectrum of a GaAs nanowire, including the ZLP. Inset: detail of the low-loss 

spectrum.  

 

As the dielectric function ε depends on specimen composition, the Plasmon position is widely 

used to discriminate compounds. In addition, as the width of the Plasmon peak is given by its 

lifetime, a broadening of the Plasmon Peak can be linked to a greater density of desexcitation 

modes (for instance at defects). As multiple scattering will lead to an increased intensity 

towards the high-energy end of the Plasmon (giving it one or several hump-like features), it is 

possible to determine specimen thickness from the Plasmon shape. Fine structure of the 

Plasmon could be used in phase identification of compounds by comparison with reference 
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samples (fingerprinting), although fine structure of Plasmons can be easily blurred by 

thickness effects. 

 

Some core-loss edges do appear in the low-loss region, namely N and O peaks (n=4,5) are 

found at low energies. Superposition of low-loss features makes it very difficult to extract any 

quantitative information from these edges. 

 

Sometimes, a low-loss EELS spectrum is acquired in order to use it as a deconvolution 

function for a core-loss spectrum. In this case, the low-loss is considered the instrument 

function on itself, and deconvolution is carried out by dividing the Fourier transform of the 

core-loss spectrum by that of the low-loss region. This is the so-called fourier-ratio 

deconvolution method. 

 

 

1.1.4.3 Core-loss region 

 

The core-loss region consists of excitations from core sates of atoms in the sample. As already 

said, they are typically found from 100 eV on in the EELS spectrum, and can be observed up 

to a very optimistic upper limit of 4000 eV –for higher energy losses, the signal-to-noise ratio 

would be too low. 

 

Core states of atoms can be regarded as eigenvalues rather than energy bands. It is 

straightforward to identify core-loss edges, by simple comparison of their energy position 

with a reference table.  

 

Once the specific edges of the elements constituting a compound have been identified, one 

can try and quantify their relative compositions.  

 

1.1.4.3(a) Quantification 

 

Following equation [1.43], the relative composition of elements A and B will be given by 

AB

B

A

BB

AA

B

A k
I

I

/I

/I

N

N =
σ
σ=     

[1.50] 
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where IX is the integrated intensity corresponding to the X element edge, and where kAB 

contains the information relative to the GOS of elements A and B in the given compound, and 

of the geometric conditions of the microscope. 

 

It is most convenient to obtain kAB from a reference sample of a similar compound with 

controlled stoichiometry observed in the same experimental conditions. If this is not possible, 

σX can be calculated for the given geometric conditions. 

 

In order to obtain IX, first it is convenient to deconvolute the low-loss spectrum from the core-

loss spectrum using the fourier-ratio method. Then, it is necessary to fit a function to the 

background extending in the some 50 eV prior to the peak (usually a function of the form    

Ae
-rE

 is used, with E being the energy loss and A and r the free fitting parameters) and 

subtract it from the edge. Then, a numerical integration of the edge intensity will give IX. A 

schematic representation of this method is given in figure 1.1.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.7: Schematic representation of the IX calculation method.  

 

If a pathological situation is encountered (if, for instance, peaks overlap) a model fitting 

approach can be preferable to peak integration, either by employing a weighted sum of 

reference spectra or a parameterized simulation of the experimental spectrum. 



1.1 An Introduction To EELS                                                                                                        Sònia Estradé Albiol  

_______________________________________________________________________________________________ 

_________________________ 
 

 46 

 

1.1.4.3(b) Oxidation state determination 

 

The shape and onset of an EELS edge can be slightly modified by solid-state contributions. In 

some favourable cases it is possible to use these changes to determine the oxidation state of 

the studied element. Carbon K edge
1
, oxygen K edge and manganese L2,3 edges

12
 in different 

compounds are given in figure 1.1.8. 

 

This can be done by comparing the fine structure of the peak with reference spectra for the 

expected electronic configurations (fingerprinting) or with simulations of the fine structure for 

the expected configurations. Notice that fine structure is separated in energy loss near edge 

(ELNES) and extended energy loss fine structure (EXELFS, starting some 50 eV after the 

edge onset) contributions. ELNES is a probe of the unoccupied local density of states, and  

does contain information regarding the electronic structure of the material, whereas EXELFS 

contains information related to bond lengths.  

 

 

 

Figure 1.1.8: Carbon K edge, oxygen K edge and manganese L2,3 edges in different compounds. 

 

It may also be possible to determine the changes in the edge onset if the experimental 

resolution allows to do so, and to correlate them with the oxidation state of the element. This 

changes are of the order of a few eV and are usually referred to as chemical shifts.  
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Other properties of the edge can be correlated to the oxidation state for some elements, such 

as the splitting of the Fe L3 peak, or the L3/L2 intensity ratio for Mn. 
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1.1.5 The data cube 

 

As was it was previously stated, it is possible to combine EELS with TEM imaging. 

Combining spatial and spectroscopic information, we can consider the data cube displayed in 

figure 1.1.9 (a).  Figure 1.1.9 (a) must be interpreted keeping in mind that each δxδyδE box 

contains a given number of counts. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.9: (a) Data cube combining imaging and spectroscopy information. Energy filtered TEM (b) and 

Spectrum image (c) approaches to the data cube. 

 

 

1.1.5.1 Energy filtered TEM 

 

Energy filtered TEM (EFTEM) is an imaging technique based on EELS, where the 

spectrometer is no longer used to determine how many electrons have lost which amount of 

energy, but as a band-pass filter to form an image only with electrons that have lost an energy 

amount ranging between E0 and E0+δE. This way we are getting a slice of the data cube 

which is δE thick (figure 1.1.9 (b)).  

 

This can be used to improve contrast and resolution by getting rid of inelastic scattering, and, 

thus, chromatic aberration (zero-loss filtering), or to create images which will put in sharp 

contrast the zones in the sample which contain a given EELS edge and, thus, a given element.  

 

To obtain elemental distribution information from an EFTEM image, it is necessary to get rid 
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of the background. In order to do so, a two-area method is usually employed: two images are 

taken at adjacent pre-edge energy ranges; if the intensity due to background in the edge image 

in a given pixel is Ibg, and assuming that the intensities of the pre-edge images are solely due 

to background, then, for the given background model Ae
-rE

, 

( )r1

0

r1

0bg )EE(E
r1

A
I −− δ+−

−
=     

[1.51] 

with 
)/)log((E

)/I2log(I
 r 

1020p2

p2p1

pp EEδ+
≈  [1.52];   

1r

2p2p0

1r

2p0

2p

)EE(E

I)r1(
A −− δ+−

−
=  [1.53] 

where Ipx are the intensities of the pre-edge images in a given pixel, and E0x and δEx their 

initial energies and energy slit widths respectively. Thus, for each pixel of the obtained image, 

the corrected intensity will be given by Ic(x,y) = I(x,y) – Ibg(x,y). 

 

EFTEM is a fast and straightforward method for obtaining a two-dimensional distribution 

map of a given element. In addition to this, by combining the images obtained for different 

edges is it possible to create maps of analytic information -elemental maps of the specimen. 

 

 

1.1.5.2 Spectrum Imaging 

 

Of course, in the EFTEM approach, there is no access to the actual spectrum, so no  precise 

deconvolution or model fitting processing can apply. The alternative approach consists on 

dividing the area of interest of the specimen in a string of points separated from each other by 

a vector jyix
rr

δ+δ , and acquiring a complete EELS spectrum at each of these points. The 

obtained result is called a spectrum image (SI) (fig 1.1.9 (c)). The obtained data cube can then 

be conveniently processed and filtrated in energy.  

 

Accurate control of the beam size and position of the probe are of the utmost importance in a 

SI experiment, making it a STEM technique. 

 

For the same acquisition time, either the area of interest or the spatial resolution can be 

demonstrated to be always lower for a SI experiment than for an EFTEM experiment
7
. 

 

It is quite common to choose an area of interest consisting of a straight line (for instance, if 



1.1 An Introduction To EELS                                                                                                        Sònia Estradé Albiol  

_______________________________________________________________________________________________ 

_________________________ 
 

 50 

the specimen is homogeneous along one direction in the plane, but inhomogeneous along the 

other). In this case, a spectrum line (SL) is obtained. A SL is a slice of the data cube 

perpendicular to those obtained in the EFTEM images. 

 

SI information is usually combined with HAADF imaging. HAADF contains complementary 

chemical information as in HAADF intensity is roughly proportional to the Z
2
 of 

characterized the material.  

 

An example of a SL and HAADF image of a Si NW where Ga interdiffusion from the 

catalytic has taken place is given in figure 1.1.10 

 

 

 

Figure 1.1.10: (a) HAADF image of a Si nanowire. (b) EEL spectra obtained in the nanowire along the line indicated 

in (a), which demonstrate the presence of gallium segregation along the nanowire. 
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1.1.6  Some orders of magnitude. Some limits 

 

1.1.6.1 Some orders of magnitude 

 

As already mentioned, Plasmons are collective oscillations of free electrons in the specimen. 

Their characteristic energy is usually in the 10-30 eV range. The mean free path of the 

interaction is usually of about 100-500 nm. 

 

The interband transitions obviously yield the characteristic energy of the bandgap of the 

studied compound, which is, for the more favourable semiconducting materials, of  the order 

of a few eV. The mean free path of the interaction is of about 100 nm. 

 

Accessible core-loss edges usually lie in the 100-4000 eV range, as previously stated. In this 

case, the mean free path of the interaction can be significantly large, in the order of the µm.  

 

Table 1.1.2 shows the first and last chemical element (in terms of atomic number) for which a 

given edge is available. 

 

 

 

 

Table 1.1.2: First and last element (atomic number indicated in brackets) for which a given edge is available in 

the EELS spectrum. 

 

 

1.1.6.2 Energy resolution and energy dispersion 

 

The energy dispersion of an EELS experiment is the range of energy loss included in each 

channel of the spectrometer. As stated above, the FWHM of the ZLP gives a good estimation 

of the resolution of an EELS experiment. The overall energy resolution depends on the energy 

spread of the incident electrons ∆E0, the quality of the electron optics of the spectrometer, 

described by a spectrometer resolution ∆ES, and the relationship between the spatial 

resolution of the spectrometer s and the energy dispersion D. Egerton
1
 considers these factors 

Edge K L1 L2 L3 M3,2 M5,4 N3,2 N5,4 

from He (2) Al (13) Ca (20) Ne (10) Ti (22) Ge (32) Sr (38) Sb (51) 

to Zn (30) Ru (44)  Ru (44) Ru (44) Ru (44) U (92) Xe (54) Lu (71) 
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to be independent, and thus, the experimental energy resolution would be given by 

∆E
2
 = (∆E0)

2
 + (∆ES)

2
 + (s/D)

2
  

[1.54] 

 The fact that ∆ES is not independent from the energy loss means that the actual energy 

resolution may be worse for the chosen spectrum region than the one measured as the ZL  

FWHM.  

 

Figure 1.1.11 displays the Low Loss EELS spectra of the same region of a GaAs nanowire, at 

a 1.0 eV energy dispersion and at a 0.3 eV energy dispersion. The energy resolution is 5.4 eV 

and 0.8 eV respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.11: Low Loss EELS spectra of a GaAs nanowire, at a 1.0 eV dispersion and at a 0.3 eV dispersion. 

The energy resolution is 5.4 eV and 0.8 eV respectively. 

 

 

1.1.6.3 Detection limits, a matter of moderate optimism 

 

EELS detection of low concentration elements can be difficult, especially if the available 

peaks are not sharp features in the spectrum. Following Colliex
13

, we must distinguish 

between two unfavourable cases: (a) that we have an element homogeneously distributed in a 
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given matrix in a low concentration, in which case we would be interested in the minimum 

detectable mass (MDM), or (b) that we have an element segregated into a matrix, in which 

case we would be interested in the minimum detectable number of atoms (MDN). 

 

Then
13

, the equation relating the detectable concentration C to the signal to noise ratio (SNR) 

of the available peak is: 

 

2/1

T
PD

B

S

1

d

SNR
C








 τ
=   

[1.55] 

Where d is the probe diameter. 

 

 S/B is the signal to background ratio and P the probability (P = σnt) of core edge excitation 

of the available peak from a pure foil of the studied element of thickness equal to the actual 

sample thickness t. 

 

D is the irradiation dose D = JT, with J the probe current density (J = I/d
2
, being I the total 

probe current), and T the irradiation time. τ is the recording time. 

 

Equation [1.55] indicates that in the case where we have an homogeneous distribution of low 

concentration atoms, it is advisable to use large, intense probes. 

 

The detectable number of atoms is given by N = Cntd
2
 [1.56]. 

 

Thus, if we want to detect an element segregated into a matrix, we need thin specimens and a 

probe with high current density. 

 

In general, a ∼5% is considered the minimum detectable concentration for conventional 

EELS. Yet, it is worth noting that single atoms embedded in biological structures
14

, 

interdiffused atoms at interfaces
15

 or catalyst atoms in nanostructures
16

 have been detected by 

EELS. In the last two cases, aberration corrected STEM-EELS allowed even to locate the 

impurity atoms in the structure. 
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1.1.6.4 Spatial resolution and delocalisation 

 

Spatial resolution of an EELS experiment is limited by two factors: instrumental broadening 

of the signal and delocalisation. Delocalisation of inelastic scattering is described in a 

simplistic, classic way, by the impact parameter b of the incident electron. The smaller the 

impact parameter, the greater the electrostatic interaction, and the greater the scattering angle. 

Thus, already the earlier works by Howie et al
17

. suggested the use of an off-axis detector to 

minimise the delocalisation. 

 

Following Bohr’s adiabatic criterion, it is possible to define bmax as the maximum impact 

parameter before the sample electrons are dynamically screened bmax = v / ω [1.57], where v 

is the velocity of the incident electron and ω describes the energy loss. Muller and Silcox
18

 

extended this concept to a quantum mechanical model and suggested that bmax gives the 

measured decay length for inelastic scattering. This means that the given delocalisation 

depends on the energy loss, and that delocalisation should be a greater problem in low-loss 

experiments than in core-loss experiments. Yet, in the right experimental conditions, 

delocalisation should be limited to a subnanometric HWFM, even for low-loss. 

 

More recent works in aberration corrected microscopes have proved that EELS can reach 

atomic resolution. For instance, Pennycook
19

 demonstrated core-loss EELS atomic resolution 

in an aberration corrected STEM, and Grogger
20

 et al. achieved subnanometric resolution in 

an aberration corrected TEM with a monocromator in low-loss EFTEM experiments. 

 

 

1.1.6.5 Orientation. Channelling. Magic angles 

 

If one solves the Scrödinger equation for an electron in a crystalline potential, the resulting 

wavefunctions are Bloch waves. When a number of Bragg beams are excited, the same 

number of Bloch waves propagate in the crystal.  

 

In the most simple case, in the weak beam condition, two Bloch waves are present: one that is 

peaked at the specimen atoms (type 1) and one that is peaked at half way between the atoms 

(type 2), both with the same intensity. When tilting the specimen out of the exact Bragg 
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condition, if the beam-crystal plane angle is reduced, type 1 wave is enhanced, and, if the 

aforementioned angle is increased, then, the type 2 wave is enhanced.  

 

The orientation dependence of Bloch waves amplitude is a generalised phenomenon and may 

affect the relative intensity of the EELS edges, depending on the position of the different 

atoms in the unit cell respective to the exact Bragg plane, which can be used to determine the 

polarity of a thin film or nanostructure
21

. 

 

When in exact zone axis, the Bloch wave description may not be the most suitable one. It is 

well established that, when a crystal is viewed parallel to the atom columns, the obtained high 

resolution images may show a one-to-one correspondence with the actual atom positions, if 

the balance between the resolution of the instrument and the atomic distance is favourable 

enough; thus, in this case, the exiting wave function mainly depends on the projected 

structure, and the physical explanation for this to happen has been proposed by van Dyck
22

 to 

be the channelling of the electrons along the atom columns parallel to the beam direction: 

through the positive electrostatic potential of the atoms, a column acts as a channel for the 

electron, within which it can scatter dynamically without leaving the column.  

 

This elastic and highly directed incident electron–atom interaction may strongly reduce the 

EELS signal, so that it is advisable to work slightly off the zone axis to collect EELS data, if 

possible. Yet, when working in aberration-corrected microscopes, one does want to keep the 

zone axis condition in order to allow for the chemical analysis of a given atomic column. In 

this case, electron channelling may give rise to further experimental problems. Artefacts may 

be encountered, especially if the sample is thick enough. If an inelastic scattering event is 

suffered by an electron channelling down an atomic column, there is a non-null probability of 

this electron swapping to the next atomic column and, thus, giving some chemical information 

about the wrong atomic column. 

 

When studying the fine structure of a given edge in an anisotropic crystal, one finds that its 

shape is strongly dependent on sample orientation. The C K edge fine structure seems to be 

the most studied such case
23

. It can be proved
23

 that a collection angle (or an effective 

collection angle if convergence angle effects must be taken into account) exists, for which this 

orientation dependence is lost. It is the so-called magic angle. 
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1.1.6.6 Sample requirements 

 

In EELS, transmitted electrons are analyzed, so it is obvious enough a requirement that 

samples should be electrotransparents. Furthermore, spectra obtained from samples thicker 

than 50 nm will present striking thickness effects that may mask the actual information. Very 

thin samples may result in very little inelastic scattering to collect, but this can be overcome 

by taking spectra for a longer time (if possible –if the sample is robust under the beam and 

there are no drift issues) or by summing up the spectra taken at several equivalent zones. In 

general, the thinner the better, specially when trying to perform high spatial resolution 

experiments. It is also advisable to work with a sample which presents a constant thickness, as 

comparing spectra from zones with different thicknesses may lead to misinterpretations of the 

obtained data.  

 

Obviously enough, it is nonsensical to characterize a sample containing carbon (or from 

which it is intended to collect a low-loss spectrum with the interesting plasmon peaks found 

around 24 eV) lying on holey carbon. 
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1.1.7  A word on spectrometers.  

 

In the present Thesis, several EELS spectrometers were used, all of them post-column 

magnetic filters. Post-column filters can be mounted below an existing (S)TEM, without 

altering the optical elements of the microscope. Other filter typologies include the Castaing 

Henry and Omega filters which are in-column filters. 

 

A magnetic filter can be understood as being analogous to a glass prism dispersing a beam of 

white light. Electrons travel down (up if we are in a DSTEM geometry) the spectrometer and 

are deflected over 90º by an existing magnetic field. Electrons with lower energy (greater 

energy loss), are further deflected than those having higher energy (smaller energy loss), 

according to Lorentz force. The spectrum is formed in the dispersion plane as a number of 

counts vs. energy loss. In addition, electrons travelling in any direction having lost the same 

amount of energy are focused at the same point of the dispersion plane. The spectrometer acts 

as a lens and thus has to be focused, and aberrations have to be taken care of as well. 

 

The general strategy for focusing the spectrometer and getting rid of its stigmatism is to try to 

minimise the FWHM of the ZLP. This can be achieved by directly observing it in real time as 

the adjustments are made. Yet, it is advisable to take a look at the raster image of the low loss 

spectrum first to make sure the ZLP has the right 2-dimensional shape (as thin as possible and 

as straight as possible –as opposed to “banana-shaped”). As the focusing conditions do vary 

on the energy loss, it may be wise to refocus the spectrometer when observing the region of 

interest in the spectrum by sharpening the studied edge, or, if many, the more central one.  
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1.1.8 The actual instrumentation 

 
In the present work (S)TEM-EELS characterization has been mainly carried out using a Jeol 

2010F (S)TEM with a Gatan GIF spectrometer, a Philips CM30 TEM  and a Jeol 2100 

(S)TEM. 

  

Additional experiments have been carried out using a VG 501 dedicated STEM with Gatan 

Enfina Spectrometer at Laboratoire de Physique dels Solides (LPS) in Orsay (France), a VG 

501 dedicated STEM with a Nion aberration corrector and a Gatan Enfina Spectrometer at 

SuperSTEM in Daresbury (UK), and an aberration corrected Nion UltraSTEM 100 with a 

Gatan Enfina spectrometer, both at LPS and SuperSTEM. 

 

A comparative of the characteristics of these instruments is given in table 1.1.3 

 

 

 

 

 

 

 

 

 

Table 1.13: Characteristics of the used instruments 

  

 

 

 

Microscope Type 
Beam 

energy 

EELS 

Spectrometer 

Point-to-point 

resolution / 

probe size (*) 

Energy 

Resolution 

J2010F (S)TEM 200 keV GIF 0.19 nm 0.8 eV 

CM30 TEM 300 keV - 0.23 nm - 

J2100 (S)TEM 200 keV - 0.23 nm - 

VG501 STEM 100 keV Enfina 0.50 nm* 0.3 eV 

Aberration corrected VG501 STEM 100 keV Enfina 0.10 nm* 0.3 eV 

UltraSTEM STEM 100 keV Enfina 0.05 nm* 0.3 eV 
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1.2.1 Why EELS? 

 

1.2.1.1. The right scale 

 

Some twenty years ago, scientists interested in EELS had to overcome the impression that 

"EELS [was] a playground for physicists and of little help for solving materials science 

problems"1. Nowadays, given the eventual reduction in scale of the problems at hand and the 

progressive instrumental advances that have taken place in microscopy in general and in 

EELS in particular, it seems clear that EELS has become a most crucial tool in materials 

science and even the life sciences2,3.  

 

As EELS is performed in the Transmission Electron Microscope (TEM), it benefits from the 

very high spatial resolution that can be achieved with electron optics, which can focus the 

electron beam to form a subnanometric probe.  In particular, if a field emission gun is used, 

sufficient current can be obtained for a 1 nm probe. Within aberration corrected instruments, 

this figure can be reduced to 0.1 nm. In addition, EELS can be easily combined with structural 

information as obtained from the TEM imaging and diffraction modes, and even with 

complementary X-ray energy-dispersive spectroscopy (EDXS) if needed. 

 

There is a fundamental limit to the minimum lateral resolution that can be achieved by EELS, 

irrespective of the electron optics. As commented in chapter 1.1, this limit is given by the 

delocalisation produced in inelastic scattering, and depends on the energy loss (the lower the 

loss, the greater the delocalisation)4. Yet, fortunately, this limit does not prevent from getting 

EELS signal from single atom columns at core-loss5 or subnanometric resolution in low-loss 

experiments6.  
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1.2.1.2. EELS compared to other spectroscopies 

 

1.2.1.2(a) EDXS 

 

The two main spectroscopies used in the TEM are electron energy loss spectroscopy (EELS) 

and energy-dispersive X-ray spectroscopy (EDXS). The first is based upon measuring the 

amount of energy given by the incident electron to the sample, and the second one upon 

detecting the X-rays generated in the subsequent desexcitation process. 

 

Despite the poor energy resolution, EDXS is often preferred to EELS because quantification 

requires less sophisticated methods. When it is installed and adjusted, the EDXS silicon diode 

detector requires no further tuning from the operator. Acquisition of the X-ray spectra is 

straightforward and elemental-quantification software produces elemental ratios, also in a 

straightforward manner, but accuracy can rarely be considered better than 10%7. EDXS 

becomes more problematic for low Z elements as for them the main desexcitation mechanism 

is Auger (the X-ray fluorescence yield is below 1% for Z < 10)7 and the detection of low-

energy X rays is considerably affected by absorption effects in the specimen and in the 

detector window. Moreover, EDXS spectrometers have a small collection solid angle (at most 

a few tenths of a steradian), limited by the size of the detector crystal and the specimen–

detector distance. 

Using calibration specimens, it was showed as early as 1993 that EELS can detect smaller 

amounts of an element than EDX spectroscopy for elements below sodium (Z < 11) based on 

K-shell excitation, or below iron (Z < 26) using L excitation, given that cross section 

elemental ratios were experimentally obtained from controlled stoichiometry samples (as 

opposed to calculated from a physical model)8. 

 

1.2.1.2(b) XAS 

 

X-ray absorption spectroscopy (XAS) gives an information which is physically equivalent to 

that obtained in EELS -absorption edges are the equivalent of ionization edges, and can be 

used to identify and measure the present elements, while the near-edge and extended fine 
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structure (NEXAFS, EXAFS) allows structural analysis7. In this technique X rays can be 

focused and made to go through a small part of the specimen, as one does with electrons in 

the TEM. Spatial resolution is worse (down to 30 nm) but energy resolution is significantly 

better (down to 100 meV) when compared to EELS. As in the case of EELS, avoiding 

specimen damage is one of its main constraints. 

 

 

1.2.1.3. Recent developments 

 

With the recent advances in instrumentation (spherical aberration correctors, electron 

monochromators, new energy filters and CCD detectors) EELS experiments can now be 

performed with a spatial resolution well below 0.1 nm and an energy resolution better than 0.2 

eV.  

 

One of the instrumental highlights in the history of TEM is the recent introduction of systems 

to compensate for spherical and even chromatic aberrations9,10,11. One way of achieving 

spherical aberration (Cs) correction is based upon the use of two hexapoles where the second 

order aberrations from the first hexapole are compensated by the second hexapole element. As 

the two hexapoles additionally induce a third-order spherical aberration which is rotationally 

symmetric and proportional to the square of the hexapole strength, and is of the opposite sign 

to that of the objective lens, the spherical aberration of the entire system can be compensated 

by appropriately controlling the strength of the hexapoles9. Alternatively, spherical aberration 

correction can be achieved through quadrupole-octupole (QO) corrector10,11. Schemes of the 

three multipole lenses are given in figure 1.2.111. The QO corrector uses a quadrupole to put a 

line focus along the negative spherical aberration axis of an octupole, a further two 

quadrupoles to produce a line focus in the perpendicular direction in a second octupole, and a 

fourth quadrupole to reform a round beam (figure 1.2.2)11. The two octupoles add a negative 

spherical aberration in x and y, but also cause some four-fold distortion of the beam. A third 

octupole, acting on a round beam, is used to correct that distortion. A potential advantage of a 

QO corrector over a hexapole corrector is the possibility of also correcting the first-order 

chromatic aberration11. Spherical aberration, parasitic second-order axial aberrations, coma 

and threefold astigmatism, and the non-spherical axial third-order aberrations, star aberration 

and fourfold astigmatism need to be compensated at the same time by adequately changing 

the intensity of all the involved lenses. This is achieved by software assisted recursive 
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measuring and compensation of the aberrations. All kinds of instabilities must be suppressed 

for the corrector to perform adequately9,10,11. Using aberration corrected microscopy, an 

electron probe smaller than 1 Å can be achieved, which allows imaging of single atoms, 

clusters of a few atoms, and atomic columns. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.2.1: Multipole lenses. The z-axis, along which the electrons travel, is into the page. The geometry of 

the field lines is sketched in on the quadrupole. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.2.2: Schematic trajectories of axial rays in x and y through the QO aberration corrector (z is along 

the optic axis). C2 is the final condenser lens and OL is the objective lens. The beam cross section is shown 

below at four places through the corrector. 
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A multipole corrector built into the illumination system of a STEM (figure 1.2.3) increases 

the image resolution and allows more current to be focused in a given probe. This is of great 

importance for spectroscopy, as both lateral resolution and signal-to-noise ratio are enhanced.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1.2.3: Aberration corrected 5ion Ultrastem STEM (a) column and (b) schematic cross-section of the 

column. 

 

If EELS presents a lower energy resolution when compared to other spectroscopies as XAS, 

the limitation does not lie in the capabilities of the spectrometers, but in the energy width of 

the electron source. This energy dispersion is typically 1–2 eV for a thermionic source and 

0.5–1 eV for a Schottky or field-emission tip. For a cold FEG, this figure can go down to 0.3 

eV. For comparison, synchrotron X-ray sources and beam-line spectrometers commonly 

provide a resolution below 0.1 eV for absorption spectroscopy, and even below 1 meV in 

certain cases12. 
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In order to reduce the source energy spread, monochromators have been recently introduced. 

There are two main approaches: the electromagnetic Wien filter and the electrostatic Omega 

filter. Both types improve the energy width to about 0.2 eV. Yet, they both produce an energy 

spectrum of the electron source at a dispersion plane, where a narrow energy-selecting slit 

selects a small fraction of the electron distribution. As a result, many electrons are absorbed 

by the slit -the beam current at the specimen is reduced by a factor at least equal to the 

fractional improvement in energy resolution12. Nowadays, the monocromators yield a beam 

current in the order of several 100 pA12.  

 

The single Wien filter limits the probe size to about 2 nm, whereas there is no such limitation 

in the case of the Omega filter13. In some Wien filter designs14, the dispersion is compensated 

and the beam reduced to its original size by using second monochromator section which 

produces an achromatic image of the electron source (double Wien filter).  
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1.2.2 Solving problems with EELS  

 

1.2.2.1. Low-loss applications 

 

Bulk plasmon peak position can be used as an indirect compositional measure, and has been 

extensively used as a local chemical characterization tool, especially in the case of 

semiconductors. It can be primarily used as an identification tag for determining which 

compound is there at a given region of the studied specimen15, 16. As the plasmon peak 

position depends on the lattice parameter (as well as the bandgap energy and the dielectric 

constant) it can also give an indirect measure of structural properties17, 18. 

 

The need for characterization techniques that provide precise information regarding the 

bandgap and general optical properties at high spatial resolution seems to be out of question, 

given the scaling down that has taken place in the field of materials science and the rapidly 

widening use of nanostructures. In this sense, standard optical techniques such as vacuum 

ultra-violet spectroscopy do not provide the spatial resolution required to probe a material on 

the nanometer scale. Low-loss EELS seems to be a most fitting technique for the local 

characterization of optoelectronic properties at the nanoscale.  

 

For insulators or semiconductors with a sufficiently wide bandgap (that can be less than 1 eV 

using a monochromated STEM19), interband transitions can be observed in the EELS 

spectrum. It is possible to identify through EELS the bandgap energy of given 

nanostructures20,21,22. It is also possible to assess the existence of localized states within the 

bandpgap, which may be due to the presence of dislocations or other kinds of defects, for 

instance23, 24, which create new energy levels in the local DOS. 

 

A most promising EELS capability is in characterizing the local optical properties of 

semiconductors through Kramers-Kronig analysis of low-loss data. In 1999, experiments 

carried in a cold FEG VG 501 STEM demonstrated the possibility to access the local 

dielectric function of several semiconducting nitrides at the nanoscale through EELS25. The 

reliability of the result directly depends on the quality of the EELS data, mostly concerning 

the accuracy of the EELS intensity measurement at very low energy. Surface modes of 

excitation of small particles and nanotubes (in the range of 12-18 eV) have also been studied 
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through EELS in a cold FEG VG 501 STEM. They have been shown to highly depend on the 

anisotropy of the nanostructure26. Yet, surface plasmons of nanostructures often occur at 

energy losses below 10 eV and are often poorly resolved, even for very thin specimens. A low 

energy spread (and hence the use of a monochromator) can greatly benefit the characterization 

of such surface modes, which mostly describe their optic properties. In this sense, a very 

recent work by Schaffer et al.27, demonstrated high resolution EFTEM mapping of gold 

nanoparticles surface plasmons using a monochromator. On the other hand, Nelayah et al28. 

showed that optical properties can be analyzed in the nearinfrared/visible/ultraviolet domain 

(energy loss under 3 eV) without a monochromator.  A Richardson–Lucy algorithm and 

customized acquisition process were used to enable the observation of very low energy 

surface plasmon peaks. This method was applied to an equilateral Ag nanoprism with 78-nm-

long sides and allowed the observation of three plasmon resonance modes centered at 1.75, 

2.70 and 3.20 eV, corresponding respectively to wavelengths of 709, 459 and 387 nm. 

 

 

1.2.2.2. Core-Loss EELS elemental identification and quantification. Single atom 

detection 

 

Maybe the most common question that is addressed using EELS as a characterization tool is 

which elements, and in what proportion, are found, locally, in a given specimen. Problems 

such as interdiffusions at interfaces, or elemental distributions in nanostructures, sometimes 

specifically require EELS because the involved scales exceed the spatial resolution otherwise 

available. 

 

Elemental identification is straight forward, but quantification is problematic. EELS 

quantification of a spectrum involves background removal and intensity conversion to 

chemical concentration through the appropriate, energy dependent, experimental geometry 

dependent, single-atom cross-section. Quite a lot of discussion has been centered on the 

optimal way of extracting the background29,30,31, and a great deal of effort has been devoted to 

the calculations of EELS cross-sections32,33,34.  Nowadays, both background fitting and 

extraction and cross-section calculations are generally carried out using the EELS 

quantification tools in the Gatan Digital Micrograph software. Although this is a robust and 

reliable tool, it is also extremely user-dependent, and may give rise to biased or plain 

nonsensical results depending on their level of expertise (no matter how badly the 
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quantification is made, the software will always produce a number). In order to avoid the 

problems associated with this usual quantification procedure, Verbeeck and coworkers35,36,37 

proposed the use of a C based software package (EELSmodel) to carry out a model based 

quantification of EELS spectra. The EELSmodel program works starting from a series of 

parameters which are introduced by user, and through a choice of different possible statistical 

tools, tunes these parameters to finally reach the model which better matches the experimental 

spectrum. A python model based quantification program (EELSlab) is currently being 

implemented by de la Peña and coworkers in STEM Group in Orsay. 

 

Recent applications of EELS elemental quantification include the characterization of 

semiconducting nanostructures38,39, thin films with applications in spintronics40,41, or shape 

memory alloys42.  

 

As has been previously stated, the incorporation of monochromators and aberration correctors 

for transmission electron microscopes (TEM) has much helped improve the spatial and 

energetic resolution of EELS. Yet, best energy and best spatial resolution are not found in the 

same experimental configurations43. Best energy resolution (about 0.1 eV), achieved with 

monochromators, and most useful for low-loss EELS, comes with a spatial resolution in the 

order of the 1 nm. In an aberration corrected STEM, where energy resolution is about 0.4eV 

can achieve a spatial resolution in the order of the Armstrong. Such configuration is best for 

the core-loss chemical analysis of atomic columns and the localisation of individual atoms in 

nanostructures. 

 

In this sense, Kimoto and coworkers44 demonstrated atomic-column imaging of a crystal 

using core-loss EELS. In particular, the atomic columns of La, Mn and O in manganite 

La1.2Sr1.8Mn2O7 were visualized as two-dimensional images, using the La N4,5, O K, Mn L3,2 

and La M5,4 edges signal.  

 

Muller and coworkers succeeded in quantifying the vacancy concentrations in SrTiO3 (STO) 

at atomic scale through core-loss EELS45. Varela and coworkers detected a single La dopant 

atom in CaTiO3, through HAADF intensity and La M5,4 edge signal
46. Recently, single Au 

atoms were observed in Si nanowires grown using Au as a catalyst47. 
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1.2.2.3. Core-Loss EELS atomic coordination and oxidation state determination 

 

In compounds where there is a coordinate bonding, information of the kind of bonding which 

is present is of the utmost importance to gain insight into the compound structure. The energy 

loss near edge structure (ELNES) of an EELS edge is given by the local density of states 

(LDOS) of the atom suffering the inelastic scattering, and, thus, contains information on its 

bonding. Coordination determination from ELNES fingerprinting is a standard technique 

from as soon as the mid 1980s48. As energy resolution is improved, so is the level of detail in 

ELNES of EELS edges. In this sense, many efforts have been recently devoted to theoretical 

calculations of ELNES, which allow the use of theoretical references to compare to actual 

EELS spectra, and further comprehension of the individual features in the ELNES49,50. 

 

The shift of the threshold energy of a given edge is a measure of charge transfer but also of 

coordination number4. Chemical shift can thus be used as a fingerprint to determine to which 

compound belongs the atom giving rise to the observed transition. A thoroughly studied 

classic case is that of the chemical shift of Si L2,3 edge, that has been correlated to the 

electronegativity of nearest neighbour atoms for Si alloys51, or to the mean Si-O bond lengths 

in Si oxides52, for instance. 

 

White lines (L2,3 edges of transition metals and M4,5 edges of rare earths) appear in the shape 

of two sharp peaks, with an energy separation given by the spin-orbit splitting of the initial 

states. The relative intensity of those peaks, yet, does not correspond to the number of 

electrons in the initial state, as it would be intuitive. This is so because of a spin selection rule. 

The final white-line intensity ratio depends on Z number and on the oxidation state4. 

Oxidation state quantification via white line intensity ratio has been demonstrated, for 

instance, for Co53 or Fe54. We will address the case of Mn in greater detail in the following 

section. 
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1.2.2.4. Mn oxidation state determination 

 

Kurata and Colliex, in their 1993 paper55, gave a very accurate report of both the chemical 

shift and ELNES of O K edge and the Mn L3 peak onset, L3/L2 intensity ratio and normalized 

L2+L3 total intensity for several manganese oxides. These experiments allowed manganese 

oxidation state determination by comparing experimental results with the references given, 

usually by obtaining Mn L3 peak onset and L3/L2 intensity ratio, as they seem to be the most 

accurate, especially the latter.  

 

Further works studied the electron beam induced reduction of manganese and offered very 

similar standards for EELS determination of manganese oxidation state56. Up to our 

knowledge, the last great effort to offer trustworthy references for comparison with 

experimental Mn L3 peak onset and L3/L2 intensity ratio (as well as for Fe L3 peak onset and 

L3/L2 intensity ratio) was made by Schmid and Mader in 2006. Again, they do not importantly 

differ from previous references, although they suggest that L3/L2 intensity ratio may have 

been slightly overestimated for Mn2+ in the past54.  

 

Manganese oxidation state determination through EELS has given the opportunity to locally 

assess phase separation in manganites40,57,58. This is of the outmost importance, as phase 

separation in mixed-valence ferromagnetic manganite films has been suggested to be the most 

likely microscopic explanation of the macroscopic negligible room-temperature 

magnetoresistance in magnetic tunnel junctions59. Other techniques, such as NMR, can 

indicate average deviations from the expected Mn3+/4+ oxidation state in these compounds, but 

only EELS seems to be capable of determining where, and ideally why, these deviations are 

produced. 

 

Local Mn oxidation state determination through EELS is also crucial in many other kinds of 

systems. Recent applications include fuel cell technology60, large-scale integrated devices61 or 

mineralogy62. 

 

A very recent work by Varela and coworkers63 addressed Mn oxidation state quantification in 

atomically resolved core-loss EELS. In this case, surprisingly enough, edge onset variation 

seems to be the most accurate measure of Mn oxidation state. Mn valence can still be 
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quantified through white lines intensity ratio, but it oscillates dependent on Mn lattice site. In 

particular, best results are obtained when the electron beam is on the Mn-O column, for 

reasons that are not yet fully understood. New possibilities and new questions are thus now 

opened. 
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1.1.3. Aim of this work 

 

In the present work, EELS will be applied to solving several materials science problems. 

 

• Low-loss EELS will be used to characterize compositional and structural modulations 

in semiconductors.  

 

• Interdiffusions at interfaces of thin films will be assessed through core-loss EELS.  

 

• Oxidation state quantification of Fe and Mn in different nanostructures with magnetic 

applications will be addressed.  

 

• Finally, EELS elemental quantification and EELS determination of Mn oxidation state 

will be applied to a thorough investigation of La2/3Ca1/3MnO3 (LCMO) thin layers. 
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2.1.1 Introduction 

 

Much attention has been centred on the spontaneous formation of lateral superlattices induced 

by lateral ordering processes or by phase separation in III-V semiconducting layers1-7. As a 

matter of fact, many nanostructures of great fundamental and technological interest, based on 

III/V semiconductors, have been recently reported to benefit from compositional modulation 

at an InAlAs layer8-10, for instance by improving the uniformity of the nanostructures or by 

enabling to better control their sizes or their positions.  

 

In addition, TEM-assessed segregation phenomena in III-V semiconductors are the object of 

an ongoing controversy. Evidence has been given in the sense that self-segregation and 

diffusion processes take place during growth of these materials, depending on the growth 

conditions and on the concentrations of the different species11–13. Yet, the possibility of 

inducing additional modifications in the structures through beam-damage during TEM or 

STEM observations is still the subject of an intense debate14-16.  

 

Tey and coworkers8 studied the impact of varying the thicknesses of InAlAs in a combined 

two-level InAlAs–InGaAs capping layer on a structure of InAs/GaAs quantum dots grown for 

advanced laser applications. STEM and core-loss (Al L2,3 edge) EFTEM were used to 

characterise the studied system. An increase in the height of the quantum dots was observed 

when the thickness of the InAlAs capping layer was increased. In addition, evidence was 

found of lower aluminium signal near the top of the quantum dots, with aluminium atoms 

migrating to the periphery of the quantum dots. Indium segregation within the InAlAs layer, 

giving rise to an In-rich zone over the QDs, was proposed as a mechanism to understand the 

increased height of InAs quantum dots with increasing InAlAs capping layer thickness. 

 

Lei and coworkers9 considered some uniformly distributed InAs nanostructures embedded in 

InAlAs grown on (001) InP. These nanostructures, with applications in long wavelength 

semiconductor lasers and photodetectors, were characterized through weak beam field TEM. 

It was found out that by changing the As overpressure during the molecular-beam epitaxy 

growth of InAs layers, quantum wires (under higher As overpressure) or elongated InAs 

quantum dots (under lower As overpressure) were formed. Interestingly, spatial correlation 

changed from vertical anti-correlation in quantum wire superlattices to vertical correlation in 
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quantum dot superlattices. This could be explained by the different alloy phase separation in 

the InAlAs spacer layers triggered by the InAs nanostrcutures. It was observed that the alloy 

phase separation in InAlAs in quantum dot superlattices could extend a long distance along 

the growth direction, indicating the vertical correlation of QD superlattices could be kept in a 

wide range of spacer layer thickness. 

 

In a subsequent work10, the same authors then contemplated the possibility to use a 

misoriented substrate to enhance phase separation in InAlAs. In particular, the self-organized 

growth of InAs/InAlAs quantum wires on a nominal (001) InP substrate and (001) InP 

substrates misoriented by 2°, 4°, and 8° towards both (−110) and (110) directions were 

considered. Samples were again characterized through weak beam TEM. Compared with 

those grown on nominal (001) InP substrate, the density of InAs/InAlAs quantum wires 

grown on misoriented InP (001) substrates was found to be enhanced. A strong lateral 

composition modulation effect was observed in the InAlAs buffer layers grown on 

misoriented InP substrates with large off-cut angles, which induced a nucleation template for 

the first InAs quantum wires and greatly improved the size distribution of the following ones. 

Best results were achieved with a 8° off cut towards (−110) substrate, in terms of size 

homogeneity and photoluminescence intensity. 

 

In spite of the great number of investigations carried out in these systems, a quantitative 

EELS characterization of In-rich and Al-rich regions in InAlAs layers was never fully 

addressed, maybe because neither Al L2,3 (at 73 eV) nor Al K (at 1560 eV) appear to be 

convenient to carry out an elemental quantification. 

 

It is well known17 that, except for some pathological cases, plasmon energies vary with 

composition in a quasi-linear manner. Keeping in mind that AlAs plasmon is found in at 

16.1 eV and that InAs plasmon is found at 13.8 eV, a periodic variation of the plasmon 

position towards higher energies in Al-rich regions and towards lower energies in In-

rich regions is expected. Moreover, for an In1-xAlxAs composition, plasmon energy P is 

expected to be P ≈ 13.8 eV (1 + 2.3x). Plasmon position location thus seems a most 

suitable way to assess the periodic variations in local chemistry of InAlAs layers.  

 

In particular, in this chapter, plasmon position (together with HAADF imaging) will be used 

to characterize the local chemistry of an InAlAs buffer layer in an InGaAs /InAlAs /(100)InP 
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system with InP substrate misoriented 4º towards (111). These InAlAs layers had already 

been characterized by conventional TEM2, and two beam experiments had shown white-dark 

domains inside the InAlAs buffer under g=022. Compositional modulation is thus expected.  
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2.1.2 Experimental details  

 

The general structure of the analyzed samples is 5 nm GaAs / 50 nm In0.52Al0.48As / 18 nm 

In0.53Ga0.47As / 2 µm InyAl(1-y)As buffer layer / InP substrate, where yIn = 50% for sample I 

and yIn = 48% for sample II.  The samples were grown by molecular beam epitaxy on (100) 

InP substrates which were 4° misoriented towards (111). The InP substrates were cleaned for 

20 min in UV ozone, which removes organic contaminants and results in a surface oxide. 

Oxide desorption was accomplished by heating InP at 530 °C under an As2 flux of equivalent 

pressure 2.2x10-5 Torr. The growth rates were about 1 µm/h for all the layers and the As2 flux 

was fixed at 2.2x10-5 Torr. Since composition variations in InAlAs appear at high growth 

temperatures (Tg), the InAlAs buffer layers have been grown at 580 °C. However, in order to 

avoid problems related to As-P exchange at the interface, the first 200 nm were grown at Tg 

=530 °C. Studied samples were grown by A. Georgakilas (Foundation for Research and 

Technology-Hellas), C. Wood and A. Christou (University of Maryland) in the frame of a 

Spanish-Greek bilateral cooperation project. 
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2.1.3 Previous PV and XT TEM results  

 

In previous works2, PV observation had revealed a quasi-periodic contrast modulation along 

[011]. These contrast fringes along [011] were observed in strong contrast for g = 022 and 

mean modulation wavelength had been determined to be λ = 125-135 nm. It is worth noticing 

that there was an extinction of the contrast of the bands for g = 0-22 (figure 2.1.1). When 

observing the samples from free surface towards interface, contrast vanished as approaching 

the substrate, modulation was observed down to a distance of about 200nm from InP.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.1: Two-beam images with excitations g= 02-2 (a) and g = 022 (b) of y = 48% structure in PV 

geometry. 

 

No dislocation nucleation was found in the case of lower mismatch (y = 50%) and reduced 

dislocation density was found for higher mismatched (y = 48%) sample. In the more 

mismatched sample, misfit dislocations were observed at the buffer/substrate interface and at 

200 nm from the interface. Some dislocations loops glided on (111) planes between both 

regions as was observed in (100) plan views.  

 

In XT geometry, white-dark domains were observed inside the InAlAs buffer under g=022. 

These domains started to appear at about 200 nm from the interface in the sample with 

yIn=50% (figure 2.1.2), suggesting they were triggered by the change in Tg. Contrast bands 

were oriented at 13-15º from [100] direction. The trace of these domains on (100) plane is 

[011]. The stereographic projection indicated that the domains were limited by {122} and 

{133} planes. There was a correspondence of domains with ripples and valleys at the top 

surface. 
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Figure 2.1.2: Two images with excitation g=022 of y = 50% structure (a) and y = 48% structure (b), both in XT 

geometry. 
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2.1.4 Plasmon Analysis 

 

 2.1.4.1 Plasmon position location 

 

In order to find the local plasmon energy from a low-loss spectrum image in an 

automated way, a short Matlab script was written. Many are the advantages of having a 

routine find the plasmon position instead of determining it by direct observation of the 

EELS data; quite obviously, the repetitivity and rigor of the measure is increased. Also, 

one can take advantage of the shape of the plasmon to refine the plasmon energy 

location, instead of simply localizing the maximum –i. e: reconstructing the whole 

plasmon shape from a number of points and then calculating its centre rather than just 

locating the highest intensity point. Finally, if a spectrum image containing many 

spectra is considered, an automated routine can be fairly time-saving.  

 

The Matlab script reads a spectrum image saved in .txt format (with no fixed energy 

range, but including a non-saturated ZLP), it separates the individual spectra and saves 

them, numbered, in case one may want to plot a given spectrum. Then, for each 

spectrum, it adjusts a Gaussian function to the ZLP, recalibrates energy scale by 

situating the centre of the ZLP at 0, fits a second Gaussian function to the plasmon peak 

and saves its centre. A file containing the plasmon position as a function of the spectrum 

ordinal in the spectrum image is then created, and can be plotted right away or exported 

as ASCII (for instance, to Origin). 

 

In fact, the procedure is not much different from that that could be implemented directly in 

Digital Micrograph. There, one would fit a Gaussian to the ZLP of one of the spectra via 

NLLS fitting, would apply the model to the parent spectrum image and keep the ZLP vs 

spectrum ordinal plot. Then, one would use that plot as reference data to correct zero-loss 

centring. Finally, one would fit a Gaussian to a plasmon peak in one of the spectra and apply 

the model to the parent spectrum image. If the plasmon peak was heavily displaced in energy 

from one spectrum to the next, then one would have to do a new Gaussian fitting.  

 

Some important advantages make the Matlab routine preferable, the most important one being 

the fact that the routine first finds the plasmon maximum and then fits the Gaussian function 
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around it, so that if the plasmon peak is heavily displaced in energy from one spectrum to the 

next, this is not a problem. Besides, the fitting window is not user-defined here. A user-

defined window can lead to non-repetitive or biased results. From a practical point of view, it 

is also less time consuming, and the final result can be easily plotted in Matlab entourage. The 

only problem may be that for users different from the programmer, the whole plasmon 

positioning procedure may look like a black box.  

 

The EELS data from the InAlAs buffer layer were treated both with the Matlab routine and 

with Digital Micrograph. Not surprisingly, the results were very coherent. From now on, the 

displayed results will be those obtained using the Matlab routine.  

 

2.1.4.2 Plasmon analysis results 

 

STEM image and EELS spectroscopy experiments have been carried out to directly 

correlate the observed contrast modulation with a possible composition modulation. In 

STEM BF images, we can already observe the dark-light fringes as seen in conventional 

TEM, especially for y = 50%. As for HAADF, contrast is enhanced, suggesting a 

composition contrast. Figure 2.1.3 displays BF STEM and HAADF images of the y = 

50% and the y = 48% structures. Intensity profiles in HAADF are given in the inset. 

Notice that In-rich regions -Z(In) = 49- should be seen with higher intensity than Al-rich 

regions -Z(Al) = 13.  

 

When studying intensity profiles, we conclude that intensity fringes observed by 

HAADF present an average spatial wavelength of about 130 nm, which is in good 

agreement with the above mentioned wavelength figure as deduced from conventional 

TEM observation. In order to further confirm the compositional modulation hypothesis, 

EELS 1 dimensional spectrum images (spectrum lines) have been obtained along [011] 

direction, in order to quantitatively correlate the contrast fringes with compositional 

data. As already mentioned, neither Al L2,3 (at 73 eV) nor Al K (at 1560 eV) are very 

favourable edges to carry out an elemental quantification. Al K could still have been 

considered, a priori, but given the great energy distance separating it from In M4,5 peak (at 

443 eV), relative quantification would be seriously affected by the poor signal to noise 

ratio of the Al K peak when obtaining both peaks in the same spectrum. Thus, it was 

definitively wiser to use the plasmon peak to carry out the EELS analysis.  
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Figure 2.1.3: BF STEM (a) and HAADF (b) images of y=50% structure. Intensity profile along highlighted line 

(inset). BF STEM (c) and HAADF (d) images of y=48% structure. Intensity profile along highlighted line (inset). 

 

Keeping in mind that AlAs plasmon is found in at 16.1 eV and that InAs plasmon is 

found at 13.8 eV, we expect a periodic variation of the plasmon position along [011] 

direction with spatial wavelength of about 130 nm, towards higher energies in Al-rich 

regions (darker contrast in HAADF) and towards lower energies in In-rich regions, with 

a plasmon energy mean value which is expected to be 14.95 eV for y = 50% and 14.99 

eV for y = 48%. The latter values will be used as sanity check figures in our experiment.  

 

The plasmon maximum position as a function of the acquisition point is given in figure 

2.1.4 for the y = 50% sample and in figure 2.1.5 for y = 48% sample. Plasmon position 

has shown the expected variation, coherent with contrast variation, and, again, 

significantly more pronounced for y = 50%. Mean plasmon maximum position has been 

found to be in good agreement with the expected values for both considered samples.  
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Figure 2.1.4: HAADF image of y=50% structure (a), and EELS spectra series (b) and plasmon energy evolution (c) 

along the highlighted line. 

 

 

In the case of the y = 50% sample, plasmon maximum position varies between extreme 

values 15.5 eV and 14.6 eV. At a first order approximation, as already explained, we can 

consider that plasmon position varies in a linear manner with composition. Thus, the 

composition would vary between ymin = 26% and ymax = 65 %.  

 

The plasmon position variation in the y = 48% sample is clearly more moderate, with 

extreme values of 15.1 eV and 14.9 eV. In this case, again as a first approximation, 

composition would vary between ymin = 43% and ymax = 52 %. 
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Figure 2.1.5: BF STEM image of y=48% structure (a ), and EELS spectra series (b) and plasmon energy evolution (c) 

along the highlighted line. 
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2.1.5 Conclusions 

 

Examination by two-beam BFTEM of InGaAs/InAlAs buffer (tensile)/InP structures using 

excitation g = 022 revealed quasiperiodic strong contrast modulation fringes perpendicular to the 

(002) direction, which seemed to indicate the presence of In-rich and Al-rich regions. HAADF 

observation has shown the same quasiperiodic contrast, thus confirming the hypothesis of 

compositional-related contrast. 

 

 EELS spectra analysis has shown a plasmon position variation, according to contrast variation as 

observed in HAADF, more pronounced for yIn=50% than for yIn=48%, where contrast variation was 

also more evident. EELS results are, thus, in good agreement with HAADF observations, and 

strongly suggest composition modulation.  

 

Furthermore, the use of a Matlab script to determine the local plasmon energy from a low-loss 

spectrum image, in an automated and reliable way, has been demonstrated.  
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2.2.1 Introduction 

 

In recent years much attention has been focused on the growth of quasi-one-dimensional (1D) 

nanostructures for the controlled fabrication of nanodevices1-5. In particular, III-nitrides (InN, 

GaN, AlN and their alloys) have shown promising properties. Their direct band gap can be 

controlled from 0.7 eV (InN) to 3.4 eV (GaN) and to the deep UV spectral range of 6.0 eV 

(AlN). This makes them excellent candidates for the fabrication of heterostructures for 

optoelectronic applications, such as light emitting diodes, laser diodes, or quantum well 

infrared photodetectors as well as high electron mobility transistors. The synthesis of p-type 1D 

nanostructures based on these III-nitrides is still a challenging topic. To exploit these material 

properties also in nanoscaled devices, catalyst-induced processes like the vapour liquid solid 

(VLS) mechanism6,7, using metal droplets like Au, Ni8, or Fe9 as catalysts have been developed 

for the growth of GaN nanorods (NRs) or nanowires (NWs) with vertical orientation with 

respect to the substrate, with horizontal orientation, or as free structures. GaN NWs grown by 

laser assisted catalytic growth have been reported and heterodiodes have been realized by 

deposition of n-type GaN NWs on p-type Si substrates10. However, for the integration of more 

complex structures such as p–n junctions or quantum wells, and in order to avoid the negative 

effects of catalysts in group III–V NRs or NWs, molecular beam epitaxy (MBE) is the growth 

method of choice11,12. As mentioned above, for the realization of nanoelectronic devices doping 

is one of the most important issues. In the case of Mg doped (p-type) GaN NRs and NWs, only 

a few studies have been devoted to analyze their optoelectronic13-17, transport, and electronic 

properties15,18,19. Some of these works have provided limited information on the morphology14 

and crystal structure15,19,20 of the Mg doped GaN NRs and NWs. To this end, a systematic and 

detailed study of the correlation of the structural and morphological modifications originated by 

Mg doping with the resulting local electronic properties of GaN is of the utmost importance. In 

this sense, low-loss EELS can be used to probe the local electronic configuration of a 

semiconductor21,22 at a sub-nanometric scale and correlate it with the local structural changes 

observed by (S)TEM in the same region.  
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2.2.2 Experimental details 

 

Gallium nitride nanowires were grown using plasma assisted molecular beam epitaxy 

(PAMBE). Nitrogen radicals were supplied by an Oxford Applied Research RF-plasma source 

whereas for Ga and Mg thermal effusion cells were used. Low resistivity n-type Si(111) 

substrates were etched in 5% hydrofluoric acid for 10 s to remove the surface oxide layer prior 

to transfer into the load lock chamber. For all samples a substrate temperature of 790 ºC, a 

nitrogen pressure of 2.7×10−5 mbar and a Ga beam equivalent pressure (BEP) of 3.3 × 10−7 

mbar was used. The substrates were exposed to the nitrogen plasma at a temperature of 790 ºC 

for 2 min directly before GaN growth. For the magnesium doped samples the Mg effusion cell 

temperature was varied between 205 ºC and 355 ºC, corresponding to a BEP of 1×10−11 mbar to 

2×10−8 mbar, respectively. Growth duration was 90 min unless mentioned otherwise. Samples 

were grown by Florian Furtmayr, Christoph Stark, Martin Stutzmann and Martin Eickhoff 

(Walter-Schottky-Institut, Technische Universität München) and Andreas Laufer (I 

Physikalisches Institut, Justus-Liebig-Universität). 
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2.2.3 TEM characterization 

 

In order to analyze the influence of the Mg doping on the atomic structure of the Mg NWs, 

selected area electron diffraction (SAED) patterns were obtained on several samples, prepared 

in XTEM geometry (figure 2.2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.1: (a) BFSTEM general view of the undoped Ga& &Ws. (b) SAED pattern of the region displayed in 

(a). (c) BFSTEM general view of the highly Mg doped (TMg = 355 ◦C) Ga& &Ws. Some of the &Ws present twin 

defects (marked with green arrows). (d) SAED pattern of the region displayed in (c). A new crystal orientation 

appears in this case, that has been related to the twinned &Ws (spots labelled as C). Top arrows (red) are 

pointing to the same equivalent growth direction in SAED patterns and BFSTEM micrographs. 
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After this analysis (see the corresponding indexation in table 2.2.1) it was observed that GaN 

NWs follow a preferential epitaxial relationship versus the Si substrate, namely: (0001)[0-110] 

GaN // (111)[-1-12] Si. Undoped GaN NWs appear to be defect-free, whilst Mg doped samples 

present some NWs with twin (T) defects along the growth axis, as shown in figure 2.2.1(a) and 

(b) -some twinned NWs have been marked with green arrows in figure 2.2.1(c). When a SAED 

pattern of a NW region populated with few twinned NWs is obtained, a new orientation 

relationship superimposed to the one found for undoped samples can be observed. As shown in 

figure 2.2.1(d), the new spots –indexed in table 2.2.1-, labeled as Cn, are rather weak. The 

presence of these weak spots can be attributed to the presence of Ts in the NWs. The new 

epitaxial relationship which is found is: (0001)[1-210]GaN // (111)[-1-12]Si. The twinned NWs 

still grow along the [0001] direction; however, they are rotated 30º along the growth axis with 

respect to the non-twinned NWs.  

 

Spot # d (nm) (deg) versus spot A1 Indexation 

A1 1.92 — (2-20) 

A2 3.13 90 (111) 

A3 1.64 31 (3-11) 

A4 1.64 31 (1-3-1) 

Zone axis: [[[[-1-12] ] ] ] Si 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2.1: Indexation of the diffraction spots in Figure 2.2.1. 

 

The density of twins dramatically increases with increasing Mg concentration and, thus, the 

formation of twins can be directly correlated to the increasing presence of Mg. Twin defects 

along the growth axis have been commonly observed in some other one-dimensional 

semiconductor nanostructures such as in III–V NWs10,23–26, or even in Si NWs27,28.  

 

 

Spot # d (nm) (deg) versus spot B1 Indexation 

B1 1.55 — (-2110) 

B2 2.59 90 (0002) 

B3 1.30 32 (-2112) 

B4 1.30 32 (-2112) 

Zone axis: [[[[0-110] ] ] ] Ga� 

Spot # d (nm) (deg) versus spot B1 Indexation 

C1 2.76 — (-1010) 

C2 2.59 90 (0002) 

C3 1.89 43 (-1012) 

C4 2.44 62 (-1011) 

Zone axis: [[[[0-110] ] ] ] Ga� 
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On the other hand, an amorphous layer between the substrate and the GaN NW is apparent in 

figure 2.2.1(a) and (c). Core-loss EELS quantification along the interface was carried out to 

find out the chemical nature of this amorphous layer. As Si L2,3 and Ga M2,3 edges overlap, 

quantification was not carried out in the usual manner –computing background subtracted 

integrated signals for each element, sigma correcting them and dividing them by each other-, 

but rather treating the overlapping region as a linear combination of the Si and Ga edges. This 

way, it was found that the amorphous layer contained 50 ± 5 % of Si, 50 ± 5 % of N and no Ga 

(figure 2.2.2). This Si nitride layer was very likely created during the nitridation process that 

occurred during the first growth steps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.2: (a) HRTEM image of the interface. (b) EEL Spectra at the indicated points in (a). (c) Quantification profile 

along the interface.  
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Figures 2.2.3(a)–(c) show an HRTEM analysis which confirms that NWs with Ts grow in the 

(0002)[1-210]GaN // (111)[-1-12]Si orientation and are rotated 30º from the defect-free NWs. 

As shown in figure 2.2.3(e), red arrows are pointing towards GaN(0001) wurtzite planes, while 

the cyan ones are pointing to the GaN twinned planes -in particular to a triple-twin region. As 

observed, the stacking of the planes is different in the twinned regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.3: (a) HRTEM image of a twinned Mg highly doped Ga& &W (355 ºC). (b) Magnified detail of the squared 

region in (a). (c) Power spectrum of (b). (d) HRTEM micrograph of the top part of a highly doped &W showing its stepped 

surface. (e) HRTEM detail of the twinned region squared in (d); red arrows correspond to (0001) Ga& wurtzite planes, while 

cyan arrows are pointing to (111) Ga& zinc-blende planes. (f) Power spectrum obtained in (e), Cn spots correspond to the 

wurtzite phase while Dn corresponds to the zinc-blende phase (D1 and D2 spots correspond to the (-11-1) and (111) Ga& 

zinc-blende planes, respectively). 
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Figure 2.2.4: (a) Atomic scheme of the Ga& wurtzite (W) structure (b) Atomic scheme of the Ga& 

zinc-blende (ZB) structure. (c) Conduction band potential profile and the corresponding QW thickness 

for a single twin in Ga& (equivalent to a single ZB unit). The twinned plane is marked with a dashed 

line. (d) Band alignment between Ga& ZB and Ga& WZ according to Murayama and &akayama
37

. (e)  

Conduction band potential profile and the corresponding QW thickness for a triply-twinned domain 

equivalent to three ZB cells (twin planes have been marked with dashed lines).  

 

In figure 2.2.4, a scheme of the twin formation is shown. Figure 2.2.4(a) represents the 

conventional GaN wurtzite (WZ) structure, while in figure 2.2.4(c) the formation of a single 

twin, equivalent to a 60º rotation in the WZ structure around the [0001] growth axis, is shown. 

It is important to point out that the consecutive stacking of [0001] axial twins leads to the 

formation of the GaN zinc-blende (ZB) structure, which is cubic instead of hexagonal (see 

figure 2.2.4(b) for a scheme of the GaN ZB structure). In particular, in figure 2.2.4(e), it is 

displayed how a triple-twin creates a three-cell ZB domain (see figure 2.2.3(e)). In this way, in 

the power spectrum shown in figure 2.2.3(f), the D1 spot corresponds to the (-11-1) GaN ZB 

plane, while the D2 spot is the (111) plane. The appearance of alternating wurtzite and zinc-



2.2 Local electronic properties of Mg doped GaN NWs                                                                       Sònia Estradé Albiol  
_______________________________________________________________________________________________ 

_________________________ 
 

109   

blende structures due to the presence of twins has been widely reported for III–V NWs28-30 and 

the change of crystal phases in 1D nanostructures due to twinning is a widespread phenomenon 

in several materials31. In addition, the formation of wurtzite and zinc-blende heterostructures in 

a chemically homogeneous nanowire material is a hot scientific topic as it is opening up new 

possibilities for band-structure engineering 28,32,33. 

 

These heterostructures can have dramatic implications on the electronic properties of the NWs, 

as a change in the crystal structure also implies a variation in the density of states and thus on 

the carrier transition energy. In a recent work, Bao et al.32 showed how the presence of twinned 

planes between WZ quantum domains in InP NWs (they attributed it to WZ–ZB alternance) 

could influence their photoluminescence properties.  
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2.2.4 Local optical properties addressed through EELS 

 

2.2.4.1 Plasmon position and structural considerations 

 

Initially, low-loss spectra were acquired along the doped NWs using a GIF2001spectrometer 

coupled to a JEM2010F microscope. The plasmon position was found to remain constant along 

the NW. Now, the plasmon position depends on bandgap, but it also depends on other factors 

that may cancel out. In particular, it is possible to assume that plasmon position depends on the 

composition and the distance to the first neighbouring atom, which are the same for W and ZB 

regions in the NWs, so that even if the bandgap changes, the plasmon energy remains the same. 

In other words, the unchanging plasmon position does not need to correspond to unchanging 

bandgap energy. This affirmation will be further substained by ab-initio simulations in the 

following section. On the other hand, it is clear that EELS spectra with a better energy 

resolution are needed to access the bandgap energy. 

 

2.2.4.2 Bandgap estimation 

 

Aberration-corrected STEM, and EELS spectra with a 0.3 energy resolution were used to move 

one step further and locally analyze the atomic scale modifications in the local density of states 

that occur in the interface between the tripletwin (3T) planes (ZB) and the WZ GaN 

heterostructure. Experiments were performed on a dedicated VG HB 501 STEM retrofitted 

with a Nion quadrupole–octupole corrector (SuperSTEM 1) at Daresbury. 

 

Cs-corrected HRHAADF STEM micrographs, where the displayed bright spots directly 

correspond to the actual atomic positions, corroborate the proposed structural model for the 3T 

domains (figure 2.2.5 (a)).  

 

EEL spectra maps of the NWs were obtained with a zero loss peak (ZLP) energy FWHM of 0.3 

eV and a probe size of about 0.1 nm. The much reduced probe size allowed us to obtain atomic-

column resolved EELS spectrum images in the wurtzite and 3T regions (see square blue and 

red marks in figure 2.2.5 (a) for the EELS selected areas). Then, the spectra obtained at the 

exact atomic positions in the wurtzite and the 3T regions were processed and analyzed. These 

spectra are displayed in figure 2.2.5(b). It is generally accepted that the ZLP shape is 
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Gaussian34, and thus that it contributes to the low-loss signal as A exp(−rx2), where x is the 

energy loss. In the present work, it was subtracted from the low-loss region by fitting an A 

exp(−rx2) function to the positive tail of the ZLP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.5: (a) Cs -corrected high resolution HAADF image of a twinned Mg highly doped Ga& &W (355 ºC). (b) 

Low-loss EEL spectra corresponding to wurtzite (red) and triply-twinned (ZB) (blue)—highlighted in (a)—regions of 

the W, after ZLP subtraction; (c) ab initio simulations of the loss function from wurtzite and from a three monolayer 

(ML)  Zinc-blende inclusion in wurtzite. (d) Detail of the band gap region of the ZLP subtracted low-loss spectra. (e) 

Ab initio simulation of the same energy region. All spectra have been normalized to the maximum of the plasmon peak 

in (b) and (c). 

 

The resulting spectra (figure 2.2.5(b)) show several interesting features –before analyzing the 

low-loss spectra, it should yet be noticed that the peak observed at about 24 eV is in fact the Ga 

3d transition. The obtained band gap is found to be higher for the WZ region (measured to be 

3.4 eV) than for the 3T region (measured to be 3.2 eV). The values are comparable to the band 

gap measurements for WZ and ZB phases obtained by EELS in literature35,36 but, interestingly, 
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lower than the values obtained using optic spectroscopies37. On the other hand, features B and 

C in figure 2.2.5 (b) are found at higher energies for zinc-blende GaN than for wurtzite GaN. 

These peaks were expected, from first principles calculations38, to arise from transitions from 

the three upper valence bands to the third and fourth conduction bands (B), and from the same 

bands to the fifth and upper conduction bands (C), occurring at higher energies for ZB GaN 

than for WZ GaN. Finally, the higher intensity of the EELS spectrum in the region <15 eV and 

the broadening of the plasmon peak for the faulty region can be related to the occurrence of 

surface modes34,39 corresponding to the WZ–ZB–WZ interface.  

 

Specific ab initio simulations of the EELS spectra of pristine bulk wurtzite and defective bulk 

wurtzite (triply-twinned inclusion) were carried out (figures 2.2.5(c) and (e)) in order to 

corroborate the origin of these experimental features. 

 

Ab initio calculations were carried out by J. D. Prades (Departament d’Electronica, UB) using 

the SIESTA40 code, which combines density functional theory (DFT), normconserving 

pseudopotentials, and local basis set functions. We used the generalized gradient 

approximations (GGAs) with the Perdew, Burke, and Ernzerhof (PBE) parameterization41. For 

Ga and N atoms, the double ζ local basis set was used with polarization. Additional d-electrons 

were included in the valence electron set of Ga. Well converged spectra were obtained with a 

real space mesh cut-off of 250 Ryd and Monkhorst–Pack sets larger than 34 × 34 × 18 for 

wurtzite structures. Experimental HRTEM lattice parameters were used to build all crystal 

models. Atomic positions were determined by performing structural relaxations using 

conjugate gradient minimization of the energy, until the forces on all the atoms were smaller 

than 0.04 eV Å−2. In the relaxation of the models, lattice dimensions were kept constant (in 

accordance with the experimental values) and no constraints were imposed on the atomic 

positions within the supercell. To model the planar defects, defective inclusions were 

embedded in pristine bulk wurtzite. Eight [0001] layers of Ga–N dimers were used to separate 

the periodic images of the defects. Variations in the electronic structure of less than 0.2% were 

observed for 16 spacing layers. The loss functions were obtained using first-order time-

dependent perturbation theory to calculate the dipolar transition matrix elements between 

occupied and unoccupied single-electron eigenstates, as implemented in SIESTA 2.0. The 

optical matrix elements were calculated including the corrections due to the nonlocality of the 

pseudopotentials42, which were then used to obtain the dielectric function ε(ω) and the loss 

function Im{−1/ε(ω)} that is directly comparable with the EELS spectra. 
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It is well known that electronic structure calculations within DFT-GGA generally 

underestimate the band gap of semiconductors43. In this case, the calculated band gap for the 

pristine wurtzite phase was EW g(GGA) = 2.42 eV, clearly lower than the experimental value 

EW g(exp) = (3.4 ± 0.1) eV. We followed the most common procedure in the literature to 

circumvent this difficulty that is to apply scissor operators44,45 that rigidly shift the conduction 

band in order to match the position of the main peak of the calculated and experimental EELS 

spectra (located at 20.1 eV in figures 2.2.5(b) and (c)). Figures 2.2.5(c) and (e) show the 

simulated spectrum of the pristine wurtzite bulk and the local spectrum of the 3T cells 

embedded in wurtzite. These calculations not only reproduce the main features (A, B, C in 

figure 2.2.5(b)) of both situations but also predict the experimental band gap change (figures 

2.2.5(d) and (e)). Notice that all spectra have been normalized to the maximum of the plasmon 

peak in figures 2.2.5(b) and (c). 
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2.2.5 Conclusions 

 

EELS has been applied to characterize the features caused by the Mg doping in GaN nanowires 

grown by plasma assisted molecular beam epitaxy to obtain p-type nanostructures and their 

effects on the nanowire. As observed by (S)TEM, the presence of Mg results in the formation 

of triple-twin (3T) defects, which increase with increasing Mg concentration. The high 

concentration of misplaced atoms gives rise to local changes in the crystal structure equivalent 

to three non-relaxed atomic cells of zinc-blende (ZB), which define quantum wells (QW) along 

the wurtzite (WZ) nanowire growth axis. Local EEL spectra obtained on the 3T and wurtzite 

planes show modifications in the local density of states, in which the band to band electronic 

transition energies change from 3.4 eV (for the wurtzite band gap) to 3.2 eV in the 3T lattice 

regions, the latter being in good agreement with the band gap measured in GaN ZB structures 

by EELS. These results are confirmed by specific ab initio atomistic simulations of these two 

situations. EELS assessment of the optoelectronic properties of the given nanostructures at a 

subnanometric scale has been successfully demonstrated. 
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3.1.1 Introduction 

 

In the present section, core-loss EELS will be applied to assess the possible interdiffusions 

taking place at the FePd layer / V buffer layer interface in a FePd/V/MgO system. 

 

Binary FePt and FePd alloys are of great fundamental and technological interest, as they 

exhibit large perpendicular magnetic anisotropy (PMA), namely Ku ∼107 J/m3 in FePt and Ku 

∼106 J/m3 in FePd1, when in their chemically ordered phase (L10). Chemical order means in 

this case that pure Fe and Pd (or Pt) atomic planes alternate along a pseudocubic (001) growth 

direction. In fact, as a consequence of this ordering, the cubic symmetry is broken and a 

tetragonal distortion appears, that makes the growth direction the easy magnetization axis. In 

other words, chemically ordered L10 films grown along the (001) direction exhibit PMA.  

 

On the other hand, in magnetic nanoparticle systems the thermal stability of the magnetization 

in individual nanoparticles scales with the anisotropy constant (Ku) and the nanoparticle 

volume2. As a consequence, the presence of such high magnetic anisotropy allows to strongly 

reduce the nanoparticle size while avoiding the so called superparamagnetic limit.  

 

These considerations clearly show that layers of those FePt(Pd) nanoparticles can be 

considered excellent candidates to develop ultrahigh density magnetic media with naturally 

separated and stable bits3,4
.  

 

Yet, as the onset of the described chemical order and, therefore, of the large magnetic 

anisotropy in FePd and FePt binary alloys is only achieved at high enough deposition or 

annealing temperatures, namely ∼400 °C for FePd5 and ∼600 °C for FePt6, the production of 

technological devices based on those alloys remains a challenging issue. In this sense, 

alternative methods used in recent years to obtain PMA in alloys grown at a lower 

temperature and with a smaller chemical ordering degree include the addition of third 

elements7, artificial multilayering8, ion irradiation9, monoatomic layer control10, 

compositional changes11, and use of a buffer layer12. 

 

In particular, the introduction of a buffer layer between the substrate and the binary alloy is 

generally used to increase the flatness of the initial growing surface and to decrease the 
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existent lattice mismatch. It has been demonstrated that the nature5,10–17, thickness5, and 

deposition temperature13 of the buffer layer strongly affect the ordering degree of the binary 

alloy.  

 

A large variety of materials has been considered for use in such buffer layers. In this chapter, 

we will focus on the influence of a V buffer layer. V had never been used as a buffer layer for 

the epitaxy of FePt and FePd alloys before, in spite of the high flatness and crystalline quality 

of V (100) thin films grown on MgO (001) substrates18 –displaying an interfacial roughness 

between 1 and 3 Å.   

 

The structure, morphology and composition of FePd films sputter deposited, at temperatures  

between room temperature (RT) and 700 °C, on monocrystalline V (001) buffer layers grown 

on MgO (001) substrates will be assessed through TEM and EELS and correlated with their 

magnetic, and magneto-optical (MO) properties. 
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3.1.2 Experimental Details 

 

Studied samples were provided and magnetically characterized by C. Clavero (Instituto de 

Microelectrónica de Madrid-IMM) and coworkers and optomagnetically characterized by L. 

Balcells (Institut de Ciència de Materials de Barcelona-CSIC). FePd films of 22 nm in 

thickness were obtained by triode sputtering codeposition from Fe and Pd targets at 4x10−4 

mbar Ar pressure in an ultrahigh-vacuum chamber with a base pressure in the low 10−9 mbar 

range. The alloys were grown at different deposition temperatures, ranging from RT up to 700 

°C at a deposition rate of 0.24 Å/ s. Prior to FePd deposition, a 40 Å buffer layer of V was 

deposited by sputtering at 400 °C on MgO (001) substrates at a deposition rate of 0.07 Å/ s, 

optimum conditions for the growth of high crystalline quality, and low surface roughness 

epitaxial V films18. Subsequently to the FePd deposition, a 50 Å thick protective capping 

layer of Pd was deposited at RT also by sputtering.  

 

Magnetization measurements were carried out by using a RF-SQUID magnetometer from 

Quantum Design at RT in applied fields up to 20 kOe. The MO behavior of the samples was 

studied by means of transverse and polar MOKE loops. Transverse loops were measured with 

a 633 nm HeNe laser system at RT in 45° incidence angle geometry; the change in reflectance 

was registered; in the case of polar Kerr loops, 530 nm light in normal incidence also at RT 

was used and the Kerr rotation angle was measured. 

 

TEM samples were prepared in cross section geometries by dry flat polishing down to 50 µm, 

followed by a dimpling down to 25 µm and a final Ar+ bombardment at V=5 kV with an 

incident angle of 7° using a PIPS-Gatan equipment. TEM-EELS measurements were carried 

out in a Jeol JEM 2010F at 200keVs with a GIF spectrometer. Notice that all the EELS data 

in the present chapter were obtained before the STEM unit was installed in the TEM. 
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3.1.3 Results and discussion 

 

SQUID magnetometry has been used to obtain the saturation magnetization (Ms) of the 

samples. A value close to that of the stoichiometric phase at RT (1280 emu/cm3)14 is found in 

the samples grown at lower temperatures (from RT to 300 °C), while a strong reduction is 

observed in the samples grown at higher temperature (400, 500, 600, and 700 °C), as 

displayed in figure 3.1.1(a). 

 

Hysteresis loops for out-of-plane and in-plane fields have been measured by polar and 

transverse MOKEs; in figure 3.1.1(b), a complete characterization is shown: polar loops on 

the left column and the corresponding transverse loops on the right one. 

 

The samples grown at RT and 100 and 200 °C present in-plane magnetic anisotropy; they 

have a small in-plane coercitive field and saturation field, and high out-of-plane saturation 

field. They also exhibit a fourfold anisotropy, with easy (100) directions and hard (110) ones 

(shown in the transverse loops in 3.1.1(b). The sample grown at 300 °C is similar, but in this 

case the fourfold anisotropy has disappeared. Again, the sample grown at 400 °C separates 

two different behaviour regions in the magnetic response as it did in the saturation 

magnetization. The in-plane coercitive field increases from 6 to 150 Oe. The increase of the 

out-of-plane coercive field and the big reduction of the out-of-plane saturation field indicate 

the presence of perpendicular anisotropy. Also in SQUID measurements where a higher field 

is applied and the sample gets saturated, an enormous increase of the in-plane saturation field 

(6 kOe) is observed in this sample, confirming the presence of a phase with perpendicular 

anisotropy. The samples grown at 500, 600, and 700 °C show a similar response as the one 

grown at 400 °C, with decreasing in-plane and out-of-plane coercivities. Also, a decrease of 

the in-plane and an increase of the out-of-plane saturation fields are observed, indicative of a 

PMA phase.  

 

The magnetic anisotropy constant (Ku) calculated for the samples exhibiting PMA from the 

SQUID hysteresis loops measured along the in-plane direction reaches values of 5.2x104 J/m3 

for the 400 °C sample and 2.34x104 and 1.25x104 J/m3 for the 500 and 700 °C samples, 

respectively.  
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Figure 3.1.1: (a) Saturation magnetization of the samples as a function of the deposition temperature - the line 

is just a guide for the eyes. (b) Evolution of the polar (left) and transverse (right) Kerr loops with temperature. 

For the transverse loops, two curves are shown, one obtained for the (100) direction and the other for the (110) 

direction. Please note the different scales in the transverse loops. 
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The MO spectral response of all the samples was investigated with polar Kerr spectroscopy in 

the photon energy range from 1.4 to 4.3 eV. In Fig. 3.1.2, the evolution of the Kerr rotation 

spectra as a function of deposition temperature is shown. While the samples grown at low 

temperature (RT and 100, 200, and 300 °C) show almost identical spectra, a strong change is 

observed in the sample grown at 400 °C, with an overall reduction of the Kerr rotation 

intensity and an even stronger reduction of the intensity of the 4 eV Kerr rotation peak in the 

sample grown at 700 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.2: Polar Kerr rotation spectra of the samples grown at different temperatures. 

 

 

 

It does thus seem clear that important changes take place in the microstructure and/or local 

chemistry of the layers when increasing deposition temperature, giving rise to two well-

defined deposition temperature regimes of the macroscopic properties of the layers, namely, 

saturation magnetization, magnetic anisotropy and Kerr rotation intensity. TEM-EELS 

characterization of the layers is bound to identify what these changes are.  

 

At low FePd deposition temperatures (100, 200, and 300 °C) very flat alloy layers are 

observed, with a well defined layered structure and clear interfaces: MgO, V, and FePd layers 
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can be easily distinguished. At 400ºC, the free surface of the alloy layer is still flat, but the V-

FePd interface starts getting diffuse. At 500-700ºC, V-FePd interface remains diffuse, and an 

important layer roughness (of 70% at 500ºC and of 110% at 700ºC) appears, suggesting 3-

dimensional growth. Figure 3.1.3 displays an overview of the layer morphology in the 100-

700ºC range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.3: Low magnification TEM images of the Pd/FePd/V/MgO system grown at 100-700ºC 

 

Diffraction patterns were obtained for samples in the 100-700ºC temperature range and 

allowed to establish the epitaxial relationship between V and MgO, found to be (0 0 1) [1 1 0] 

V // (0 0 1) [1 0 0] MgO. As for the FePd alloy, it is always (001)-textured, with a moderate 

degree of polycrystallinity, however, that is found to rise with deposition temperature (figure 

3.1.4): no relevant mosaicity is found for 100-300 ºC samples, whereas, for 400 and 500 ºC 

samples, a mosaicity of about 8 and 11º, respectively, is encountered. No evidence of the 

ordered L10 phase is found when considering the microstructure of the FePd layers, 

irrespective of growth temperature. 
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Figure 3.1.4: Selected Area Electron Diffraction (SAED) patterns corresponding to the samples grown at 300 

and 400ºC. 

 

In order to assess the local composition of the samples, EEL spectra were obtained from the 

substrate and increasingly deep into the layer. Because of the aforementioned instrumental 

limitations, EEL spectra were obtained discretely at relevant locations. The considered energy 

range was 250eV – 760 eV, where the Pd M4,5 (335 eV), V L2,3 (513 eV), O K (532 eV) and 

Fe L2,3 (708 eV) edges can be found.  

 

For the 100, 200 and 300ºC samples, EEL spectra in the FePd alloy do not display peaks 

corresponding to V –no V diffusion is detected for that growth temperature range. For the 400 

and 500ºC samples, the EELS spectra in the FePd do show V peaks, with decreasing intensity 

as distance from FePd/V interface increases. Finally, for a 700ºC growth temperature, V is 

detected in the FePd layer, with constant intensity. It can be thus concluded that for 

temperatures up from 400ºC, there is a V diffusion into the FePd alloy. When the temperature 

is further increased to 700ºC, V is already homogeneously distributed along the layer. EEL 

spectra corresponding to chosen samples are displayed in figure 3.1.5. 
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Figure 3.1.5: (a), (c), and (e) TEM micrographs of the samples grown at 100, 400, and 700 °C, respectively. (b), 

(d), and (f) EEL spectra for the aforementioned samples measured in the points marked in the images shown 

beside. The Pd M4,5, V L2,3, O K, and Fe L2,3 edges are studied. Note the absence of V in the FePd layer in the 

100 °C sample, how V appears in different points of the FePd layer in the 400 °C sample, and the constant 

concentration of V along the FePd layer in the 700 °C sample. 
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Changes in saturation magnetization appear in the sample grown at 400 °C, which is the 

lowest temperature for which the onset of V diffusion is observed by EELS. It has been 

demonstrated that, in Fe–V interfaces, V couples antiferromagnetically with Fe, giving rise to 

an induced magnetization in V (magnetic moment per V atom ranging from 0.3µB to 1.5µB), 

and a 20% decrease in the magnetic moment of Fe interface atoms19,20. This reduction has 

been observed as well in FeV alloys, measuring a magnetization of 0.99µB at. for Fe (55% 

reduction) in equiatomic alloys21 or even a total extinction of the magnetization for high 

concentrations of V. On the other hand, in FePd the coupling is ferromagnetic and it has been 

calculated to have a magnetic moment of 3.04µB at. for Fe (thus exceeding the Fe value 2.2µB 

at.) and of 0.38µB at. for Pd22. The diffusion of V into the FePd layer and the appearance of 

FeV alloy with a lower average magnetization moment can explain the decrease of the 

saturation magnetization. 

 

In order to understand the magnetic response of the system we must keep in mind that two 

factors are competing: on one hand, the change in morphology from continuous films to three-

dimensional islands as deposition temperature increases; and on the other hand, the FeV alloy 

formation between 400 and 700 °C as a consequence of the V interdiffusion. 

 

Samples grown between RT and 300 °C show a typical behavior of continuous thin films23. 

The loss of fourfold anisotropy in the sample grown at 300 °C probably due to an already 

significant polycrystallinity that produces an additional configurational anisotropy which 

smears out the crystalline counterpart. The increase of coercitive field from 400ºC is mainly 

due to the high dispersion of crystalline plane orientation (mosaic spread), observed by SAED 

and TEM, in this sample. Yet, it is worth noticing that the encountered PMA phase cannot be 

ascribed to the three-dimensional (3D) growth, since the nanoparticles conforming the layer 

exhibit a disk-like shape with a maximum height/diameter ratio around 0.1 that is unlikely to 

promote perpendicular magnetization. In fact, the clear correlation between reduced Ms 

(induced by a FeV alloy formation) and PMA, simultaneously observed in all the samples 

grown between 400 and 700 °C, indicates that the presence of the FeV alloy is responsible for 

the PMA.  

 

In FePd alloys, the Kerr rotation peak at 4 eV is related to the polarization of Pd induced by 

Fe24; thus, the reduction of the intensity of this peak as growth temperature is increased is 
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probably due to the presence of the FeV alloy. The V atoms will reduce the number of Pd 

atoms in contact with Fe and, therefore, their polarization, which will produce a reduction of 

the intensity of the Kerr rotation. The amount of FeV increases as deposition temperature 

increases due to the total diffusion of V in the FePd layers, as observed by EELS. 
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3.1.4 Conclusions 

 

The structure, morphology and composition of FePd films sputter deposited, at temperatures  

between room temperature (RT) and 700 °C, on monocrystalline V (001) buffer layers grown 

on MgO (001) substrates have been assessed through TEM and EELS and correlated with 

their magnetic, and magneto-optical (MO) properties. 

 

It is found that above 400 °C a strong V interdiffusion into the FePd layer and the formation 

of a FeV alloy is accompanied by a two-dimensional to three dimensional growth mode 

transition and an increase of the mosaic spread at these temperatures. A PMA phase is found 

in FeV–FePd films grown at temperatures above 400 °C in spite of the absence of long range 

chemical ordering, usually observed in FePd systems at high deposition temperature. The 

observed PMA is correlated with the V interdiffusion into the FePd layer assessed by EELS 

and the formation of a FeV alloy. Although in this case PMA is obtained at similar 

temperatures as in regular FePd alloys, this approximation, i.e., FePd–FeV mixed systems, 

can open alternative ways to obtain high anisotropy systems at lower temperatures and with 

lower chemical order. 
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3.2.1 Introduction 

 

In the present section, core-loss EELS will be applied to assess the possible interdiffusions 

between layer and substrate for NiFe2O4 (NFO) layers grown on SrTiO3 (STO) substrates.  

 

Spinel ferrites had drawn a great deal of interest in the past, mainly to gain better insight into 

their magnetic properties, and due to their application to high-frequency devices1. Nowadays, 

NiFe2O4 (NFO) thin films are considered to be excellent candidates for more advanced 

applications, as the implementation of spintronics devices2,3 as thin films display magnetic 

properties which are well above those of their bulk counterparts4. This behavior has been 

attributed to a partial change to normal spinel structure in thin films, triggered by the stress 

conditions. This change of the spinel structure should give rise to enhanced magnetic 

properties (for the inverse spinel structure, which is found in bulk NFO, a saturation 

magnetization of Ms(Fe[NiFe]O4) = 256 emu/cm3 is expected, while for normal spinel 

structure, Ms(Ni[Fe]2O4) = 1024 emu/cm3 is expected).  

 

Thus far, it has been reported that antiphase boundaries (APBs) may appear during the 

epitaxial growth of NFO thin films4,5,6, but microstructural characterization of these 

nanostructures is not abundant in literature. 

 

In the present section we consider the characterization of NFO spinel layers with nominal 

thicknesses of 6 nm and 30 nm, grown on perovskite STO (001) substrates, by High 

Resolution Transmission Electron Microscopy (HRTEM) and Electron Energy Loss 

Spectroscopy (EELS).  
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3.2.2 Experimental Details 

 

Studied samples were provided and magnetically characterized by F. Rigato and coworkers at 

ICMAB-CSIC (Campus de Bellaterra, Barcelona). NFO layers were grown on STO substrates 

by RF magnetron sputtering at a substrate temperature of 600ºC, a total deposition pressure of 

250 mTorr, an Ar/O2 Flux Ratio of 10:1, a target-substrate distance of 6 cm and an estimated 

growth rate of about 0.3 nm/min. TEM samples were prepared both in planar view and cross 

section geometries by flat polishing down to 50 µm, followed by a dimpling down to 25 µm 

and a final Ar+ bombardment at V=5 kV with an incident angle of 7° using a PIPS-Gatan 

equipment. (S)TEM-EELS characterization was performed in a Jeol 2010 FEG (S)TEM at 

200kV with a Gatan GIF detector.  
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3.2.3 (001) STO vs. (001) MAO 

 

XTEM characterization of the NFO/STO system shows that NFO first grows as islands some 

10nm wide and some 8nm high (Fig. 3.2.1a,b), which are found to be perfectly epitaxed on 

the substrate (Fig. 3.2.1c). Closer investigation of these islands reveals the presence of a thin 

continuous layer with a lighter contrast and of about two unit cells right over the substrate on 

which the islands seem to grow (Fig. 3.2.1b). As the thickness of the films is increased, these 

islands reach coalescence. Fig. 3.2.1d-e display the thicker NFO layer, which is found to be 

about 27 nm thick.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1: XT TEM images of �FO islands in early stages of �FO growth on STO substrates (a, b). 

Diffraction pattern of the �FO islands / STO substrate system in PV geometry. Arrows indicate a continuous 

�FO layer of about 2 unit cells right over the substrate (c). XT TEM images of �FO 27 nm layer grown on STO 

(d-f). 
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No APBs were observed in the continuous films. Yet, APBs were predicted in literature5,6 for 

this growth mechanism: as NFO has roughly twice the lattice parameter of STO (NFO a 

=8.339 Å; STO a = 3.905 Å) and NFO is growing by island nucleation, when the islands grow 

together, the correct stacking sequence of the spinel structure should be just as probable as the 

stacking sequence being half a unit cell out of phase. Thus, a grain boundary would have a ½ 

probability to be, in turn, an APB as well. Yet, in this work no APB were detected. It seems 

that the islands have grown in contact with each other via the observed two unit cell 

continuous layer, effectively avoiding the possibility of a random stacking sequence of the 

coalescing grains. It is thus possible to grow NFO on STO without any APBs appearing in the 

layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.2: (a) HAADF image of the 27 nm �FO layer grown on STO. (b) EELS Elemental quantification and 

(c) individual EEL spectra along the line displayed in (a). 



3.2 Orientation dependence of Ti diffusion into NFO layers                                                                Sònia Estradé Albiol  
_______________________________________________________________________________________________ 

_________________________ 
 

142   

 

EELS spectra of NFO layers grown on STO showed the expected O K at 532 eV, Fe L3,2 at 

708 eV and Ni L3,2 at 855 eV, but they also displayed an extra EELS edge, identified as Ti 

L3,2 at 456 eV. In figure 3.2.2, the EEL spectra taken along the growth direction of a ∼ 30 nm 

NFO layer on STO are given, as well as the corresponding elemental quantification. From 

figure 3.2.2, it is clear that Ti is present in the layer, especially near the free surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.3: (a) HAADF general image of the sample. (b) Spectrum image from the region highlighted in (a). 

(c,d) Ti, Fe signal from (b). (e) Ti (green) and Fe (red) distribution map. (f,g,h) Background subtracted EEL 

spectra obtained at the highlighted points in (b). 
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In order to further illustrate this point, a two dimensional spectrum image of the layer was 

taken (figure 3.2.3 (b)), from which the Fe and Ti signals were obtained (figure 3.2.3 (c) and 

(d) respectively); a map of the spatial distribution of both species is displayed in figure 3.2.3 

(e). Again, Ti is seen to be present at the layer, mostly near free surface. Recent ab-initio 

calculations7 have shown that, in the case that Ti diffusion from the substrate into an oxide 

layer takes place, it may be energetically favourable for the system to accumulate the Ti near 

the free surface.  

 

The presence of Ti in the NFO layers was confirmed by XPS and TOF-SIMS measurements 

(figure 3.2.4), and EELS quantification yielded about 5% of Ti.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.4:  TOF-SIMS elemental quantification from top of the 27 nm layer and into the substrate.  

 
 

 

Low magnification TEM observations both in XT and PV geometry revealed a surprisingly 

poor quality of the used STO substrates (Figure 3.2.5). Encountered defects correspond to 

both bubbles and dislocations, which have been reported in STO8, and are believed to 

promote the observed Ti diffusion from the substrate into the layer. Furthermore, EEL spectra 

revealed the continuous layer between substrate and eventually coalescing islands to be Fe- 

and O-rich (see figure 3.2.2), thus probably some kind of Fe oxide.  
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Figure 3.2.5: PV low magnification TEM image of STO substrate. 
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3.2.5 Conclusions 

 

NFO films of various thicknesses grown (001) STO substrates were evaluated by TEM and 

EELS. It is observed that NFO first grows as islands that eventually reach coalescence to form 

a continuous layer. A thin continuous layer, probably some kind of Fe oxide, is observed to 

appear at the interface between the STO and the NFO, thus making it possible for the NFO 

film to grow on (001) STO without APBs appearing in the layer.  

 

Poor quality of the STO substrate is observed to promote Ti diffusion into the (001) NFO 

layer. Interdiffusion of species from the substrate is often overlooked, but it may have 

important effects on the behaviour of the layers. 
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4.1.1 Introduction 

 

In the present section, quantitative core-loss EELS will be applied to determine the 

composition of the iron oxide in FeOx nanowires and SnO2/FeOx core-shell nanowires. The 

chemical spatial distribution map of the core-shell structure by MLLS fitting of reference 

spectra will also be carried out.  

 

Binary metal oxides with strong magnetic and electronic correlations have attracted a great 

interest in recent years due to their possible applications to high temperature 

superconductivity
1
, catalysis

2
, magnetic data storage

3
, and spintronics

4
. On the other hand, 

synthesis of nanostructures is a focus of current research, because of the new properties 

arising from their reduced size, such as the quantization of the density of states at the 

nanometer level and the surface-dependent number of active sites on crystal facets
5
. 

 

Therefore, metal oxide nanostructures are promising candidates for magnetic applications. In 

particular, the conversion of nanoscale mechanical energy into electrical energy by means of 

piezoelectric zinc oxide nanowire arrays has been proposed
6
. Spin-dependent electron 

transport has been demonstrated
7
 in individual magnetite (Fe3O4) nanowires contacted with 

normal metallic electrodes –this device demonstrated a spin-filter effect: only the minority 

spin carriers could transport through the magnetite nanowire due to its negative spin 

polarization. An anomalous positive magnetoresistance of about 7.5% was observed at room 

temperature. Moreover, the magnetoresistance could be controlled via bias voltage.  

 

In addition, metal oxide nanostructures have also been considered for biomedical applications 

such as drug delivery
8,9
, gene therapy

8,10
, hyperthermic cancer treatment

8,11
, and contrast 

agents in magnetic resonance imaging (MRI)
8,12

. 

 

Literature concerning the growth of magnetic iron oxide nanostructures includes template 

based
13
, hydrothermal

14
, sol-gel

15
, and pulsed laser deposition

16
, methodologies, as well as 

reduction or oxidation processes of pre-grown hematite and metallic iron belts and wires
17
. 

The molecule based chemical vapor growth of nanostructured oxide coatings and nanowires 

has been reported to allow the synthesis of nanostructures with well-defined properties
18
. 
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It is clear enough that understanding of the electromagnetic performance of such 

nanostructures requires assessment of any possible diffusion of the catalytic (generally Au) 

into the nanowires, determination of whether interdiffusion takes place in core-shell 

structures, and an estimation of the Fe/O proportion as to elucidate which oxide is being 

synthesized.  

 

Given the reduced size of the studied nanostructures, EELS is apparent to be the most suitable 

technique to carry out these investigations. Yet, no careful EELS characterization of FeOx 1-

dimensional nanostructures seems to have been reported thus far.  
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4.1.2 Experimental 

 

The synthesis of the FeOx nanowires involved thermolysis of [Fe(O
t
Bu)3]2 in a cold-wall 

CVD reactor at a temperature of 825 °C on Au covered (∼5 nm) polycrystalline alumina
19
. 

The vaporizing temperature of the iron(III)- tertbutoxide (500-750 mg) source was fixed at 95 

°C and adjusted to obtain adequate feedstock in the gas phase for a growth time between 60-

90 min.  

 

Core-shell nanowires were formed by a two stage CVD process at 700 °C involving SnO2 

nanowire growth followed by magnetite shell formation by decomposition of [Fe(OtBu)3]2 for 

5-10 min. Tin oxide nanowires were grown on gold-coated substrates (Si and Al2O3) by the 

vapor deposition of [Sn(O
t
Bu)4], which acts as a single delivery source for the Sn and O that 

are necessary for the formation of the SnO2 phase. Under constant precursor flux, chemical 

vapour growth of one-dimensional structures was achieved in the range 550–750 ºC, whereas 

deposition of granular films was observed at lower temperatures (<525 ºC). The catalyst 

particles were produced by annealing sputtered Au layers. 

 

The details of the nanowires growth were addressed in previous works
19,20

. FeOx and core-

shell nanowires were provided by Dr S. Barth and coworkers, then at Department of CVD-

Technology, Leibniz-Institute of New Materials (Saarbruecken). SEM characterization was 

carried out by Dr. F. Hernandez at UB. 

 

Nanowires for (S)TEM-EELS observation were either mechanically transferred on carbon 

coated copper grids or prepared by FIB (FEI Strata DB 235) in a cross section geometry. FIB 

sample preparation by R. Jiménez and Dr. A. Romano (UB) is acknowledged. TEM-EELS 

measurements were carried out using a JEOL 2010F field emission gun (S)TEM, working at 

200 kV with a point-to-point resolution of 0.19 nm, and a GIF spectrometer. 
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4.1.3 Iron oxide determination 

 

FeOx nanowires were observed by (S)TEM. Their single crystalline nature was confirmed in 

HRTEM investigations. The analysis of the fast fourier tranforms of the HRTEM images and 

of the electron diffractions of the nanowires were found to correspond exclusively to a [111] 

zone axis and a wire growth direction [110] for all the investigated nanostructures. Figure 

4.1.1 shows a HRTEM image of a FeOx nanowire and its corresponding diffraction pattern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1: General image of a FeOx nanowire, HRTEM micrograph of the highlighted region and diffraction 

pattern of the nanowire. Diffraction pattern can be indexed as magnetite with a [110] growth direction. 

Fe oxide )W 
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For the face-centered cubic closed-packed inverse spinel structure of magnetite, the most 

stable surfaces are {111} <{110} < {211}
21
. Therefore, the formation of crystals in a gas 

phase process without any surfactant influence preferentially gives rise to {111}-faceted 

structures, as had been observed by SEM (figure 4.1.2). 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.2: SEM image of an individual magnetite nanowire displaying a wire with broken tip and a model 

showing {111} side facets in the (110) growth direction. 

 

Intensity profiles of HAADF images (figure 4.1.3 (a), (b)) provided further evidence of a 

symmetric structure with thinning at the edges and support the proposed model, which is 

illustrated in the schematic image in the [110]  viewing direction (inset of figure 4.1.3b). 

However, brightness contrast observed in the HAADF images seemed to imply a 

compositional variation in the iron oxide nanowire material (Figure 4.1.3a). In this sense, Au 

interdiffusion from the catalytic was suspected. Individual EEL spectra obtained at a small 

particle at the surface of the nanowire and in the wire body were compared and effectively 

confirmed the existence of gold islands at the nanowire exterior (Figure 4.1.3c). This 

correlates with data obtained from different parts of the nanowire showing brightness contrast. 

The higher fraction of gold found in the thinner parts of nanowires implicates a surface 

diffusion process for the catalyst, which was recently described for the Si/Au system 

investigated by HAADF
22
.  
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Figure 4.1.3: (a) HAADF image of a magnetite nanowire showing brightness variation. (b) Cross-sectional 

intensity spectrum along the line in (a) and schematic image of a {111} surface-terminated nanowire in [110] 

zone axis. (c) EEL spectra of wire sections with different brightness contrasts indicate the presence of Au on the 

wire surface. 

 

The FeOx were carefully investigated through quantitative EELS. In the energy range of 

around 55 eV, several features attributed to iron M2,3 could be found, which were not further 

studied because of marginal changes in the M2,3 edges between different iron oxide phases. 

 

The composition of the iron oxide wires could have been estimated by determining of the iron 

oxidation state through an adequate fitting of the Fe
2+
 and the Fe

3+
 associated features in the 

Fe L3 peak. Yet, experimental energy resolution (0.8 eV) prevented us from following this 

procedure, which would have been the preferred one if a higher energy resolution had been 

available.  

 

Determining an iron oxide stoichiometry via the direct Fe/O ratio is a rather controversial 

procedure that may lead to positively wrong results. Nevertheless, careful Fe/O ratio 

calculations using the Digital Micrograph program had been previously tested in the context 

of the 2007 Winter HAADF and EELS Workshop (WHEW) held in Orsay (France). There, 

EEL spectra corresponding to unknown specimens were quantified. Interestingly, the obtained 
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results were in good agreement with both the specimens nominal stoichiometry and the 

elemental quantification carried out by Dr. J. Verbeeck with his EELSmodel program
23
. This 

way of testing the method via a blind experiment was convincing enough to believe that a 

careful, error free Fe/O ratio estimation using Digital Micrograph yields a sound, reliable 

result. Of course, this method is extremely operator-dependent, especially when compared to 

the Fe L3 fine structure analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.4: Typical EELS spectrum from a FeOx nanowire. Fe / O ratio yielded a value of 0.78 ± 0.05, 

compatible with the intended compound (magnetite). 

 

 

Calculating the Fe/O ratio from the spectrum shown in Figure 4.1.4, a value of 0.78 ± 0.05 

was obtained. Local variations in stoichiometry within the same nanowire (figure 4.1.5), and 

elemental ratio variations between nanowires both of the same and of different batches were 

found to lie below experimental resolution. The Fe/O ratio value for pure Fe3O4 is expected to 

be 0.75 which is in good agreement with the experimental data. 
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Figure 4.1.5: EELS Spectrum Line from the region shown in the HAADF image. 

 

Further features in the EEL spectra were used as sanity checks of the obtained result. O K 

ELNES shape was found to be compatible with that reported in literature for magnetite
24,25

. 

Plasmon maximum position was determined to be 23.5 eV (figure 4.1.6) which is higher in 

energy than that reported for Fe2O3 (21.8 eV)
26
. Thus, according to Drude theory, valence 

state of our sample should be lower than 3+
27
, which is also compatible with magnetite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.6: EELS spectrum of Fe oxide )W, in the low-loss region. 
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4.1.4 Core-shell nanowires 

 

Core (SnO2) – shell (FeOx) nanowires were also characterized by (S)TEM-EELS. HAADF 

observation of the nanowire suggests that the structure does consist of an iron oxide layer that 

wraps around a tin oxide nanowire, however it does also show that the thicknesses of the FeOx 

shell and the tin oxide core seem to vary noticeably (figure 4.1.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.7: HAADF image of core-shell nanowire. )otice than Sn02 (Zmean = 22.0) appears brighter in 

HAADF image than Fe3O4 (Zmean = 15.7). 

 

FeOx does not appear to grow epitaxially on the SnO2 core. Furthermore, the FeOx layer is not 

monocrystalline either. It consists of several pieces or subunits that fuse together during 

growth. The subunits themselves are of single crystalline nature, which was confirmed by 

high resolution TEM images (inset in figure 4.1.8).  

 

The tin oxide-core iron oxide-shell nanowires were investigated by EELS to determine the 

composition of the conducting iron oxide layer. In this sense, EEL spectra were obtained 

along one core-shell nanowire prepared in cross section geometry -so that the observation 

zone axis coincided with the growth direction of the nanowire- (figure 4.1.8). The Fe/O ratio 

of the magnetite shell yielded a value of 0.79 ± 0.05 without site-specific variations, which is 

in the same range of pure iron oxide wires grown at similar temperatures. 



4.1 FeOx nanowires                                                                                                                               Sònia Estradé Albiol  

_______________________________________________________________________________________________ 

_________________________ 
 

161   

 

 

 

Figure 4.1.8: HAADF image of a core-shell nanowire in XT geometry including a description of different 

sections. (b) EEL spectra along the drawn line in (a). HRTEM image of the highlighted region in (a). )otice 

that, in the case of the core-shell nanowires, the core, nor the shell, appear to be monocrystalline. 

 

A map of the SnO2 and Fe3O4 distribution in a core-shell nanowire was obtained through 

multiple linear least-squares (MLLS) fitting of a spectrum image of the nanowire in cross-

section geometry, using two previously obtained reference spectra in the SnO2 and Fe3O4 

regions of the sample (figure 4.1.9). These spectra were chosen because they corresponded to 

pure SnO2 and Fe3O4, respectively. MLLS fitting interprets each individual spectrum in the 

spectrum image as a linear combination of the reference spectra, and returns the fitting 

coefficients of this linear combination. The spatial distribution of the fitting coefficients can 

thus be interpreted as a mapping of the compounds to which the reference spectra correspond.  

 

 

 

Figure 4.1.9: (a) HAADF image of a coaxial SnO2/Fe3O4 nanostructure in cross-section geometry. (b) EEL 

spectrum image from the region displayed in (a). Reference spectra, obtained on (c) SnO2 and (d) Fe3O4 regions. 

(e) MLLS fitting of spectrum image (b), taking spectra (c) and (d) as reference spectra. )otice that (e) can be 

viewed as a composition map of the core-shell nanowire cross-section. 
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Spectrum line in figure 4.1.8 and spectrum image in figure 4.1.9 suggest a complete wrapping 

of the SnO2 interior by the iron oxide phase and do not point towards the existence of 

interdiffusion between the SnO2 core and the Fe3O4 shell -at least at the studied point of the 

cross-sectionally thinned nanowire. 

 

 



4.1 FeOx nanowires                                                                                                                               Sònia Estradé Albiol  

_______________________________________________________________________________________________ 

_________________________ 
 

163   

 

4.1.5 Conclusions 

 

Iron oxide single crystal nanowires, grown by molecule-based CVD, were characterized by 

(S)TEM-EELS. The results of the EELS analysis of the iron oxide and of its HRTEM 

characterization were consistent with magnetite, as intended in the synthesis process -

moreover, no chemical variations were found within the nanostructures. In particular, the 

Fe/O ratio yielded a value of 0.78 ± 0.05. This figure remained consistently invariant for 

various wires from different batches. Catalytic (Au) diffusion into the surface of the 

nanowires was observed through EELS and HAADF. A higher fraction of gold was found in 

the thin parts of NWs, which suggests a surface diffusion process for the catalyst.   

 

Core shell SnO2/Fe3O4 nanowires were also considered. Cross-sections of the coaxial 

nanostructures revealed polycrystalline magnetite shells on SnO2 wires. No interdiffusion was 

observed between the SnO2 shell and the magnetite core. EEL spectra were obtained along 

one core-shell NW in cross section geometry, and the Fe/O ratio of the magnetite shell 

yielded a value of 0.79 ± 0.05 without site-specific variations, which is in good agreement 

with the values corresponding to pure iron oxide wires grown at similar temperatures.  

 

The successful application of several core-loss quantification methods has been demonstrated. 

In particular, the determination of the nature of an iron oxide via a careful Fe/O elemental 

quantification has been carried out. In addition, the spatial distribution mapping of a core-

shell SnO2/Fe3O4 structure by MLLS fitting of SnO2 and Fe3O4 reference spectra has also 

been achieved. 
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4.2.1 Introduction 

 

In the present section, quantitative core-shell EELS will be applied to determine the 

composition of MnOx/MnOy, FeOx/FeOy and FeOx/MnOy nanoparticles, through the careful 

calculation of Mn/O and Fe/O ratios and the direct estimation of Mn oxidation state. 

 

Exchange bias in nanoparticles has recently attracted quite a lot of attention because of its 

capability to enhance the performance of permanent magnetic materials by raising their 

coercivity
1,2

 or to overcome the superparamagnetic limit in magnetic recording media
3,4

.  

 

The exchange bias phenomena can be described in terms of an alignment of the 

antiferromagnetic (AFM) spins at a ferromagnetic (FM) – AFM interface to be parallel to the 

FM spins, which takes place during the field cooling procedure. The coupling between the 

AFM and FM spins at the interface exerts an additional torque on the FM spins, which the 

external field has to overcome. According to this, two different competing behaviours can be 

predicted, depending on the strength of the AFM magnetic anisotropy. If the AFM anisotropy is 

large, a shift of the hysteresis loop should be observed, while for small AFM anisotropies, the 

only observed effect should be a coercivity enhancement (without any loop shift). Yet, both 

effects are generally simultaneously observed, due to, for example, structural defects or grain 

size distribution, which lead to local variations of the AFM anisotropy
5
. 

 

Many transition metal oxides are known to be AFM. In this sense, the most widespread 

approach to obtain exchange bias in nanoparticles is to partially oxidize transition metal 

magnetic particles. Some examples of this simple procedure are: Co–CoO, Co3O4
6,7

, Ni–NiO
8,9

, 

NiCo–NiCoO
10,11

, FeCo–FeCoO
12,13

, Fe–Fe3O4, γ-Fe2O3, α-Fe2O3, FeO (note that Fe3O4 and γ-

Fe2O3 are ferrimagnetic)
14,15,16

. Thus, in these core–shell structures, the core is a magnetic 

transition metal and the shell is the AFM (or ferrimagnetic) transition metal compound. The 

original core diameter can be usually adjusted by the nanoparticles production techniques but in 

these systems the core and the shell cannot be controlled independently as the AFM shell grows 

at the expense of the FM core.  

 

These nanoparticles are simple to produce but present several drawbacks. The main problem 

concerns the limited repertory of possibilities that can be obtained if the AFM shell must come 
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from a simple chemical modification of the core. Another drawback is that, due to the reduced 

size of the nanoparticles, the AFM shell usually grows highly disordered
17-19

. Furthermore, if 

the particles are overoxidized, the core could be exceedingly small, becoming 

superparamagnetic
20,21

 and the exchange bias properties could be lost. 

 

Studies of core-shell nanoparticles with AFM cores are thus far rather scarce. Yet, core-shell 

nanoparticles of MnO–Mn3O4, composed of an antiferromagnetic (AFM) core and a 

ferrimagnetic (FiM) shell
22-25

, as well as FeO–Fe3O4
26

 nanoparticles seem to be promising 

candidates. 

 

On the other hand, the synthesis of hetero-core-shell systems, composed of different transition 

metal materials, opens the door to new degrees of freedom to control the magnetic properties of 

the nanoparticles and is thus of great interest
27

.  

 

The determination of the composition of MnOx/MnOy, FeOx/FeOy and FeOx/MnOy 

nanoparticles, which will be demonstrated in the present section, is a specially striking example 

of properties that need to be accessed through EELS because of the reduced sizes involved in 

the problems at hand.  

 

For instance, as an illustration, it is clear if one aims for the synthesis of FeOx/MnOy onion-like 

nanoparticles and performs an X-ray analysis, even if that analysis yields Fe and Mn signals, it 

is impossible to determine whether the sample is made of FeOx/MnOy core-multi shell (onion) 

structures or, on the contrary, contains separate FeOx and MnOx nanoparticles in random 

configuration. EELS, on the other hand, can resolve the composition of individual 

nanoparticles at the nanoscale.  
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4.2.2 Experimental details 

 

MnOx/MnOy and FeOx/FeOy nanoparticles were prepared by thermolysis of the corresponding 

metal organic salt leading to the AFM-core which is passivated under air yielding to the 

corresponding ferromagnetic shell
28

. 

 

The synthesis of onion FeOx/MnOy particles was carried out following a multi-step procedure 

where preformed iron oxide nanoparticles were used as seeds for the subsequent growth of 

manganese (II) oxide and its passivation. Briefly, the iron oxide seeds were prepared by 

thermolysis of the iron (III) oleate leading to an average particle size of 6.5 ± 1 nm. The 

manganese oxide layers were then laid on the iron oxide-based nanoparticles
29

. 

 

All nanoparticles were provided by Marta Estrader and coworkers at Institut Català de 

Nanotecnologia (Campus de Bellaterra), who are also to undertake a detailed structural and 

magnetic characterization of the nanoparticles.  

 

Nanoparticles for (S)TEM-EELS were deposited on carbon coated copper grids. TEM-EELS 

measurements were carried out using a JEOL 2010F field emission gun (S)TEM, working at 

200 kV with a point-to-point resolution of 0.19 nm, and a GIF spectrometer. 
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4.2.3 Results and discussion 

 

4.2.3.1. MnOx/MnOy 

 

The synthesis of narrowly size distributed MnO/MnOy, nanoparticles of about 14 nm, with a 

MnO core of about 9 nm was aimed. MnOy was supposed to be either Mn3O4 or γ-Mn2O3. The 

system should then be considered as double inverted since it would be composed of a MnO-

AFM core with TN = 122 K and a ferrimagnetic (FiM) shell with TC = 43 K for Mn3O4 or TC = 

39 K for γ-Mn2O3 (i.e., TC < TN, as opposed to conventional exchange biased systems).  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1:  HRTEM (a), (b) and HAADF (c) images of several core-shell nanoparticles. 

 

(c) 

(a) (b) 
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The nanoparticles were found by HRTEM and STEM (figure 4.2.1) observations to effectively 

be about 14 nm in size. It was of course not possible to distinguish between core and shell in 

HAADF images, as the difference between the mean Z of two Mn oxides is not enough to 

resolve it. 

 

EEL Spectra were obtained along several nanoparticles. Mn oxidation state was determined 

from these EEL Spectra through a threefold procedure: first of all, Mn/O elemental ratio was 

calculated. Then, Mn oxidation state was deduced from the Mn L3/L2 peak intensity ratio and 

from the Mn L3 peak onset.  Those two observables have been reported
30-32

 to be correlated to 

Mn oxidation state and were calculated using home-made program MANGANITAS
33-35

. The 

details of Matlab-based code MANGANITAS will be fully addressed in the next chapter of this 

Thesis.  

 

Results corresponding to one of the studied particles are given in figure 4.2.2. The data 

concerning the Mn oxidation state of the different considered particles were found to be 

consistent with one another.  

 

A MnO core is clearly observed (even if, when obtaining an EELS signal from the centre of a 

nanoparticle, the signal comes both from the core and the enveloping layer, making it 

impossible to obtain a pure MnO spectrum). As for the shell, it is apparent from EELS data that 

it consists of two parts: an inner Mn2O3 layer and a very thin outer MnO layer. It thus seems 

that the particles have a MnO/Mn2O3/MnO radial structure. The central layer is clearly not 

Mn3O4, as the data in figure 4.2.2 strongly suggest the presence of a Mn
3+

 phase.  

 

In order to gain further insight into the structure, we have calculated, from simple geometric 

considerations, the total projected EELS signal that would be obtained for MnO (r1 = 4.5nm)/ 

Mn2O3 (r2 = 1,5nm)/MnO (r3 = 0.5nm). As the calculated model does not correlate well with 

the experimental data, inner radius has been optimized. Best results are obtained for r1 = 2.5 

nm.  
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Figure 4.2.2: (a) HAADF image of several nanoparticles. (b,c) Background-subtracted EEL Spectra obtained at 

the positions indicated in (a) –dashed arrows. (d) Mn L3 peak position along the line highlighted in (a). (e) 

Elemental quantification along the line highlighted in (a). (f) Mn L3/L2 intensity ratio along the line highlighted in 

(a). Elemental quantification, L3 peak chemical shift and L3/L2 intensity ratio are subjected to a relative error of 

about 5%.  
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Taking into account that the nanoparticles do not seem to be perfectly spherical, an even better 

agreement with experimental data in figure 4.2.2 can be obtained when considering (a little 

arbitrarily) that the outer layers are half in thickness in the direction perpendicular to the beam 

compared to the in-plane directions (thus considering a flat particle). All these simple 

calculations are shown in figure 4.2.3. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 

Figure 4.2.3: Schematic representation of a nanoparticle, considered to be spherical (a), or flat (b).  (c) 

Simulation of the spatial distribution of measured Mn oxidation state, for a spherical nanoparticle with a core 

diameter of 9 nm, and of 5 nm, and for a flat particle with a core diameter of 5 nm. 
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EELS analysis was carried out for several nanoparticles. Fe/O elemental ratio was calculated, 

and, from Fe/O ratio data, the presence of a Fe-rich core was hinted for all considered particles. 

In order to further analyse the EELS data, elemental quantification measurements were plotted 

together with the expected elemental quantification profiles in the case of no FeO core (thus in 

the case of a uniform Fe3O4 nanoparticle) and in the case of a 4 nm thick FeO core. These 

expected profiles were, once more, calculated from simple geometrical considerations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2.4: STEM BF (a) and HAADF (b) images of several core-shell nanoparticles. 

 

Even if the detected Fe/O variation through the nanoparticles is not far from the experimental 

error, it is still clear that the obtained data are not compatible with uniform Fe3O4 nanoparticles, 

and that nanoparticles do show a Fe-rich core. The elemental quantification for three different 

nanoparticles, together with the expected elemental quantification for both a 4 nm thick FeO 

core / Fe3O4 shell nanoparticle and a uniform Fe3O4 nanoparticle are given in figure 4.2.5. 
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Figure 4.2.5: HAADF images of several core-shell nanoparticles. Elemental quantification along the highlighted 

lines for the three considered nanoparticles and expected elemental quantification for both a 4 nm thick FeO core 

and a uniform Fe3O4 nanoparticle. As indicated by error bars, elemental quantification is subjected to a relative 

error of about 5%. 
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given in figure 4.2.6. 
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Figure 4.2.6:  HRTEM (a), (b), BF-STEM (c) and HAADF (d) images of several core-shell nanoparticles. 

 

BF-STEM and HAADF images of several nanoparticles are also given in figure 4.2.6. No 

diffraction contrast between core and shell is observed in BF STEM. As Mn and Fe have Z 

numbers Z = 25 and Z = 26, respectively, no contrast is found in HAADF either. 

 

MLLS analysis of the EELS Spectrum Image of an onion nanoparticle is given in figure 4.2.7. 

The MLLS fitting makes it possible to distinguish between a shell, where only Mn signal is 

observed, and a core, where both (projected) Mn and Fe signals are found. 
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Figure 4.2.7: (a) HAADF image of several core-shell nanoparticles. (b) Spectrum Image obtained in the 

highlighted zone in (a). MLLS fitting of (b) using spectra (d) and (e) as a reference –it can be understood as a 

mapping of the regions containing both Fe and Mn (green) and Mn only (red). (d), (e) EEL Spectra obtained at 

the indicated points in (c). 

 

Further quantitative EELS analysis has been carried out to better understand the structure of the 

nanoparticles. EELS data obtained from spectrum lines across several nanoparticles show that 

Mn oxidation state is 3+ at the outer part of the particles (i. e.: where no Fe signal is found) and 

decreases moderately towards the centre of the particles (figure 4.2.8). Mn, Fe and O elemental 

quantification through several nanoparticles (also given in figure 4.2.8) evidences the pure 

MnOy outer layer to be about 1nm thick. In addition, it is clear from elemental quantification 

data that there must be some additional Mn in the core of the nanoparticles. 
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Figure 4.2.8: (a) HAADF images of several core-shell nanoparticles. (b)L3 peak position and (c) Mn L3/L2 

intensity ratio along the lines highlighted in the HAADF images, for the three considered nanoparticles. (d) 

Elemental quantification for the three considered particles, and simulation considering a 2nm thick a MnFe2O4 

spinel around a Fe3O4 core. L3 peak chemical shift and L3/L2 intensity ratio, as well as elemental 

quantification are subjected to a relative error of about 5%. (e) Cartoon of the structure of a nanoparticle.  
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In this sense, the presence of a mixed phase containing Mn, Fe and O must be considered. Both 

a MnFe2O4 and a FeMn2O4 middle layer seem plausible. Taking the composition and the 

thickness of the mixed phase and the composition of the Fe oxide as parameters to simulate, out 

of geometric considerations, the obtained, projected EELS data, the best fit of the elemental 

composition experimental data has been achieved for a MnFe2O4 spinel about 2 nm thick 

around a Fe3O4 core (figure 4.2.8).  

 

The overall system would then correspond to tri-magnetic hetero-onion nanoparticles 

composed by core-Fe3O4 (FiM)/shell1-MnFe2O4 (FiM)/shell2-Mn2O3 (FiM).  
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4.2.4 Conclusions 

 

The capability of EELS to determine the composition of MnOx/MnOy, FeOx/FeOy and 

FeOx/MnOy nanoparticles has been demonstrated. MnO/Mn2O3, with and additional MnO thin 

outer layer, and FeO/Fe3O4 core-shell particles were observed: in both systems the coupling 

between the AFM-core and FiM-shell is to lead to strong exchange bias effects. Nominal 

FeOx/MnOy onion-like structures were in fact found out to be tri-magnetic hetero-onion 

nanoparticles composed by core-Fe3O4 /shell1-MnFe2O4/shell2-Mn2O3. 
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5.1.1 The physics of manganites 

 

The manganites are a family of perovskite oxides in which the composition of the A-site (and 

B-site as well) cations may be varied by using mixtures of trivalent rare-earth and divalent 

alkaline-earth elements. In La manganites, a correlation between doping-induced electrical 

conductivity and ferromagnetism can be observed. Whilst the three-component materials 

LaMnO3 and AMnO3, where A is a divalent alkaline-earth, are antiferromagnets (AFMs) with 

spins localized at the sites occupied by the manganese ions, the four-component manganites 

La1-xAxMnO3 with intermediate compositions (0.2<x<0.5) not only become strong 

ferromagnets but also manifest conductivity of the metallic type, which is observed only 

below the Curie temperature TC. The phase diagram of La1-xCaxMnO3 is given in figure 5.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1: Phase diagram of La1-xCaxMnO3
1
. �eel temperature T� for the antiferromagnetic (AFM) phases, 

Curie temperature Tc for the ferromagnetic (FM) phases and insulator to metal transition temperature ρc are 

shown.  
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Each manganese (Mn) ion in the perovskite is surrounded by an oxygen octahedron (figure 

5.1.2). The 3d orbitals on the Mn-site are split into the lower-lying t2g triplet and the higher-

lying eg doublet (figure 5.1.3)
6
. In the Mn

3+
 compounds, the Mn site has the following 

electronic configuration: t 
3

2ge
1

g (total spin number S = 2). The t2g electrons, less hybridized 

with O 2p states and more stabilized by the crystal field splitting, are understood as being 

localized and as forming the local spin (S = 3/2), and the eg electrons as the charge carriers. 

Yet, the eg electrons are localized as the hopping interaction is relatively small. Even though 

the eg states are more strongly hybridized with the O 2p states, there is still a strong electron 

correlation. In addition, the Jahn–Teller coupling of the eg electron with the surrounding 

oxygen displacement also contributes to the electron localization (The Jahn–Teller coupling 

lifts the degeneracy of the eg orbital by causing the deformation of the MnO6 octahedra
7
). 

When the eg band filling is close to 1, the individual Jahn–Teller distortions are cooperatively 

induced, leading to symmetry lowering of the lattice or a new superstructure. Thus, the orbital 

ordering in the manganites is always associated with the cooperative Jahn–Teller distortion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.2:  Perovskite structure of doped manganites, (R,A)MnO3, with trivalent (3+) rare-earth (R) ions and 

divalent (2+) alkaline-earth (A) ions at the perovskite A site and Mn on the perovskite B site. 

 

When electron vacancies or holes are created in the eg orbital states of the crystal and escape 

from the long-range ordering, the eg electrons can be itinerant and hence play the role of 

conduction electron. The latter hole-doping procedure corresponds to the creation of mobile 

Mn
4+

 species on the Mn sites (as it is achieved by doping a trivalent rare-earth manganite with 

a divalent alkaline-earth). 

O 

Mn 

R,A 
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Figure 5.1.3:  Mn d-electron orbitals and level splitting when in octahedral coordination with O
2-

. 

 

The important consequence of the separation of the 3d orbital into the local-spin and charge 

components is the strong coupling between the eg conduction electron spin (S = 1/2) and the 

t2g electron local spin (S = 3/2). This ferromagnetic coupling follows Hund’s rule.  

 

By creating electron-vacancy sites (or hole-doping) the eg electron can hop depending on the 

relative configuration of the local spins. The ferromagnetic metallic state is stabilized by 

maximizing the kinetic energy of the conduction electrons. When the temperature is raised to 

near or above the ferromagnetic transition temperature (TC), the configuration of the spin is 

dynamically disordered and accordingly the effective hopping interaction is also subject to 

disorder and is reduced on average. This would lead to enhancement of the resistivity near 

and above TC. Therefore, a large (Colossal) MR can be expected around TC, since the local 

spins are relatively easily aligned by an external field achieving a reduction of the randomness 

of the spin configuration. This is the intuitive explanation of the CMR observed for 

manganites around TC in terms of the double-exchange (DE) model. 
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The hopping of the eg electrons from Mn
3+

 to O
2-

 and finally to Mn
4+

 creates degenerate 

couples of Mn
3+/4+

-O
2-

- Mn
3+/4+

, so that the overall Mn oxidation state is a mixture of Mn
3+ 

 

and Mn
4+

 rather than a local alternation between Mn
3+ 

 and Mn
4+

. 

 

It is clear that the mobility of the eg carriers is greatly dependent on the nature of the Mn-O- 

Mn bonding; in particular, the width of the eg band depends on the Mn-O angle (with 180º 

being the optimal configuration) and on the Mn-Mn distance
8
. As a matter of fact, isolated 

Mn
3+ 

and Mn
4+

 atoms are naturally antiferromagnetically coupled. If the eg bandwidth is 

reduced, and the double exchange mechanism is weakened, ferromagnetism is easily lost in 

the material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.4: Orthorhombically distorted (pseudocubic) perovskite structure. 
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Bulk doped manganite perovskites may show lattice distortions -modifications from the cubic 

structure. Orthorombic distortion is shown in figure 5.1.4. These distortions may be due to the 

deformation of the MnO6 octahedra arising from the Jahn–Teller effect as explained above. In 

these distorted perovskites, the MnO6 octahedra show alternating buckling. Such lattice 

distortions quite trivially affect the Mn-O angle and the Mn-Mn distance, effectively reducing 

the eg bandwidth. Of course, when growing these perovskites as thin films on a given 

substrate, additional lattice deformations may arise from strain conditions. 
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5.1.2 Functional applications of manganites and associated problems. 

 

A number of functional devices using manganites have been successfully implemented
5
. 

Epitaxial tunnel junctions
9
 made from FMM electrodes of (La,Sr)MnO3 or (La,Ca)MnO3 with 

an ultrathin SrTiO3 barrier were reported in the mid 90s. Subsequent improvements
10,11

 have 

achieved a magnetoresistance (MR) switching with a magnitude in the order of 1000%.  

 

Recent improvements in performance are based on interface engineering
9-17

. The interface 

properties are tailored by choosing insulators of perovskite or rutile structure, by using 

perovskite insulators with different structural mismatch with the electrode or by varying the 

nominal charge of the electrode. 

 

MR devices may also be obtained without a tunnel barrier, by growing a bilayer comprising a 

manganite and some other FMM material such as magnetite
18

 or permalloy
19

. 

 

Additionally, MR devices may be obtained using FMM manganite electrodes widely 

separated by organic materials. This can be achieved because carbon has a low atomic number 

and therefore weak spin-orbit coupling, which allows spin-polarized electrons to get through 

the organic material without losing their magnetic information. For example, submicron 

layers of an organic semiconductor between La0.67Sr0.33MnO3 and Co electrodes allow the 

implementation of devices that show a low-temperature giant magnetoresistance effects as 

large as 40%
20

.  

 

In this sense, carbon nanotubes (CNTs) have been reported to allow the transport of spin 

information over a distance of 1.5 µm between La0.7Sr0.3MnO3 electrodes
21

. The conversion of 

magnetic information into large electrical signals corresponds to an MR of 61%, and 

represents the basis for a spin transistor if the nanotube can be suitably gated. The advantage 

of a spin transistor is that the use of a magnetic gate would permit nonvolatile information 

storage. 

 

To integrate manganites in the aformentioned functional devices, the implementation of 

epitaxial thin films heterostructures of these materials is clearly a necessary condition. As a 

consequence, the physics of doped manganites cannot be fully taken advantage of, as the 
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properties of thin films of these materials are depleted when compared to their bulk 

counterparts. In particular, in thin films conduction, TC and saturation magnetisation (MS) are 

significantly reduced and both ferromagnetism and conductivity may be altogether 

suppressed
22-27

.   

 

In fact, the reasons for this strong degradation of magnetotransport properties remain mostly 

unknown and are believed to be manifold. For instance, the existence of a magnetic dead layer 

has been postulated
22

. MNR experiments have allowed correlating the reduced properties of 

manganite films to the nucleation of regions with different magnetic and electronic states, 

which make the film electronically and magnetically inhomogeneous
23,28-30

. The origin and 

nature of this electronic phase separation remain unclear. Both strain itself and elastic strain 

relaxation due to the substrate/film mismatch have been suggested as possible causes of the 

depleted magnetic properties, as, not surprisingly, greater lattice mismatch figures are 

correlated to a greater hindering of the films performance
31

.  

 

The thin films properties thus depend not only on the growth parameters (such as temperature, 

pressure, growth rate) but also on the employed substrate. The most commonly used 

substrates for Lax(Ca,Sr)1-xMnO3 manganites are cubic SrTiO3 (STO, a = 0.3905 nm)
32-35

, 

pseudocubic LaAlO3 (LAO, a = 0.3788 nm)
36-38

, and cubic MgO
39-40

 (a = 0.4205 nm). 

 

Lattice mismatch δ along the interface is defined by δ = (ap substrate − ap bulk manganite)/ap 

substrate, where ap is the pseudocubic (or cubic) lattice parameter. Positive values of 

mismatch correspond to tensile strains (the cell is elongated in the film plane), whereas 

negative values correspond to compressive stresses (the cell is compressed in the film plane).  

 

In this chapter, we will consider thin films of La2/3Ca1/3MnO3 (LCMO) manganite, grown on 

STO and LAO substrates. LCMO is orthorhombic, with lattice parameters a = 0.5453nm, b = 

0.7672 nm and c = 0.5447 nm. It can be considered pseudocubic, and the pseudocubic lattice 

parameter would then be ap = 0.3863 nm ≈ a / 2 ≈ c / 2 ≈ b / 2. Whereas LCMO on STO 

grows under a tensile, moderate strain (lattice mismatch ≈1.2 %) allowing to get a defect-free 

epitaxy, the LCMO on LAO, grows under a compressive, greater strain (lattice mismatch ≈ -

1.8 %).  
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The substrate mismatch strain induces a lattice deformation in the layer, which is generally 

measured using x-ray diffraction (XRD) and reciprocal space maps (RSM)
31,41-43

. TEM can 

also be used to measure changes in lattice parameter
44,45

. In addition, TEM is generally used 

to assess the quality of the interfaces, investigate the presence of defects in the layer and 

observe whether local changes in crystal structure take place or not
46-49

.  

 

Moreover, if TEM is combined with EELS, then local deviations in stoichiometry can be 

detected
50-54

, and the Mn oxidation state can be inferred from local EELS data
50-53

. The latter 

is of the outmost importance, as it gives a means to probe phase separation in manganites at 

the nanoscale, which can be correlated with their macroscopic magnetic behaviour.  

 

In summary, the rich physics of manganites make them display unique conduction and 

magnetic properties and assign them the potentiality to become building blocks in the rapidly 

developing field of spintronics, but also make them behave in ways that are not yet fully 

understood, and in particular, make their properties highly dependent on substrate nature, film 

thickness and growth conditions. The combination of (S)TEM-EELS techniques allows to 

investigate the existence of crystalline defects or structural changes, the chemical composition 

and the Mn oxidation state at the nanoscale, and, in favourable cases, to correlate these 

nanoscale properties with the macroscopic behaviour of the considered materials. It is thus 

clear that careful (S)TEM-EELS characterization of manganite thin films seems bound to 

unveil relevant and (as it often seems happens when manganites are involved) surprising 

results.  
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5.2.1 Mn L3,2 white lines 

 

L2,3 edges of transition metals (as well as M4,5 edges of rare earths) consist of two so called 

white line peaks close to the ionisation energy
55
. The white line name is quite trivially due to 

the fact that, in the raster image of the EELS spectrum, the peaks appear as two vertical white 

lines.  

 

The energy separation between the two peaks is given by the spin-orbit splitting of the initial 

(ground) states of the transition. On the other hand, one would expect their relative intensities 

to correspond to the number of electrons in the initial states provided that the matrix elements 

and final densities of states were the same for all electrons –this rather intuitive picture 

happens to be wrong. In fact, the influence of a spin selection rule results in a white line 

intensity ratio which depends on the number of electrons in the final 3d (or 4f) state. Thus, the 

white line intensity ratio varies with atomic number Z, and with the oxidation state in a quite 

non-trivial manner. In the case of Mn, the L3/L2 intensity ratio decreases with oxidation state, 

but not lineally.  

 

The ionization threshold energy in EELS represents the difference in energy between the 

core-level ground state and the lowest energy final state. In the case of a compound, any 

increase in the binding energy of a core level, relative to its value in the pure element, gives 

rise to a change in threshold energy, and thus, to a chemical shift of the edge. Yet, other 

factors contribute to the magnitude of this chemical shift. Quite trivially, the energy of the 

lowest energy final state also depends on the nature of the studied compound. In addition, 

core-hole effects involved in the electron transition further complicate the whole picture.  

 

The chemical shift is in the order of ∼ 1 eV, in general. In the case of Mn, L3 peak onset lies at 

640 eV. Yet, in manganese oxides, L3 peak onset is found between 642 and 644 eV, with a 

chemical shift that monotonously increases with increasing oxidation state. Mn L3,2 edge 

spectra, obtained by Kurata and Colliex
56
 for five different considered oxides, after 

deconvolution of multiple loss scattering and background substraction, are given in figure 

5.2.1. 
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Figure 5.2.1: Mn L3,2 edge spectra, obtained by Kurata and Colliex
56
 for five different considered oxides, after 

deconvolution of multiple loss scattering and background substraction 

 

One final remark: as Mn L3 peak appears lower in energy than M L2 peak, the Mn L3,2 

notation is usually preferred to the, in principle, more obvious, Mn L2,3 one. 
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5.2.2 Mn oxidation state quantification 

 

It is clear that both the Mn L3 peak onset and the L3/L2 intensity ratio are measures of the Mn 

oxidation state. Yet, it is also clear that it is very difficult to correlate these measures with the 

actual Mn oxidation state from physical calculations. There are two ways around this 

difficulty: using specimens of well-known Mn oxidation state as standards, or comparing the 

experimentally obtained L3 peak onsets and L3/L2 intensity ratios with the figures given in the 

literature for the different Mn oxidation states. 

 

In fact, in a certain way, the two procedures were used in the present Thesis. Specimens of 

well-known Mn oxidation state (Mn oxidation state = 3.3) were considered for sanity-check 

experiments: if the values obtained for the Mn L3 peak onset and the L3/L2 intensity ratio in 

this case were in good agreement with those given in the literature, then the procedure used to 

calculate the Mn L3 peak onset and the L3/L2 intensity ratio from the EELS spectra was sound 

and could be used to obtain experimental data of problem samples that could then be 

compared with the values given in the literature. 

 

The reference values for the Mn L3 peak onset and the L3/L2 intensity ratio were taken from 

Kurata and Colliex
56
, which are in good agreement with those given by Garvie and Craven

57
, 

and mostly in good agreement also with those given much more recently by Schmid and 

Garvie
58
. Reference values of Mn L3 peak onset and L3/L2 intensity ratio vs. Mn oxidation 

state are given in figure 5.2.2
59
.  

 

La2/3Ca1/3MnO3 (LCMO) target material for the growth of LCMO layers was used for the 

sanity check experiments. The material was kindly provided by Dr. Llibertat Abad, then a 

PhD student at ICMAB. Several samples were prepared by mixing the LCMO powder with 

ethanol, dispersing it with ultrasounds and letting one drop of the dispersed mixture fall on a 

holey carbon grid. Quite nicely, the mean value of L3/L2 ratio was found to be 2.25, with a 

standard deviation of 0.11 and the mean value of L3 onset was found to be 643.4 eV with a 

standard deviation of 0.5 eV. 
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Figure 5.2.2: Reference values of L3/L2 intensity ratio and Mn L3 peak onset vs. Mn oxidation state. 

 

The procedure to determine the Mn oxidation state in a problem sample would be as follows: 

obtain a spectrum containing the Mn L3,2 edges. Then obtain a low-loss spectrum of the very 

same region. Deconvolute the low-loss spectrum from the core-loss spectrum to get rid of 

multiple scattering. Correct the energy scale. Fit and subtract pre-peak background and 

continuum contributions. Find L3 peak onset, and calculate L3 and L2 intensities. Compare the 

Mn L3 peak onset and the L3/L2 intensity ratio with the values given in the literature.  

 

There are quite a lot of calculations that should be carried out in a repetitive, systematic 

manner. Besides, this may be a tedious and thus error inducing procedure in the case of large 

spectrum lines or spectrum images. Thus, a software package to calculate the Mn L3 peak 

onset and the L3/L2 intensity ratio was developed in the frame of the present work.  
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5.2.3 The MA GA ITAS software 

 

MANGANITAS is a Matlab-based software package. It deals with spectrum lines (or 

individual spectra) only. It was generalized in MANGANITAMatrix, which can operate 

with 2-dimensional spectrum images, but the generalization has been given little 

practical use so far because the studied manganite thin films happened to show no local 

variations in Mn oxidation state in the in-plane direction, and thus spectrum lines along 

the z direction seemed to be the most sensible data collection geometries. 

 

MANGNITAS does not perform low-loss deconvolution, as Digital Micrograph does it 

quite easily, and quite fast. The low-loss deconvoluted experimental spectrum line file is 

to be saved as .txt and imported into the Matlab workspace. Then MANGANITAS can 

be called. MANGANITAS reads the .txt files, performs the appropriate calculations and 

returns posL and Ratio .out files. posL and Ratio contain the L3 onset position and the 

L3/L2 intensity ratio as a function of spectrum ordinal, respectively. 

 

As for the calculations themselves, the software locates a reference edge and recalibrates 

the energy axis of each individual spectrum using this edge as a reference (in the case of 

LCMO, La M5,4 white lines appear to be a safer choice than O K, as in O K chemical 

shift may be significant). Then, it performs a fitting of the pre-peak background using a 

power-law fit function and subtracts it. Transitions to continuum are fitted via a step 

function and subtracted as well.  Gaussian curves are fitted to both Mn L3 and Mn L2 

peaks. Mn L3 onset is established to be at half the height of the peak, as conventionally 

accepted. The area under the gaussian curves (I3 and I2) is integrated and I3/I2 is 

calculated. 
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5.3.1 Introduction 

 

The strain conditions of manganite thin films can be tuned by choosing the appropriate 

substrate. Let us consider LCMO layers grown on (001) LAO substrates: as already 

explained, LCMO grows on LAO under a compressive strain of about -1.8%.  

 

The present section will focus on the careful study of the microstructure and the local 

chemistry and Mn oxidation state of LCMO/LAO films prepared using RF-sputtering, as a 

function of thickness, both in as-grown (AG) and annealed samples.  
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5.3.2 Experimental details 

 

LCMO layers were grown by RF-sputtering on top of (001) LAO substrates with nominal 

thicknesses ranging from 14 to 93 nm at a deposition temperature of 800ºC, a deposition 

pressure of 330 mtorr, and an O2/Ar pressure ratio of 1/4; afterwards, they were submitted to 

an in situ annealing process in an O2 atmosphere at a pressure of 350 torr and at a temperature 

of 800ºC for 60 minutes
60

; every such sample was annealed at Ta=1000ºC, also keeping an as 

grown (AG) sample for comparison. Magnetic properties were measured by using a 

commercial SQUID magnetometer from Quantum Design. 

 

Samples were provided by Llibertat Abad and coworkers at ICMAB (Campus de Bellaterra). 

They also carried out the XRD analysis and the magnetic measurements. 

 

The samples, prepared in cross section geometry by flat polishing down to 50 µm, followed 

by a dimpling down to 25 µm and a final Ar+ bombardment at V=5 kV with an incident angle 

of 7° using a PIPS-Gatan equipment, were observed by HRTEM in a Jeol J2010F microscope, 

with field emission gun, operating at 200 keV. EELS spectra were obtained with a Gatan 

Image Filter (GIF) spectrometer. Notice that all the EELS data in the present chapter were 

obtained before the STEM unit was installed in the TEM. 

 

Ca/La normalized relative concentration variations were obtained from EELS spectra by 

integrating the intensity corresponding to Ca and La peaks, getting the relative intensity for 

each studied point and dividing such figure by the value obtained in a reference position, that 

was chosen to be the one closest to the interface. Mn L3 EELS peak edge and Mn L3 / Mn L2 

peak intensity ratio were determined using the aforementioned software package 

MANGANITAS. 
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5.3.3 XRD and magnetic measurements data 

 

As previously mentioned LCMO grows on LAO under compressive strain (∼-1.8 %) leading 

to higher values of the out-of-plane lattice parameter, c, than would be found in the bulk 

material. XRD measurements (table 5.3.1) clearly show that out-of-plane c parameter 

decreases while in-plane a parameter increases, after annealing processes and/or when 

increasing film thickness, approaching bulk values as in-plane stress gradually relaxes.  

 

 

 

 

 

 

 

Table 5.3.1: In-plane, a, and out-of plane, c, LCMO lattice parameters of LCMO/LAO samples determined by 

TEM and XRD as a function of layer thickness t. 

 

The elongation of the unit cell along the z axis should induce an easy magnetization axis 

perpendicular to the film plane. The departure of the easy magnetization axis from 

perpendicular to film plane to parallel to plane has been observed as structural strain relaxes 

by increasing film thickness or by high temperature annealing processes, in good agreement 

with literature
61

. On the other hand, both saturation magnetization MS, and TC exhibit a clear 

dependence on sample thickness (figure 5.3.1). In this figure it is also shown that the high 

temperature annealing process substantially improves magnetic properties, and that this 

improvement is notoriously stronger in thinner samples. At first sight this evolution of TC and 

MS could be correlated with variations of structural strain; nevertheless, as pointed out by A. 

Biswas and coworkers
62,63

, the LCMO/LAO system exhibits a 3D growth mechanism from 

the early stages leading to a granular character of the films and making it very difficult to 

obtain a homogeneously strained film. Besides, in-plane biaxial compression, as in 

LCMO/LAO system, should imply an expansion of the out-of-plane parameter because of the 

Poisson effect leading to a flattening of the Mn-O-Mn angle, thus promoting a reduction of 

the Jahn-Teller effect and the increasing of TC
64

, which is not observed in our case. Therefore, 

we should conclude that structural strain alone cannot account for the variations of TC and 

MS. 

 TEM determined c [Å]   XRD determined c [Å]   TEM determined a [Å] XRD determined c [Å]   

t 
[nm] 

As grown Annealed   As grown Annealed   As grown Annealed   As grown Annealed   

14 n 3.94 3.88 3.957 3.878 3.82 3.83 3.793 3.865 

48 n 3.91 3.85 3.920 3.868 3.82 3.88 3.793 3.857 

90 n - 3.85 3.897 3.870 - 3.86 3.820 3.853 
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Figure 5.3.1: Saturation magnetisation and dependence of the transition temperature, TC, as a function of 

sample thickness for as-grown and annealed samples. 
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5.3.4 Results and discussion 

 

HREM images of AG (a) and annealed (b) 14 nm thick samples along [100] zone axis are 

shown in Fig. 5.3.2. Abrupt, flat and homogeneous interfaces between LCMO film and LAO 

substrate, and LCMO free surfaces were found in the thinnest AG samples (figure 5.3.2). 

Nevertheless, interfaces between LCMO film and LAO substrate, and LCMO free surfaces, 

were found to get slightly rougher as layer thickness increases and with the annealing 

treatment. The layers were determined to be homogeneous and defect-free at least in the 

studied region, with mosaicity increasing again with thickness and after annealing treatments.  

 

 

Figure 5.3.2: High resolution images of as grown (a) and annealed (b) 14 nm thick samples along [100] zone 

axis. 

 

The nominal epitaxial relationship LCMO (001)[100]//LAO(001)[100] was found, by fast 

Fourier transform (FFT) of high resolution images of layer and substrate, for all studied 

samples. High resolution images were also studied by Gaussian fitting of intensities 

corresponding to atomic columns, as to locate their relative positions with high precision
65,66

; 

this method was used to determine lattice parameters instead of FFT. Lattice parameters as 

determined by TEM are in good agreement with those found by XRD (table 5.3.1) 

 

Compositional profiles along sample thickness were obtained by EELS in cross sections of 

the different samples. Initially general spectra (between 325 and 870 eV) were acquired along 
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the direction perpendicular to the interface going from the substrate/film interface towards the 

free surface of the layer.  

 

The evolution of the Ca/La ratios in LCMO layers were estimated from the general spectra 

and the corresponding results are displayed in figure 5.3.3. In all cases, a cationic segregation 

process leading to an increase of the La content while approaching film surface was detected, 

whilst the Ca/La variation rate slows down with annealing process and/or by increasing 

sample thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.3: Variation of the Ca/La relative intensity ratio for several as-grown and annealed LCMO/LAO 

samples having different thickness. 

 

EELS spectra in the energy loss range between 500 and 675 eV (in which the Mn L3,2 peaks  -

640, 651 eV- and the O K edge -532eV- can be found) were also investigated. Once the 

position of the LCMO/LAO interface was fixed, a sequential acquisition of EELS spectra at 

different distances from the interface was carried out (figure 5.3.4). L3 peak edge and Mn L3 / 

Mn L2 peak intensity ratio were determined from these spectra.  
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Figure 5.3.4: Evolution of the EELS spectra, in the electron energy loss range between 500 and 675 eV, 

measured at several points of the cross section as a function of the distance to the interface for a 14 nm thick as 

grown sample. 

 

The experimental results are illustrated in figure 5.3.5 in comparison with the theoretical 

values found in literature
56-58

 for the Mn oxidation states 2+, 3+ and 4+. The most relevant 

feature in figure 5.3.5 is a shift towards lower energies of the Mn L3,2 peaks as well as a 

variation of the intensity ratio of these two peaks as the distance from the interface is 

increased, more important for thinner films, and less pronounced after annealing. This 

variation of the Mn oxidation state is compatible with the detected La diffusion towards the 

free surface of the films, as suggested by the observed variation of the Ca/La ratio. 

 

Interestingly enough, the observed evolution of TC and MS clearly correlates with the 

segregation process of La ions towards the surface of the films. The formation of a La floating 

layer during LCMO thin film growth should lead to the appearance of a La-enriched layer of 

few nm close to the free surface of the films. This layer should exhibit strongly depressed 

magnetic properties in agreement with the existence of a surface magnetic dead layer as 

detected from magnetic measurements in LCMO/LAO thin films
67

. Since this La-rich layer is 

very thin (few nm) its effects are negligible for thick samples but critical for thin ones. This 

La segregation process would, in turn, imply a departure from the nominal composition (2/3-

1/3) Mn
3+/4+

 valence balance, thus becoming an efficient mechanism for the reduction of TC 

and MS.  
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Figure 5.3.5: Ionisation edge variation (a) and relative intensity variation (b) of the Mn L3 and L2 peaks along LCMO 

layers. 
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Whereas depressed magnetic performances of LCMO thin films grown on LAO substrates 

had been usually explained in terms of the presence of microstructural defects
68,69

 or strain 

conditions, it seems clear that La
3+

 cationic diffusion does play a major role in the observed 

degradation of the magnetic performances. Nevertheless, it should be mentioned that strain 

may be at the origin of this cationic migration since a way to accommodate structural strain in 

thin films could be by means of the segregation of ions with larger or smaller size. Cation 

migration is thus proposed as a strain reliving mechanism in manganite thin films.  

 

On the other hand, high temperature annealing processes would promote a rediffusion of the 

La ions into the whole film which would moderate the effect of the cationic migration (as 

observed in figure 5.3.1) and concomitant Mn oxidation state variation (figure 5.3.5) and 

substantially improve both TC and MS, especially in the thinnest films, where the magnetic 

dead layer has a greater impact, as observed. 
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5.3.5 Conclusions 

 

EELS has been applied to explore the local stoichiometry and Mn oxidation state of LCMO 

layers of various thicknesses grown on top of (001) LAO substrates. The EELS analysis has 

allowed assessing the existence of a cationic segregation process of La atoms towards free 

surface, as well as a Mn oxidation state variation through the layer thickness. La diffusion 

would lead to a Mn valence change and, in turn, to reduced magnetization, creating, in fact, a 

thin magnetic dead layer. This dead layer would have a higher impact on the properties of 

thinner films, as the volume fraction it would represent would be greater than for thicker 

layers. Finally, high temperature annealing processes seems to promote rediffusion of the La 

ions into the whole film, which would moderate the effect of the observed cationic migration. 
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5.4.1 Introduction 

 

 

In section 5.3, La
3+

 migration towards the top layer surface in LCMO films grown 

compressively strained on LaAlO3 substrates was assessed. These results clearly indicate that 

strain/stress conditions must be taken into account to understand chemical segregation in 

manganite films. In the present section, the (S)TEM-EELS characterization of LCMO grown 

on STO (001) and (110) substrates will be addressed. 

 

Little attention has been paid, so far, to the chemistry and electronic structure of (110) LCMO 

films, even if, as will be shown, they display enhanced magnetic properties when compared to 

their (001) counterparts.  
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5.4.2 Experimental details 

 

The (001) and (110) LCMO films with thicknesses (t) ranging from 3.5 to 82 nm, were grown 

by rf-sputtering at 800 °C, at 330 mtorr, with an O2 /Ar pressure ratio of 1 / 4 and a growth rate 

of  ∼ 0.4 nm/min for thicker samples (∼80 nm and ∼40 nm) and ∼ 0.3 nm/min for the thinner 

ones. After-growth, samples were in-situ annealed at 800 °C for 1 h in O2 atmosphere at 350 

torr.  

 

X-ray diffraction (XRD) and reciprocal space maps (RSMs) were performed to determine the 

unit cell parameters. Magnetic properties were studied using a commercial superconducting 

quantum interference device (Quantum Design). Magnetic measurements were carried out with 

the magnetic field applied in plane for (001) samples being parallel to the [100] direction and 

for (110) ones parallel to [001] direction. Temperature dependences of magnetization for all 

films were recorded at 5 kOe and hysteresis loops were measured at 10 K with a maximum 

magnetic field of 30 kOe. 

 

Samples were provided by Ingrid Cañero Infante and coworkers at ICMAB (Campus de 

Bellaterra). They also carried out the XRD analysis and the magnetic measurements. 

 

TEM samples were prepared in cross section geometry (XTEM) by Focused Ion Beam (FIB) 

and in plan-view (PV) geometry by mechanical thinning down to 25 µm and Ar
+
 bombardment 

at V=5 kV and 7° using a PIPS-Gatan. They were observed in a Jeol J2010F scanning (S)TEM 

microscope, with a hot field emission gun at 200 keV, coupled with a GIF spectrometer. 

Additional EEL spectra and STEM images were obtained using a VG 501 dedicated STEM in 

Orsay and a Nion UltraSTEM 100 aberration corrected dedicated STEM in Daresbury.  
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5.4.3 XRD and magnetic measurements data 

 

The thickness dependence of the interplanar distances were evaluated from RSMs for the (110) 

and (001) films and are summarized in figure 5.4.1a. For the (001) LCMO, virtually no 

relaxation occurs for the in-plane interplanar distance, which remains clamped to the substrate. 

The out-of-plane distance displays a non-monotonic behaviour: it contracts for films up to a 

critical thickness t = ∼ 20 nm and then expands slightly, remaining well below the bulk value, 

even for thickest layers. The persistence of a strained state in LCMO (and other manganites) 

epitaxial thin films has been reported earlier
23,29,70

. For the (110) LCMO, figure 5.4.1a reflects 

the gradual structural relaxation along both in plane directions [001] and [1−10] as well as 

along the out-of-plane [110] one. It is clear that the in-plane distances relax much faster than 

the corresponding in-plane distances in (001) films. Moreover, the relaxation along the [001] 

and [1−10] directions is different. The out-of-plane [110] direction distance displays a non-

monotonic behaviour: it again contracts up to t = ∼ 20 nm but then it expands markedly for a 

further increase of the film thickness, approaching the bulk value for thicker films. 

 

Therefore, the response of (001) and (110) films to the identical lattice mismatch imposed by 

the substrate is quantitatively different; however, a common trend is identified, namely, the 

evidence of a critical thickness that separates the well-defined regions in the thickness 

dependence of the out-of-plane interplanar distance. The dashed areas in figure 5.4.1a indicate 

a range of thicknesses where the out-of-plane distances are substantially larger than could be 

expected from their monotonic variation observed above the critical thickness. The evolution of 

the unit cell volume with thickness is depicted in Fig. 5.4.1b. It is clear that the unit cell 

volumes of the (001) and (110) LCMO thinnest films are substantially larger than the bulk 

value; it is also clear that upon increasing thickness the (001) LCMO unit cell volume changes 

slightly, remaining above the bulk value even for the thickest films, whilst, for (110) LCMO a 

pronounced gradual reduction of the unit cell volume is observed. Data in figure 5.4.1b clearly 

illustrate that the assumption of a constant unit cell volume when describing strain effects is not 

supported by the experimental data. Moreover, they also reveal that for the films under the 

critical thickness value, the unit cell volume displays a rapid expansion which is more 

pronounced than what could be expected from a simple linear extrapolation toward t→0. 

Dashed areas in figure 5.4.1b illustrate these anomalous unit cell volume regions. 
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Figure 5.4.1: (a) Out-of-plane and in-plane lattice parameters and (b) unit cell volume of (001) and (110) LCMO 

films as a function of the layer thickness. 

  

Exhaustive X-ray diffraction experiments
71

 showed that the LCMO films grow on (001) and 

(110) STO substrates in a “cube-on-cube” mode with the following epitaxial relationships: 

LCMO (001) [100] // STO (001) [100] and LCMO (110) [001] // STO (110) [001] respectively. 

 

Figure 5.4.2 displays the thickness dependence of TC and MS for all (001) and (110) films. For 

(001) LCMO, TC decreases with layer thickness. This trend has been reported earlier for (001) 

films of LCMO
23,25,29

 and other R1−xAxMnO3 manganites
72-74

 grown on different substrates. 

The same trend is displayed by (110) LCMO films. However, the decay of TC when reducing 

thickness is much less pronounced for (110) films than for (001) ones. In addition, comparison 

of data for (001) and (110) films immediately evidences that the saturation magnetization MS of 

the (001) films is smaller than that of the (110) films for a given layer thickness. Thus, (110) 

films do indeed present improved magnetic properties. 
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Figure 5.4.2: (a) Curie temperature TC and (b) saturation magnetization MS of (001) and (110) LCMO films 

(closed and open symbols, respectively) as a function of film thickness. 
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5.4.4 Results and discussion 

 

PV TEM study of (001) samples shows no evidence of defects. This is in good agreement with 

XRD lattice parameter measurements, which indicated (001) film is fully and isotropically in-

plane strained. Yet, for thick (∼80, ∼40nm) (110) films, g = (1-10) two beam observations show 

a highly periodic distribution of misfit dislocations running perpendicular to the [1-10] 

direction; g = (001) two beam observation shows a much lower density of dislocations, running 

perpendicular to (001). This is in also good agreement with XRD measurements of the (110) 

thick LCMO films that indicated an anisotropic partial in-plane relaxation. In figure 5.4.3, 

TEM planar view (PV) bright field two-beam images using g = (1-10) (a) and g = (001) (b) 

excitations of a ∼ 80 nm thick (110) LCMO layer are given.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.3: (a) g = (1–10) and (b) g = (011) two beam images of ∼ 80 nm (110) LCMO/STO in PV geometry. 

 

A misfit dislocations net is thus evident for (110) thicker (t > 20 nm) films. In contrast, PV 

images of the thinnest (t < 20 nm) (001) and (110) films yields no evidence of defects. It 

follows that t < 20 nm LCMO layers are dislocations free irrespective of their orientation. 

Moreover, TEM characterization of these thin films shows no crystal symmetry change with 

respect to thicker films (crystal symmetry changes in very thin films are mentioned in 

literature
74

). In figure 5.4.4 we show TEM planar view (PV) bright field two-beam images of 

(a) (b) 
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the t = 36 and 14 nm (110) LCMO films respectively. Insets in figure 5.4.4 display on-axis 

electron diffractions, corresponding to the 36 and 14 nm (110) films, in PV geometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.4: g = (1–10) bright field two-beam images of (a) 36 nm and (b) 14 nm thick (110) LCMO films in PV 

geometry. Insets: on-axis electron diffractions corresponding to the 36 and 14 nm, respectively, (110) films in PV 

geometry. 

 

Composition profiles across film thickness were obtained by EELS from FIB lift-off cross 

section foils. In order to evaluate the suitability of the FIB lamellas for EELS experiments, foil 

thicknesses (ts) were estimated from low loss spectra via Log-ratio calculations. All ts were 

found to fall within the (20 ± 2) nm – (32 ± 3) nm range. General spectra (in the range of 325 to 

870 eV) were acquired along the direction perpendicular to the substrate/film interface. 

Concentrations of the different elements at different positions were determined from these 

spectra. Ca and La σ-weighted intensities along the layers are depicted, for (001) and (110) 

films of various thicknesses, in figure 5.4.5. Depending on thickness two distinct regimes are 

evident.  For t > 20 nm, (110) and (001) layers present a clearly different behaviour. Whereas in 

(110) films the Ca, and La concentrations are found to be constant and close to the expected 

values -0.33 and 0.66- across the whole film, this is not the case for the (001) films, where a 

monotonous reduction of the La intensity across film thickness is found, the interface being La 

enriched and the free surface, La deficient. Accordingly, the Ca intensity increases with 

distance to interface. In sharp contrast, for t < 20 nm, irrespective of layer orientation, the free 

surface gets progressively La rich (Ca deficient) as thickness is reduced.  The effect is 

somewhat more pronounced in the (001) films than in (110). It is worth noticing that the total 
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[(Ca+La) / Mn] ratio remains constant, around the expected proportion of ∼1, for all the 

considered samples. No overall cation deficiency is thus observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.5: g = (1–10) Ca and La σ-weighted intensities as a function of normalized distance to interface for 

several film thicknesses for (001) and (110) LCMO films. Dashed lines indicate the outmost 3.5 nm of each film. 
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Figure 5.4.6: (a) Representative individual EEL spectra obtained at the STO substrate (left panel) and at the 

LCMO layer. (b) Mn L3 peak onset as a function of normalized distance to interface in representative (001) and 

(110) LCMO films. 

 

EELS spectra in the 400–750 eV energy-loss range, where Mn L2,3 edges (640 and 651 eV 

respectively) and O K edge (532 eV) occur, were also recorded. In figure 5.4.6a, representative 

individual EEL spectra, from the layer and the substrate, are given for illustration purposes. Mn 
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L3 peak onset and Mn L3/L2 intensity ratio were calculated using the MANGANITAS software. 

In figure 5.4.6b we report the Mn L3 edge position along the layer (from interface to free 

surface) for (001) and (110) layers of different thicknesses. Dotted lines in figure 5.4.6b 

indicate the Mn L3 edge positions reported in literature for Mn
2+

, Mn
3+

 and Mn
4+

 ions
56-58

. Two 

thickness regimes are observed once more. For thicker (110) films, no significant variation is 

found to take place along the layer. Yet, the oxidation state of Mn
m+

 ions gradually changes in 

(001) thick films, with a progressive reduction in the Mn
m+

 species near the interface while free 

surface is overoxidized. This observation is consistent with the La
3+

 enrichment of the free 

surface described before. In contrast, figure 5.4.6b,  it can be appreciated that for the thinnest 

samples the Mn
m+

 ions get progressively more reduced when approaching the free surface.  

Local Mn oxidation state as determined by L3 / L2 edge intensity ratio is coherent with the one 

obtained through L3 onset position data for all samples. The observed variation in Mn
m+

 

oxidation state in the thinnest (001) and (110) films is fully consistent with the detected La 

enrichment near the free surface. Yet, for thinner films, Mn seems to be more reduced than it 

should be expected from the Ca / La proportion data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.7: O σ-weighted intensity as a function of normalized distance to interface in representative (001) and (110) 

LCMO films. 
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In figure 5.4.7, the O σ-weighted intensity along the layers is depicted, for (001) and (110) 

films of various thicknesses. For thicker layers, the O intensity remains constant across the 

film; the [O/Mn] concentration ratio is found to be close to the expected value (∼3).  In 

contrast, for the thinner films, the oxygen concentration is not constant but a significant 

decrease is observed close to the substrate/film interface 

 

In view of TEM, EELS and XRD results two different regimes are revealed. For the higher 

thickness regime, as stressed (001) sample does not exhibit plastic relaxation, it seems elastic 

strain accommodation has occurred via cation migration. These results are in good agreement 

with findings of Simon et al.
54

, and have just been reproduced by Varela and coworkers for 

(001) cobaltites
76

. We notice that due to the larger ionic size of La
3+

 than Ca
2+

, La
3+

 enrichment 

close to the STO interface provides a natural mechanism for cell-parameter matching to STO 

substrate. Comparison between the two encountered stress accommodation mechanisms, 

namely defect formation for (110) orientation and cation migration for (001) orientation, in two 

systems with the same layer/substrate mismatch and grown in the same conditions, strongly 

suggest that strain accommodation via cation migration is more detrimental to the magnetic 

performance than accommodation via defect creation, both because it is less effective (i.e: 

layers remain in higher strain conditions) and because it modifies the optimal hole doping 

(~1/3) in extensive regions of (001) films. 

 

The self-adapting chemical variation related to strain-induced elastic energy is the prevalent 

mechanism for chemical-phase separation only for (001) films thicker than a critical value 

which is about ~ 20 nm for LCMO/STO. For thicknesses below this threshold, a different 

behaviour emerges: La migration towards free surface occurs in absence of plastic relaxation 

irrespective of LCMO orientation. Both this cation distribution and the apparition of O 

vacancies, mostly near the interface, determine the Mn
m+

 oxidation state. The presence of O 

vacancies would account for the abnormally large unit cell volume detected by XRD for the 

thinnest layers. For this ultra-thin regime for which elastic energy considerations should not be 

so determinant, kinetic factors such as cation incorporation rate, i.e: sticking coefficient and 

growth parameters, would determine the local chemistry of the layers. 
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5.4.5 Conclusions 

 

Electron energy-loss spectroscopy has been used to map composition and electronic states in 

moderately thin LCMO films grown on STO (001) and (110) substrates. It is found that in 

partially relaxed (110) films cationic composition and valence state of Mn
3+/4+

 ions are 

preserved across the film thickness. In contrast, in fully strained (001) films, the Ca/La ratio 

gradually changes across the film, being La rich at film/substrate interface and La depleted at 

free surface; Mn valence state changes accordingly. These observations suggest that a strongly 

orientation-dependent adaptative composition mechanism dominates stress accommodation in 

manganite films and provides microscopic understanding of their dissimilar magnetic 

properties.  

 

For thicknesses below ∼20 nm, a different behaviour emerges, as La migration towards free 

surface occurs in absence of plastic relaxation irrespective of LCMO orientation. It is thus clear 

that the properties of moderately thin LCMO films (t>20nm) cannot be extrapolated to the 

thinnest ones (t<20nm). For very thin samples, growth kinetic effects rather than equilibrium 

balances related to stored elastic energy seem to be determinant for the chemical 

inhomogeneities found across the layers. It thus follows that growth rate and growth 

mechanism should play a critical role in the properties of LCMO layers. 
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5.5.1 Introduction 

 

The influence of the growth rate on the properties of LCMO layers was strongly hinted by the 

results presented in chapter 5.4. In the present chapter (001) and (110) LCMO layers about 40 

nm thick, prepared at a much slower growth rate, will be investigated. Taking a further step 

towards the implementation of actual devices, the present chapter will also focus on the 

influence of growing STO insulating capping layers on the (001) and (110)-oriented 

manganite layers.  
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5.5.2 Experimental details 

 

The (001) and (110) (STO/) LCMO films were grown by rf-sputtering at 800 °C, at 330 

mtorr, with an O2 /Ar pressure ratio of 1 / 4 and a growth rate of  ∼1.1 nm/min for the LCMO 

layers and of  ∼1.8 nm/min for the STO cappings. After-growth, samples were in-situ 

annealed at 800 °C for 1 h in O2 atmosphere at 350 torr. 

 

Structural properties were studied by x-ray diffraction. Reciprocal space maps (RSMs) were 

obtained to evaluate the unit cell parameters. Magnetic properties were measured in a 

commercial superconducting quantum interface device (Quantum Design). 

 

Samples were provided by Ingrid Cañero Infante and coworkers at ICMAB (Campus de 

Bellaterra). They also carried out the XRD analysis and the magnetic measurements. 

 

TEM samples, were prepared for cross section view using a FEI Strata FIB. They were 

observed in a Jeol J2010F scanning (S)TEM microscope, with a hot field emission gun at 200 

keV. Additional EEL spectra and STEM images were obtained in a Nion UltraSTEM 100 

aberration corrected dedicated STEM in Orsay.  
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5.5.3 XRD and magnetic measurements data 

 

RSMs data show the (001) LCMO electrode remains fully strained, whilst the (110) is 

partially (∼0.7 %) relaxed. The temperature dependence of magnetization of bare electrodes 

and 4 nm STO capped ones is shown in figure 5.5.1. The magnetic field (5 kOe) was applied 

in-plane, along the [100] direction for the (001)-oriented samples and along the [001] one for 

the (110)-oriented samples. TC of the bare electrodes is clearly dependent on the substrate 

orientation, being higher for the (110) one (TC = 256K), and, thus, closer to LCMO bulk value 

(∼270 K) than for the (001) electrode (TC = 180 K). When depositing 4 nm thick capping 

layers, the TC of the electrodes does not change appreciably, while the magnetization of the 

(001) samples is clearly reduced after the capping. On the contrary, no relevant decrease on 

magnetization is observed for the (110) samples. From magnetization curves vs. field, 

measured at 10 K, saturation magnetisation of bare electrodes MS has been found to be MS 

(001) = 543 emu/cm
3
 and MS (110) = 570 emu/cm

3
, whereas for the capped electrodes MS 

(001) = 488 emu/cm
3
 and MS (110) = 548 emu/cm

3
.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.1: Temperature dependence of the magnetization of LCMO electrodes (symbols) and 4 nm STO 

capped LCMO electrodes (lines): (a) (001) samples and (b) (110) samples.  
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5.5.4 Growth rate considerations 

 

Bare electrodes were first characterized through (S)TEM-EELS. From a morphological point of 

view, the (001) LCMO layers were found to be homogeneous and defect-free with a sharp interface 

and free surface. Figure 5.5.2 (a) and (b) show BF STEM images of the (001) electrode.  

 

Composition profiles across the films were then obtained by EELS. General spectra (in the range of 

325 to 870 eV) were acquired along the direction perpendicular to the substrate/film interface. 

Concentrations of the different species as a function of distance to interface were determined from 

these spectra. No local deviations from the nominal cation rate (<Ca> = <La>/2) were found for the 

(001) direction, as evidenced in figure 5.5.3 (a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.2: (a) General HAADF image of the (001) LCMO/STO system. (b) HRHAADF image of the 

LCMO/STO interface. (c) Mn L3 peak onset and (d) Mn L3/ Mn L2 relative intensity along the LCMO layer.  
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Figure 5.5.3: EELS elemental quantification along the (001) (a) and (110) (b) LCMO layers. 

 

EELS spectra in the 500–675 eV energy-loss range, where Mn L2,3 edges (640 and 651 eV 

respectively) and O K edge (532 eV) occur, were also recorded. The position of the Mn L3 edge and 

the Mn L3 /Mn L2 edge intensity ratio are well known to be related to the Mn oxidation state
56-58

. In 

figures 5.5.2 (c) and (d) we report the Mn L3 edge position and the Mn L3 /Mn L2 edge intensity 

ratio along the layer (from interface to free surface). Dotted lines indicate the values reported in 

literature
56
 for Mn

m+
 ions in various oxidation states. No variations in Mn oxidation state were 

found for (001) LCMO in good agreement with the chemical distribution EELS data. 

 

In contrast, the (110) LCMO layers present a sharp interface but a fairly irregular free surface. 

Figure 5.5.4(a) shows a g=(1-10) two beam BF image of the (110) LCMO layer, displaying what 

appears to be a number of defects, in good agreement with recent reports on the crystal quality of 

(110) LCMO thin films
77
. 

 

No local deviations from the nominal stoichiometry were detected in the case of the (110) sample 

either (figure 5.5.3 (b)). In figures 5.5.4 (b) and (c) we report the Mn L3 edge position and the Mn 

L3 /Mn L2 edge intensity ratio along the layer: no variations in Mn oxidation state were found, in 

good agreement with the chemical distribution EELS data.  
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Figure 5.5.4: (a) g=(1-10) two beam BF image of the (110) LCMO layer. (b) Mn L3 peak onset and (c) Mn L3/ Mn L2 

relative intensity along the LCMO layer. 

 

After a careful EELS characterization, it can be concluded that the defects in figure 5.5.4 (a) 

correspond in fact to a number of grains with a different composition inside the LCMO layer. These 

grains are visible all along the layer and separated some 50 nm from one another. The grains 

themselves are found by EELS experiments to be cation depleted; on the other hand these grains do 

contain Mn and O. Inside the grains, Mn oxidation state is determined to be 4+. Thus, these grains 

seem to correspond to a MnO2 phase. 

 

It seems clear that strain conditions greatly influence the magnetic properties of electrodes. Partially 

relaxed (110) LCMO films, even if containing MnO2 grains, still display better magnetic properties 

than their chemically homogeneous (001) counterparts. 
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5.5.5 Effect of the capping 

 

In order to study the effect of a STO capping on the electrodes, 4 nm and 5 nm STO layers were 

grown on the (001) and (110) LCMO. 

 

The STO was observed to grow epitaxially on the LCMO, as seen in figures 5.5.5 and 5.5.6, 

displaying HRTEM images of both interfaces (STO-layer/LCMO and LCMO/STO-substrate) of the 

(001) and (110) bilayers, respectively. Figure 5.5.5 shows a (001) STO / (001) LCMO / (001) STO 

epitaxial relationship for the STO / LCMO / (001) STO system, observed along the [100] zone axis; 

figure 5.5.6 shows a (110) STO / (110) LCMO / (110) STO epitaxial relationship for the STO / 

LCMO / STO system, observed along the [1-10] zone axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.5: (a) LCMO/STO (substrate) interface and corresponding FFTs and (b) STO/LCMO interface and STO 

layer FFT of the (001) 5 nm STO/LCMO/STO system. 
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Figure 5.5.6: (a) LCMO/STO (substrate) interface and corresponding FFTs and (b) STO/LCMO interface and STO 

layer FFT of the (110) 5 nm STO/LCMO/STO system. 

 

In order to further characterize the interfaces of the (001) and (110) STO/LCMO/STO systems, 

atomic resolution EELS experiments were performed.  

 

Figure 5.5.7 displays a HRHAADF image of the lower interface and atomically resolved chemical 

maps at this interface. In figure 5.5.8, we show a HAADF general image of the (001) 5 nm 

STO/LCMO/STO system (a), a HRSTEM image of the upper interface (b) and atomically resolved 

Mn, La and Ti maps at this interface (c). Figure 5.5.8 clearly indicates that interdiffusion is limited 

to a maximum of 1 monolayer (probably less) across the interface. In figure 5.5.9 we show a 

HAADF general image of the (110) 5 nm STO/LCMO/STO system, a HRSTEM image of the lower 
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interface and atomically resolved Mn, La and Ti maps at this interface. In this case, interdiffusion is 

also seen to be limited to a maximum of 1 monolayer across the interface. An analogous chemical 

map could not be obtained at the (110) upper interface, because the upper surface of the LCMO 

layer is irregular -as this surface is not flat, contributions from both the LCMO layer and the STO 

capping layer are encountered in the beam direction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.7: HRSTEM image of the (001) 5 nm STO/LCMO/STO system lower interface, and Mn, La and Ti maps at 

this interface. 

 

 

 

 

Figure 5.5.8: HAADF general image of the (001) 5 nm STO/LCMO/STO system. HRSTEM image of the upper 

interface, and Mn, La and Ti maps at this interface. 
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Figure 5.5.9: HRSTEM image of the (110) 5 nm STO/LCMO/STO system lower interface, and Mn, La and Ti maps at 

this interface. 

 

To further understand the behaviour of the bilayers, EEL spectra were also obtained along the 

LCMO layers. No deviations from nominal stoichiometry were found, as expected from the EELS 

data obtained from the bare electrodes (figure 5.5.10). Yet, significant differences appear 

concerning the Mn oxidation state. The Mn L3 edge onset and the Mn L3 /Mn L2 edge intensity ratio 

data corresponding to the LCMO layer in the (001)STO/LCMO/STO system are given in figure 

5.5.11 (a) and (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.10: EELS elemental quantification along the (001) (a) and (110) (b) LCMO layers in the 5nm 

STO/LCMO/STO system. 
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Figure 5.5.11: (a), (c) Mn L3 peak onset and (b), (d) Mn L3/ Mn L2 relative intensity along the 

LCMO layer of the (001) and (110) 5 nm STO/LCMO/STO systems, respectively. 

 

It is clear that a shift of the L3 edge position towards lower energies and a rising of the Mn L3 /Mn 

L2 edge intensity ratio take place near the interface with the STO capping, indicating a reduction of 

the Mn near that interface. This reduction was not found in the single layer, and must thus be 

correlated with an interface effect. The Mn L3 edge onset and the Mn L3 /Mn L2 edge intensity ratio 

data corresponding to the LCMO layer in the (110) STO/LCMO/STO system are given in figure 

5.5.11 (c) and (d). In this case, it is clear that the Mn oxidation state remains constant.  

 

When growing an STO capping on a (001) LCMO electrode, its magnetic properties are greatly 

compromised. The microscopic reason for this macroscopic behaviour has been identified: upon 

growth of the STO capping on the LCMO layer, a Mn reduction appears near the capping/electrode 

interface. Conversely, in the case of (110) LCMO, the Mn oxidation state remains unchanged after 

growing the STO capping layer, and the magnetic properties of the (110) STO/LCMO/STO system 
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are much more promising than those of their (001) counterparts. As no anomalous cation 

distribution along the (001) layer is found, and no cation interdiffusion through this interface is 

detected, it is proposed that electrons are injected into the (001) LCMO from the STO capping 

layer, and that this injection does not take place in the case of the (110) system, because of the 

different terminating layers found in each case. This is in good agreement with literature
51-53

, as it 

has been reported that the MnO2 planes are electron doped in the case of a TiO2 type interface: 

other authors have studied the (001) STO/La2/3Sr1/3MnO3 (LSMO) interfaces and found that a 

distinction has to be made between the TiO2/ La2/3Sr1/3O/MnO2 (TiO2) and the SrO/ MnO2 (SrO) 

stacking at the interface. In particular they observed that the MnO2 planes are electron doped in the 

case of a TiO2 type interface
51-53

 -evidence of electron doping in this case has been given by the 

study of Mn white lines fine structure in EELS experiments. In the case of a (110) interface, 

possible terminating layers are SrTiO or O2, instead of SrO or TiO2. 

 

On the other hand, less subtle effects, such as interdiffusions at the interface may also need to be 

taken into account. In particular, oxide layers growing on a different oxide compound have been 

reported to incorporate O from the underlying layer: Herranz and coworkers
78
 demonstrared that, 

when LaAlO3 (LAO) layers are grown on STO, the growing layer takes some of the O from the 

STO substrate, thus effectively creating O vacancies extending from the interface into the STO 

substrate. The fact that the growing STO capping layer may take oxygens from the  LCMO films in 

the (001) STO/LCMO/STO system cannot be ruled out, especially as the Mn reduction near the 

upper interface is important and extends a few nanometers deep into the LCMO electrode. 

Nevertheless, the concentration of oxygen vacancies seems to lay under the EELS detection limits, 

and thus, would not fully account for the Mn oxidation state variation. What is clear is that (110) 

STO/LCMO is a chemically (in addition to electronically) robust interface, as in this case no O 

incorporation from the LCMO electrode into the growing STO layer is suggested by the Mn local 

oxidation state data.  

 

Nevertheless, not everything is ideal concerning the growth of STO on (110) LCMO. The Mn oxide 

grains often interrupt the STO layer, making it impossible to have a continuous STO capping, as 

they make the LCMO layer irregular, in a tower battlement-like shape (see figure 5.5.12 (a) – (e)). 

On the other hand, as evidenced in figure 5.5.12 (f), Ti diffusion takes place into the grain 

boundaries, and Ti ends up decorating the surface of the MnO2 grains.  
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Figure 5.5.12: (a-c) BF-STEM general images of three different regions of the layer. Mn oxide grains are indicated by 

arrows. (d-e) (110) 5 nm STO/LCMO interface HRTEM images. Arrows indicate the points where STO layer gets 

interrupted. (d) Low magnification Mn, La and Ti maps in the (110) 5 nm STO/LCMO/STO system. 
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5.5.6 Conclusions 

 

EELS analyses have shown that the microstructure, local chemistry and Mn oxidation state of ∼ 40 

nm thick LCMO films grown at ∼0.11 nm/min is radically different from that of LCMO films of the 

same thickness grown at ∼0.40 nm/min. (001) LCMO electrodes are chemically and electronically 

homogeneous, and defect-free. Conversely, (110) LCMO layers grown at ∼0.11 nm/min present 

some anomalous grains (identified as MnO2) inside the layer. Whereas (001) LCMO is fully 

strained, (110) LCMO is partially relaxed. Magnetic performance is found to be better for relaxed 

(110) LCMO than for fully strained (001) LCMO in spite of the MnO2 grains. 

 

EELS data also show that, when growing a STO capping layer on top of the (001) and (110) LCMO 

layers, a Mn reduction is produced at the capping/electrode interface in the (001) system but not in 

the (110), which explains the better magnetic properties of (110) interfaces. This would be so 

because an electron injection would take place from the STO capping layer into the (001) LCMO 

electrode, and not into the (110) LCMO because of the nature of the STO terminating planes in the 

(110) growth direction. 
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6.1 General conclusions 

 

The capabilities of EELS as a unique tool for the characterisation of solid state samples at the 

nanoscale have been demonstrated and applied to a number of materials science problems. 

 

1) Quantitative low-loss EELS analyses have been used to assess the local composition in 

semiconducting materials via plasmon energy location, and to assess the local optoelectronic 

properties of semiconducting nanostructures. 

 

• Local plasmon position determination has been applied to investigating the formation 

of lateral superlattices induced by phase separation in III-V semiconducting layers.  

o Previous two-beam BFTEM observation of InGaAs/InAlAs buffer 

(tensile)/InP structures using excitation g = 022 had shown quasiperiodic 

strong contrast modulation fringes perpendicular to the (002) direction, which 

seemed to indicate the presence of In-rich and Al-rich regions. HAADF 

observation has yielded the same quasiperiodic contrast, thus confirming the 

hypothesis of compositional-related contrast.  

o EELS spectra analysis has assessed a plasmon position variation, according to 

contrast variation as observed in HAADF. The use of a Matlab script to 

determine the local plasmon energy from a low-loss spectrum image, in an 

automated and reliable way, has been demonstrated.  

 

• EELS has been applied to characterize the effects caused by doping GaN nanowires 

with Mg in order to obtain p-type nanostructures.  

o As observed by (S)TEM, the presence of Mg results in the formation of triple-

twin (3T) defects, which increase with increasing Mg concentration. High 

concentration of misplaced atoms cause local changes in crystal structure 

equivalent to three non-relaxed atomic cells of zinc-blende (ZB), which define 

quantum wells (QW) along the wurtzite (WZ) nanowire growth axis.  

o Local EEL spectra obtained on the ZB-like and wurtzite planes show 

modifications in the local density of states, in which the band to band 

electronic transition energies change from 3.4 eV (for the wurtzite band gap) 

to 3.2 eV in the ZB-like lattice regions, the latter being in good agreement 
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with the band gap measured in GaN ZB structures by EELS. The results are 

confirmed by specific ab initio atomistic simulations of these two situations. 

EELS characterization of the optoelectronic properties of the given 

nanostructures at a subnanometric scale has been successfully demonstrated. 

 

2) Elemental identification through core-loss EELS has been applied to assess interdiffusions 

at different kinds of interfaces.  

 

• The composition of FePd films sputter deposited on monocrystalline V (001) buffer 

layers grown on MgO (001) substrates as a function of deposition temperature has 

been assessed through EELS and correlated with the magnetic properties. 

o A phase displaying perpendicular magnetic anisotropy (PMA) is found in films 

grown at temperatures above 400 °C in spite of the absence of long range 

chemical ordering. 

o It has been found that above 400 °C a strong V interdiffusion into the FePd 

layer takes place, and a FeV alloy is formed. The formation of the FeV alloy is 

accompanied by a two-dimensional to three dimensional growth mode 

transition and an increase of the mosaic spread at these temperatures. The 

observed PMA is thus attributed to the V interdiffusion into the FePd layer and 

the formation of a FeV alloy.  

 

• NiFe2O4 (NFO) thin films of various thicknesses grown (001) SrTiO3 (STO) 

substrates have been evaluated by EELS.  

o It is observed that NFO first grows as islands that eventually reach 

coalescence to form a continuous layer. A thin continuous layer, probably 

some kind of Fe oxide, is observed to appear at the interface between the STO 

and the NFO, thus making it possible for the NFO film to grow on (001) STO 

without APBs appearing in the layer.  

o Ti diffusion into the (001) NFO layer grown on STO has been found, probably 

due to the poor quality of the STO substrate. 
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3) Quantitative core-loss EELS has been applied to determining the stoichiometry of metal 

oxide nanostructures. 

 

• Iron oxide single crystal nanowires grown by molecule-based CVD were characterized 

by EELS.  

o The results of the EELS analysis of the iron oxide (and of its HRTEM 

characterization) were consistent with magnetite, as intended in the synthesis 

process -moreover, no chemical variations were found within the 

nanostructures. In particular, the Fe/O ratio yielded a value of 0.78 ± 0.05. 

This figure remained consistently invariant for various wires from different 

batches. Catalytic (Au) diffusion into the surface of the nanowires was 

observed through EELS and HAADF. A higher fraction of gold was found in 

the thin parts of NWs, which suggests a surface diffusion process for the 

catalyst.   

o Core shell SnO2/Fe3O4 nanowires were also considered. No interdiffusion was 

observed between the SnO2 shell and the magnetite core. Spectrum image 

mapping of cross-sectional samples of the core shell structure suggested a 

complete wrapping of the SnO2 interior by the iron oxide phase.  

 

• The capability of EELS to determine the composition of MnOx/MnOy, FeOx/FeOy 

and FeOx/MnOy nanoparticles obtained by chemical methods has been demonstrated. 

These systems are a specially striking example of a characterization that clearly 

requires EELS because of the reduced sizes involved in the problems at hand.  

o MnOx/MnOy and FeOx/FeOy core-shell particles have been found to 

correspond to MnO/Mn2O3, with and additional MnO thin outer layer, and 

FeO/Fe3O4 systems.  

o Nominal FeOx/MnOy onion-like structures have been found out, in fact, to be 

tri-magnetic hetero-onion nanoparticles composed by core-Fe3O4 /shell1-

MnFe2O4/shell2-Mn2O3. 
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4) The careful EELS characterization of LCMO thin films as a function of substrate/layer 

strain, layer orientation, layer thickness and growth rate has been carried out. In addition, 

STO/LCMO bilayers have also been characterized. 

 

• In the context of the LCMO characterization by EELS, local Mn oxidation state 

determination is of the outmost importance. In this sense, a Matlab-based software 

package, MANGANITAS, has been developed to calculate the Mn L3 peak onset and 

the Mn L3/L2 intensity ratio (both of which are measures of the Mn oxidation state) 

from a given series of EEL spectra. 

 

• EELS analysis of (001) LCMO grown on LaAlO3 (LAO), and thus under compressive, 

moderate strain (∼-1.8 %), has revealed the existence of a cationic segregation process 

of the La atoms of the layers towards free surface. This segregation has been found 

together with a concomitant Mn oxidation state variation through the layer thickness, 

which, in turn, would result in phase separation and depleted magnetic properties. It is 

proposed that strain should be at the origin of this cationic migration since a way to 

accommodate structural strain in thin films could be by means of the segregation of 

ions with larger or smaller size. 

 

• EELS analysis has also been carried out in moderately thin LCMO films grown on 

STO (001) and (110) substrates. In this case, LCMO grows under tensile, smaller 

strain (∼+1.2 %). It is found that in partially relaxed (110) films cationic composition 

and valence state of Mn
3+/4+

 ions are preserved across the film thickness -for (110) 

orientation, strain relaxation is apparent to be achieved via defect creation. In contrast, 

in fully strained (001) films, the Ca/La ratio gradually changes across the film, being 

La rich at film/substrate interface and La depleted at free surface; Mn valence state 

changes accordingly. These observations suggest that a strongly orientation-dependent 

adaptative composition mechanism dominates stress accommodation in manganite 

films. 

o Comparison between the two encountered stress accommodation mechanisms, 

namely defect formation for (110) orientation and cation migration for (001) 

orientation, in two systems with the same layer/substrate mismatch and grown 

in the same conditions, strongly suggest that strain accommodation via cation 
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migration is more detrimental to the magnetic performance than 

accommodation via defect creation, both because it is less effective (i.e: layers 

remain in higher strain conditions) and because it modifies the optimal hole 

doping (~1/3) in extensive regions of (001) films. 

 

• For thicknesses below ∼20 nm, a different behavior emerges, as La migration towards 

free surface occurs in absence of plastic relaxation irrespective of LCMO orientation. 

It is thus clear that the properties of moderately thin LCMO films (t>20nm) cannot be 

extrapolated to the thinnest ones (t<20nm). For very thin samples, growth kinetic 

effects rather than equilibrium balances related to stored elastic energy seem to be 

determinant for the chemical inhomogeneities found across the layers. It thus follows 

that growth rate and growth mechanism should play a critical role in the properties of 

LCMO layers. 

 

• In this sense, when new LCMO layers are grown on (001) and (110) STO at a much 

slower growth rate the microstructure, local chemistry and Mn oxidation are radically 

altered. Low growth rate (001) LCMO films are chemically and electronically 

homogeneous, and defect-free, and (110) films present some anomalous grains 

(identified as MnO2) inside the layer. Whereas (001) LCMO is fully strained, (110) 

LCMO is partially relaxed. Magnetic performance is found to be better for relaxed 

(110) LCMO than for fully strained (001) LCMO in spite of the MnO2 grains. 

 

• Finally, EELS data also show that, when growing a STO capping layer on top of the 

(001) and (110) LCMO layers, a Mn reduction is produced at the capping/electrode 

interface in the (001) system but not in the (110), which explains the better magnetic 

properties of (110) interfaces. This would be so because an electron injection would 

take place from the STO capping layer into the (001) LCMO electrode, and not into 

the (110) LCMO because of the nature of the STO terminating planes in the (110) 

growth direction. 

 

• In summary, cation migration as strain relieving mechanism has been identified and 

demonstrated in LCMO films; concomitant Mn oxidation sate variation has been 

found to lead to phase separation and, thus, to depleted magnetic properties. This 

strain relieving mechanism has been found to be highly dependent on layer/substrate 
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strain magnitude and sign, on growth rate and on substrate orientation, and to take 

place only from a critical layer thickness onwards. 
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6.2 Closing remarks 

 

It is worth remembering, as the fact that EELS is of great help for solving materials science 

problems becomes more evident, and more of a widespread opinion, that it still remains a 

playground for physicists. 

 

Maybe what makes EELS so attractive is that it puts the experimentalist in contact with many 

different and challenging investigations, which require different approaches and know-hows, 

instead of being a routine technique. Yet, the beauty of EELS seems to lie, in fact, in the 

number of branches of physics that converge in it (atomic physics, solid state physics, optics, 

electromagnetism, etc.) and in the physics that is learned by working in it.  
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A.1. Introduction  

 

As for any work devoted to a TEM-related technique, sample preparation is a most critical 

issue, and, sometimes, a source of endless frustration. The chosen sample preparation method 

depends, of course, on the morphology of the given sample (whether it is a powder sample, 

nanowires, a thin layer on a substrate) and, in the case of thin layers, of the nature of the 

substrate.  

 

In this sense, the more favourable case would be that of layers grown on Si substrates, where 

the thickness of the mechanically polished sample can even be controlled by direct 

observation of its optical properties
2
. Multilayer samples

3
 and brittle ceramic

4
 or III-V 

semiconducting substrates
5
 require a more careful approach. 
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A.2. Conventional preparation 

 

For a thin layer grown on a substrate, the sample must be somehow thinned down to below a 

50 nm thickness. This thinning can be done in two different geometries. If we want to observe 

the sample along the growth direction (i.e.: the direction of the fast incident electrons is the 

same as the growth direction of the sample), then we will produce a planar view (PV). If, on 

the contrary, we want to observe it in one direction perpendicular to the growth direction, then 

we will produce a cross section (XT).  

 

If a XT is to be prepared, the sample is cut in slices of about 2.5x0.75 mm. Then two of these 

slices are glued together so that the active (the layer) faces of the two slices are facing each 

other, separated by the glue (figure A.1(a)). The obtained result will look like a kind of 

sandwich. This sandwich needs to be mechanically flat polished by both sides, down to a 

thickness of about 60 µm, as to obtain a thin foil with the glue line in the middle (figure 

A.1(b)).  

 

In the case of a PV, a piece of about 2.5x2.5 mm is cut from the sample. This piece gets 

mechanically flat polished -by the face opposite to the active one, of course- down to a 

thickness of about 60 µm. 

 

This flat mechanical polishing is usually carried out by attaching the sample to a micrometer 

to enable control of the sample thickness at any given time, and grinding it with silicon 

carbide or diamond paper under a constant water flow. In the case of certain substrates, such 

as MgO, the use of water in the mechanical polishing process needs to be avoided. As an 

alternative to the micrometer, a tripod can be used. 

 

Disc grinding is then usually carried out: the sample is attached to a rotating stage and, by 

means of a spinning disc coated in diamond paste (diluted in a commercial lubricant), a 

semispherical indentation is made in the centre of the sample. Thinnest point is usually about 

25 µm thick (figure A.1(c)). It is quite clear that disc grinding must be carried out on the face 

opposite to the active one in the case of PV geometry. 
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The roughness of the grinding is given by the grain size of the diamond paste. In the case of 

SrTiO3 (STO) or LaAlO3 (LAO) substrates, the use of diamond paste with grain size above 

0.1 µm is liable to destroy the sample.  

 

Of course, the final thickness that can be achieved after flat polishing depends, again, on the 

nature of the substrate. For STO, it is advisable not to get any thinner that 60 nm. For LAO 

one can take the risk to go down to 50 µm, as LAO is less likely to be destroyed during 

sample preparation (but more likely to be destroyed when manipulating the finished sample). 

As for Si, one can safely achieve a 20 µm thickness and skip disc grinding. 

 

After mechanical polishing, the sample is glued to a Cu grid and then ion milling is 

performed. 

 

In ion milling, the sample is attacked with argon ions until a hole is produced (figure A.1(d)). 

The beach around the hole will be electrotransparent and is usually referred to as the 

observable zone. The conditions of the argon attack greatly influence the quality of the final 

TEM sample
6
. In the doing of this thesis, all the conventionally prepared samples underwent 

an Ar+ bombardment at an anode / cathode potential bias of 5 kV and an attack angle of 7° 

using a PIPS-Gatan instrument. 

 

Figure A.1: schematic representation of the different steps needed for the conventional preparation of a XT 

sample
5,7
. 
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A.3. FIB preparation 

 

Although it may be faster to produce a XT by FIB than by conventional methods, the main 

reason for using FIB is that the amount of material lost from the bulk sample is much more 

controlled. The benefits of this are twofold: on one hand, if there is a feature of interest in the 

bulk sample, FIB preparation can assure that that feature will appear in the final TEM 

sample
8,9,10
; on the other hand, if a bulk sample is relatively small, then FIB preparation 

allows for a great number of TEM samples to be made.  

 

In the doing of this thesis, most La2/3Ca1/3MnO3 (LCMO) / STO XT samples were prepared 

by FIB, due to the reduced amount of available bulk sample. 

 

To produce a FIB-prepared sample, first step is to cut a 2.5 x 2.5 mm piece from the bulk 

sample, put it in a SEM stab and, in case the substrate is not a good electrical conductor, 

deposit a sufficient layer of Au on it (figure A.2 (a)). Then, the stab is entered into the FIB, 

together with a suitable Cu grid. This grid is usually semicircular, with three arms, labelled A, 

B and C, where TEM samples will be attached to at the end of the process. The Cu grid is 

kept upright (at 90º from the stab surface) by an ex-professo support (figure A.2 (b)). Pt is 

deposited on the interest region (which can be any region if the sample is homogeneous) first 

electron -assisted (to minimize sample damage) and then ion-assisted. The interest region has 

a rectangular shape. An ion attack is used to carve two trenches at either side of the interest 

region. The resulting parallelepiped is cut from the substrate, and attached to a 

micromanipulator by Pt deposition (figure A.2 (c) and (d)). The micromanipulator is withheld 

and the stab is moved so that the cupper grid is now at the centre, instead of the bulk sample. 

The micromanipulator is then used to carry the sample to one of the arms in the Cu grid, 

attached to the grid by Pt deposition and cut from the micromanipulator by an ion attack. 

Once the sample is on the grid, ion polishing with diminishing ion intensity is used to achieve 

electrotransparency in the sample (figure A.2 (e) and (f)). 
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Figure A.2: (a) SEM stab containing several samples for FIB preparation, where Au has been deposited. (b) Cupper 

grid kept upright. (c) Ion and (d) electron beam images of the sample attached to the micromanipulator. (e) Ion and (f) 

electron beam images of the thinned sample, attached to the cupper grid. 
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We are grateful for the training and help in ex-situ lift-out FIB preparation to our colleagues 

at MIND-IN2UB, Dept. Electrònica (UB) R. Jiménez, Dr. F. Hernández and Dr. A. Romano, 

and in in-situ lift-out FIB preparation to R. Córdoba at Instituto de Nanociencia de Aragón.  

 

From October 2008 on, samples have been prepared in a FEI Strata Dual Beam FIB with an 

Omniprobe arm.  
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A.4. Powder samples.  anowires 

 

Powder samples are easiest to prepare, as the particles involved are already electrotransparent 

in nature. It is just a matter of getting them dispersed and of putting them on an appropriate 

support for the TEM.  

 

The usual procedure
11
 is as follows 

1. mix the powder with some kind of solvent (usually ethanol) 

2. disperse the obtained mixture with ultrasounds 

3. let one drop of the dispersed mixture fall on an appropriate grid, using a pipette 

4. wait until the solvent evaporates 

 

The appropriate grid for these samples is a Cu grid containing a holey carbon film. The 

particles will usually fall on the carbon; yet, some of them will end up suspended at the shore 

of the holes, and these ones will be optimal for analysis. 

 

As for nanowires (NWs), they are usually mechanically removed from the substrate and made 

to fall on a holey carbon grid. Sometimes, the substrate / NW interface is of great importance. 

In this case, a XT of the whole system is prepared. A different problem arises when it is 

critical to observe the NW along its growth direction (as in the case of core-shell NWs). Then, 

a XT of the NWs (not of the whole system) must be obtained.  
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Resum en català 

 

En el microscopi electrònic de transmissió (TEM), un electró incident sofreix tant xocs 

elàstics com inelàstics en travessar la mostra prima d’estat sòlid que s’està caracteritzant. En 

cas de xoc inelàstic, l’electró incident cedeix part de la seva energia als electrons de la mostra. 

La quantitat d’energia perduda es pot mesurar amb un filtre magnètic situat al final de la 

columna, i un gràfic que indiqui quants electrons han perdut quina quantitat d’energia ens 

donarà un espectre de pèrdua d’energia dels electrons, o espectre EELS. Així, en un espectre 

EELS l’ordenada correspon al número d’electrons, o comptes, i l’abscissa, a la pèrdua 

d’energia. 

  

Cal notar que la majoria d’electrons no patiran cap xoc inelàstic en absolut. En conseqüència, 

la contribució més important a un espectre EELS vindrà donada per electrons que no han 

perdut energia, donant lloc al que es coneix com a pic de zero pèrdues, en anglès zero loss 

peak (ZLP). 

 

Pel que fa als electrons incidents que han perdut una certa quantitat d’energia, la poden perdre 

ionitzant electrons de la mostra, en transicions entre estats atòmics profunds ocupats i estats 

atòmics profunds lliures o estats de la banda de conducció, en transicions interbanda o 

excitant vibracions col·lectives dels electrons de la banda de conducció.  

 

Els electrons incidents porten un cert moment, i és important recordar que en un scattering 

inelàstic no només s’intercanviarà energia, sinó que també es pot transferir moment. De fet, 

aquest és el motiu pel qual és no trivial comparar els resultats d’EELS amb els obtinguts per 

mitjà d’una espectroscòpia òptica, com ara l’espectroscòpia d’absorció de raigs X (XAS). 

  

Avui en dia l’EELS s’ha convertit en un instrument crucial a la ciència de materials, per causa 

de la progressiva reducció de l’escala característica implicada en el desenvolupament 

d’aquesta disciplina, i també gràcies a la millora instrumental que ha tingut lloc en els darrers 

anys tant en la microscòpia electrònica en general com en l’EELS en particular.  

 

Com que els experiments d’EELS es duen a terme en el TEM, l’EELS es beneficia de la gran 

resolució espacial que s’hi pot assolir -els electrons es poden enfocar fins a formar un feix 
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subnanomètric. En particular, si es fa servir un canó d’emissió de camp, es pot obtenir un feix 

d’1nm amb corrent suficient. En un instrument corregit d’aberracions, la mida del feix pot 

baixar fins a 0.1 nm. A més, els resultats d’EELS es poden combinar fàcilment amb la 

caracterització estructural obtinguda a través dels modes d’imatge i de difracció del TEM.  

 

Hi ha un límit fonamental en la resolució espacial que es pot obtenir per EELS més enllà de 

les limitacions dels sistemes òptics del TEM. Aquest límit ve donat per la deslocalització que 

es produeix en els xocs inelàstics i que depèn de l’energia intercanviada (com més petita 

l’energia, més gran la deslocalització). Tot i així, afortunadament, aquest límit no impedeix 

obtenir informació espectroscòpica de columnes atòmiques individuals.  

 

En aquesta tesi, s’han explorat les capacitats de l’EELS com a eina de caracterització de 

mostres d’estat sòlid a la nanoescala, i s’han aplicat a diversos problemes de ciència de 

materials. 

 

En primer lloc, s’ha considerat l’anàlisi quantitativa de la regió de baixes pèrdues de 

l’espectre: 

 

• La determinació local de l’energia del plasmó s’ha aplicat a la investigació de 

fenòmens de segregació lateral en semiconductors III-V. En aquest sentit, s’ha 

desenvolupat un programa en entorn Matlab per trobar l’energia del plasmó de manera 

fiable i repetitiva. Observacions anteriors en camp clar en condicions de dos feixos 

havien revelat un contrast en capes d’InAlAs que semblava correspondre a regions 

més riques en In o en Al. Les imatges en HAADF d’aquestes capes mostren el mateix 

contrast quasiperiòdic. La variació del plasmó té la mateixa periodicitat (d’uns 130 

nm) i efectivament sembla correspondre’s amb una variació composicional.  

 

• L’EELS de baixes pèrdues també s’ha aplicat a la caracterització de nanofils de GaN 

dopats amb Mg per obtenir nanoestructures de tipus p. Les observacions de (S)TEM 

indiquen la formació de defectes en els nanofils, més com més dopada està 

l’estructura. Els defectes són equivalents a tenir tres plans de GaN de tipus zinc-blenda 

(ZB) en un nanofil de GaN de tipus wutzita (W). Els espectres EELS obtinguts en les 

regions ZB i W demostren que les seves propietats optoelectròniques són diferents, i 

en particular que el gap passa de ser de 3.4 eV (per la wurtzita) a 3.2 eV en les zones 



Appendix B                                                                                                                                           Sònia Estradé Albiol  

_______________________________________________________________________________________________ 

_________________________ 
 

284   

de ZB, número que està en bon acord amb el gap obtinguts per EELS en GaN ZB. Els 

resultats s’han contrastat amb simulacions ab initio dels espectres EELS obtinguts. 

L’EELS ha permès, doncs, caracteritzar les propietats optoelectròniques dels nanofils 

a una escala subnanomètrica. 

 

La identificació elemental per EELS de pèrdues profundes s’ha aplicat a l’estudi 

d’interdifusions en diferents tipus d’interfícies: 

  

• La composició de capes de FePd crescudes per polvorització catòdica sobre una capa 

tampó monocristal·lina de (001) V, sobre un substrat de (001) MgO, en funció de la 

temperatura de creixement, s’ha estudiat per EELS i s’ha correlacionat amb les seves 

propietats magnètiques. S’ha trobat una fase amb anisotropia magnètica perpendicular 

(PMA) a partir de 400ºC, malgrat l’absència d’ordre químic de llarg abast. També a 

partir dels 400ºC, s’ha trobat una forta difusió del V cap a la capa de FePd. La PMA 

observada s’ha atribuït a la formació d’un aliatge FeV.  

 

• Capes primes de NiFe2O4 (NFO) de diferents gruixos i crescudes sobre (001) SrTiO3 

(STO) han estat estudiades per EELS. El NFO creix en els primers estadis com a illes 

que coalesceixen per formar una capa contínua. Entre capa i substrat sempre s’observa 

una capa contínua, molt prima, d’òxid de Fe. Probablement aquesta capa intermèdia 

permet que la capa de NFO creixi sense defectes sobre el STO. A més, s’ha trobat 

difusió del Ti del susbstrat cap a la capa, probablement deguda a la baixa qualitat 

cristal·lina del substrat. 

  

L’EELS quantitatiu de pèrdues profundes s’ha aplicat a determinar l’estequiometria de 

nanoestructures d’òxids metàl·lics:  

 

• S’ha caracteritzat per EELS nanofils d’òxid de ferro crescuts per dipòsit químic en 

fase vapor (CVD). Els resultats d’aquesta caracterització, així com els de la 

caracterització per TEM, apunten que l’òxid obtingut és magnetita, tal i com era 

l’objectiu de la síntesi. A més, no s’han trobat variacions químiques ni dins d’un 

mateix nanofil ni entre nanofils diferents, crescuts alhora o no. S’ha trobat interdifusió 

del catalític, en aquest cas or, cap a la superfície dels nanofils. De fet, s’ha trobat una 

fracció d’or més important en les zones més primes del fil, suggerint un procés de 
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difusió superficial del catalític. També s’han caracteritzat nanofils core-shell de 

SnO2/Fe3O4. En aquest cas no s’ha trobat interdifusió entre les dues parts de 

l’estructura.  

 

• S’ha trobat per EELS la composició de nanopartícules de MnOx/MnOy, FeOx/FeOy i 

FeOx/MnOy obtingudes per mètodes químics. S’ha trobat que les partícules core-shell 

MnOx/MnOy i FeOx/FeOy corresponen als sistemes MnO/Mn2O3, amb una capa 

addicional externa de MnO, i FeO/Fe3O4, respectivament. S’ha trobat també que les 

partícules a què nominalment s’atribuïa una composició FeOx/MnOy corresponen a un 

sistema triple de nucli-Fe3O4 /capa1-MnFe2O4/capa2-Mn2O3. 

 

S’ha dut a terme la caracterització detallada de capes primes de La2/3Ca1/3MnO3 (LCMO) en 

funció de la desadaptació entre capa i substrat, l’orientació de la capa, el seu gruix i el seu 

ritme de creixement. A més, s’ha caracteritzat el sistema STO/LCMO/STO: 

  

• En el context de la caracterització per EELS de les capes de LCMO, la determinació 

local de l’estat d’oxidació del Mn té una gran importància. En aquest sentit, s’ha 

desenvolupat un software en entorn Matlab, el MANGANITAS, que calcula la posició 

del pic L3 del Mn i la relació d’intensitats entre els pics L3 i L2 del Mn (que són 

mesures de l’estat d’oxidació del Mn) a partir d’una sèrie donada d’espectres EELS. 

 

• L’anàlisi per EELS de capes de (001) LCMO crescudes sobre LaAlO3 (LAO), i, per 

tant, sota tensions de tipus compressiu, ha mostrat l’existència d’un procés de 

segregació catiònica dels àtoms de La de les capes cap a la superfície lliure. S’ha 

trobat també una variació concomitant en l’estat d’oxidació del Mn al llarg de la capa, 

i, per tant, una segregació de fases que afecta negativament les propietats magnètiques. 

Es proposa que les tensions són a l’origen de la migració catiònica, ja que una manera 

d’acomodar aquestes tensions seria la segregació dels ions amb radis iònics més grans 

(o més petits, si les tensions fossin de tipus expansiu). 

 

• L’anàlisi per EELS també s’ha dut a terme per capes moderadament gruixudes de 

LCMO crescudes sobre STO (001) i (110). En aquest cas les capes creixen sota 

tensions expansives, i menys importants que en el cas del MAO. Es troba que per les 

capes (110), on les tensions relaxen mitjançant la creació de defectes, la composició 
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nominal i l’estat de valència Mn
3+/4+

 es mantenen al llarg de la capa. En canvi, per les 

capes (001), tensionades, hi ha una migració de Ca cap a la superfície lliure, i l’estat 

d’oxidació del Mn canvia d’acord amb la variació en composició. Es proposa, per tant, 

que un mecanisme de canvi de composició, fortament depenent de l’orientació, 

governa la química de les capes de LCMO de gruix moderat. Les mesures 

magnètiques indiquen que la migració catiònica és més negativa per a les propietats de 

les capes que la formació de defectes.  

 

• Per gruixos de les capes per sota d’uns 20 nm, on l’energia elàstica acumulada és 

menor, emergeix un nou patró de comportament: es troba migració de La cap a la 

superfície lliure per les dues orientacions, i per cap de les dues orientacions s’observen 

defectes. Es proposa que els factors cinètics de creixement són els que determinen el 

comportament de les capes més primes. D’això se segueix que el ritme i els 

mecanismes de creixement juguen un paper crucial en les propietats del LCMO. 

  

• En aquest sentit, quan les capes de (001) i LCMO (110) es creixen a un ritme molt 

més baix, la microestructura, la composició local i l’estat d’oxidació del Mn canvien 

radicalment. Les capes de (001) LCMO crescudes a ritme baix són homogènies tant 

química com electrònicament, i sense defectes, i les capes (110) presenten grans 

anòmals (identificats com a MnO2) dins de la capa. Les capes (001) estan totalment 

tensionades i les (110) parcialment relaxades. Les propietats magnètiques són millors 

per les capes (110), relaxades, que per les (001), tensionades, malgrat els grans de 

MnO2.  

 

• Finalment, les dades d’EELS també mostren que quan es creix una capa de STO sobre 

LCMO (001) i (110), es produeix una reducció del Mn en la interfície superior en el 

sistema (001) però no en el (110), cosa que explica les millors propietats magnètiques 

de les interfícies (110). Això seria així perquè es produeix una injecció d’electrons des 

del STO cap al LCMO en les capes (001), però no en les (110) a causa del tipus de 

plans de STO en contacte amb el LCMO en aquest cas. 

  

• En resum, s’ha identificat la migració catiònica com a mecanisme d’acomodació de les 

tensions en capes de LCMO; també s’ha trobat una variació concomitant de l’estat 

d’oxidació del Mn, que porta a una separació de fases i, en conseqüència, a un 
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empitjorament de les propietats magnètiques. S’ha trobat que aquest mecanisme és 

fortament depenent del mòdul i el signe de la desadaptació entre capa i substrat, del 

ritme de creixement de les capes i de l’orientació del substrat. A més, s’ha identificat 

un gruix crític des del què es produeix.  
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