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This method of determination of magnetic order is used in the present thesis as the method for
extracting  .� from the magnetic measurement carried out by X-ray Magnetic Circular Dichroism
(XMCD). Other methods, like analysis of susceptibility or field cooling vs zero field cooling or
permittivity variation with temperature cannot be easily applied due to technical issues like beam
stability, relatively high noise-to-signal ratio of the technique and the limitations imposed by the
cryostat.
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that  light  illuminates  a  sample  and  excites  electrons.  In  the  PES  technique,  these  electrons
(sometimes called photoelectrons) are then collected as a function of their energy. The spectroscopy
was  discovered  by  K.  Siegbahn  in  1966  and  was  originally  called  Electron  Spectroscopy  for
Chemical Analysis (ESCA) 107.
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It is important to mention that photoemission is a multi-step process. The process consists of three
main steps that will be described in detail.  The first part describes the excitation of an electron
located in the inner shell or the valence band of the material to an empty state  above the Fermi
level. Details on specific possible excitation will be explained in the following section.  There are
other two steps to take into account, the transport of the electron to the surface, and the escape of
the electron from the sample.  In the second step,  the electron can suffer absorption or inelastic
scattering, causing some of the electrons to lose part of its energy or even disappear completely. The
distance that the electron can travel without losing its energy is known as mean free path λ�and it is
of the order of a few layers of atoms and depends on the kinetic energy of the electron. A universal
curve that is shown in Figure 16 describes this behavior. Although the curve is often referred to as a
universal curve,  one  can  see  that  the  mean  free  path  suffers deviations  from  the  “universal
behavior” due to different characteristics of the materials. Independent of such small deviations, a
photoelectron with an energy in the order of 10-100 eV has an escape depth (mean free path) in the
order of few angstroms (Å) that give rise to surface sensitive PES. However if the energies are in
the order of several hundreds of eV or even keV, the electrons have escape depths (mean free path)
up to few nm allowing more bulk sensitive PES. In the present work, as our region of interest is the
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The second electron emission process is the so called Auger process (also Auger-Meitner effect)
originally discovered by Lise Meitner117 but later associated to the french scientist Pierre Auger. In
this  process,  one photon removes an electron from an inner  shell  (IS) of  an atom via a  direct
photoemission process and leaves that atom in an excited state. This initial process is followed by
an  electron  decaying  from a  higher  shell  (HS)  filling  that  hole.  The  energy  of  the  transition

-/�-,)�- :) can be either  emitted as  a  photon (this  is  then called X-ray emission) or it  is

transferred to another electron with a lower binding energy, which acquires enough energy to escape
to the vacuum. This second process is the so-called Auger emission. In order that such a process can
happen, the decaying electron and the electron being  emitted need to have a strong coupling in
order for the  energy to be transferred between them. This makes the most likely transitions those
with the decaying electron and the emitted electron coming from the same level. By this way, the
kinetic energy of the electron that is emitted is related to the difference between the energy of the
transition minus the binding energy of the emitted electron (-
():

-3���-/�-
2�L / (14)

As the energy of the emitted electron doesn’t depend on the energy of the photon, this process can
be easily  distinguished from the direct photoemission process by the use of two different photon
energies.

There is a particular case of coherent Auger emission that should be mentioned, especially because
within this work it is relevant for a photoemission process called Resonant Photoemission. In the
coherent Auger process,  the photon energy is  chosen to  be identical to the sum of the binding
energy and the energy of a partially  ����& level,  approximately when the photon energy equals a
binding energy of a transition ���- / .  The excited electron is transferred into this empty level

leaving the atom excited and with a high probability for decaying of that electron back into the
original level. If the transition occurs for the same shell, i.e., the same principal quantum number �

(e.g., 4d�4f transition) the decay  probability trough Auger emission will be enhanced  (Coster-
Kronig process118). The probability of the Auger electron increases even more for Auger processes
with the decaying and leaving electron from the same sub-shell, i.e., with the same orbital angular
momentum quantum numbers  �.  Such  a  process  is  called  a  Super-Coster-Kronig  process118.  In
general, the total process can be summarized as an electron of a filled core-shell that is excited into
a partially-filled shell and decays back to the original state. Then, it gives its energy to another
electron of  the partially-filled shell  (see Figure  18).  Taking into account  that  all  the process  is
elastic, the energy of the final excited electron will be the same as if it was directly excited by the
photon, that is, its binding energy will be given by Eq. 12.
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result, photoemission then give us a mapping of the band structure as the photoemission intensity
distribution in energy versus momentum.
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There are different ways to generate the necessary photons for the photoemission process. During
this work, X-ray vacuum tubes, discharge lamps and synchrotron radiation is used.  In X-ray tubes,
firstly a few keV �������� beam is directed to a metal target of a certain material. In the same way as
in the photoelectric or the Auger process, an inner lying core electron is removed and this process is
followed by electron recombination from higher energy shells giving rise to Auger electron and/or
X-ray emission. In our case now, we are only interested in the X-ray emission. To eliminate Auger
electrons, usually a filter in the form of a thin foil is used. The characteristic of this process is that
there are fixed emission lines determined by the anode material.  Choosing an  adequate material,
like Al or Mg, the number of emission lines (photon energies) can be reduce to a single one. In this
work, the sources had an aluminum cathode. Furthermore, bremsstrahlung radiation is generated. It
has a broad spectrum but due to the low intensity achievable for a monochromatic beam, is not used
as a light source for photoemission. It is easy to eliminate by a high pass filter. The result is an x-ray
beam with a well-defined energy distribution (around 1eV), which is suitable for most chemical
analysis experiments.  It  is  necessary  to  mention  that  these  sources  have  a  limited  maximum
intensity,  usually defined by how efficient is the heat dissipation of the target.  The sources are
compact and  relatively cheap, therefore  adequate for laboratory use. In order to get higher flux
beams or tunable wavelengths,  it  is  necessary to  use synchrotron sources.  Coming back to our
laboratory  source,  we  have  to  mention  that  here  a  special  source  has  been  used  that  has  two
additional  specialties. First,  the  source  use  a  monochromator,  and  second  the  light  spot  is
concentrated in a so-called micro-size spot. The latter is slightly misleading since the spot size is in

the 500�m size, not in a few �m range. In any case, this is already a big advantage, normal X-ray
tubes have spot sizes of several mm. The monochromator is used to filter out small side lines of the

photon energy (e.g., Al K� light) that results in a better energy resolution (0.2eV instead of 1eV) of
the photon source.

As  seen  in  Figure  2,  kinetic  energies  of  approx.  20-200eV are  the  ones  with  very  high  surface
sensitivity. This means that surface sensitivity for valence band requires photon energies in the range of
low energy X-rays or ultraviolet light.  Such photon energies can be generated trough two common
ways, gas discharge lamps and again  synchrotrons.  In the gas discharge lamp an inert gas plasma is
created within a gas cell at a certain pressure. The plasma is usually generated from a discharge of
electrons emitted from a filament or cathode accelerated by a voltage of about 100 V. This leads to inner
shell electron losses and electron decay from higher energy levels leading to photon emission of light
according to the difference of the involved electron levels. One common chosen gas, and the one used in
this thesis, is helium. It has several photon energy emissions, the most intense one at 21.22eV125 with a

very low linewidth called He I� or simply He I emission. There are less intense emissions, here I want to

mention only two, He I�, at a photon energy of 23.1eV and He II� with 40.8eV. In order to do not mix
emissions from the different photon energies, sometimes a monochromator is used to be able to separate
the photon energies. This is the case of the described experiments during this work. As in the case of X-
ray vacuum tubes, the maximum light intensity is limited by the construction of the lamp.
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Nevertheless,  for  materials  with  a  very  small  remanence  as  the  2D films  measured  here,  this
procedure is uncertain. Another possibility is to measure the continuous hysteresis loops for several
temperatures. This is more reliable but requires time. Furthermore, there are technical limitations to
stabilize temperatures in the cryostat in a temperature range between 4 and 20K. In total, several
hours are required to measure such magnetization loops in a reliable way for extracting the critical
temperature. The analysis method for the extraction of such a critical temperature, the so-called
Arrot plot analysis101 is further described in section 3.2.5.
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The structural investigations of the RE-Au surface compounds has been focused on 1ML REAu2,

although several ML thick films can be obtained16,46. For the bulk,  the phase diagram of Gd-Au
shows a complex solubility of the two metals by the existence of at least 6 known intermetallics. On
the surface, though, the number of known phases is smaller. Two stable phases have been achieved
for Gd, a monolayer and a trigon phase16,103.  As mention in section  3.1.3,  GdAu2 monolayer  is
formed after deposition of 1/3 of a ML of Gd on an Au(111) substrate being heated to 720K. In the
case of an insufficient evaporation time, the sample will present a mix of patches of continuous
REAu2 Moiré and trigons. The trigon phase is formed by small nuclei (cores) of the GdAu2 phase
separated  by  wavy  discommensuration  lines  that  incorporate  a  small  amount  of  Gd.  This
discommensuration lines cause a repulsion between the nodes, enforcing the cores to order in a
lattice with a periodicity of (90 ± 6)Å45. On even shorter evaporations, instead of formation of the
trigon phase, this cores will seat on the protrusions of the herringbone, causing its deformation. This
proves that the discommensuration lines seen in the trigon phase are nothing but the deformed
Au(111) herringbone. This limitation of the possible phases at the surface already tells us that the
structure of GdAu2 shows a particularly high stability due to a minimization of its surface energy.

To analyze the ordering of the samples,  two mathematical  transformations have been used:  the
Fourier Transform (FT) and the Self Correlation (SC).

The Fourier Transform is a fundamental mathematical transformation defined as:

�. �� �" ��# � �; � & �����2����;�� � &�" ���;��& (25)

A simple way to understand this transformation is that it converts a function from real space into the
momentum space (reciprocal space). This transformation has several interests to us, first, a complex
periodic structure in real space will transform into a lattice of delta functions in reciprocal space,
which allows a relatively simple way to determine  symmetries and  periodicities of samples. The
second property of interest is that Laue conditions of  diffraction is easier to follow in reciprocal
space. This is the same as to say that for an image of a sample with atomic resolution (like the ones
obtained by STM), the diffraction pattern can be calculated by applying the Fourier transform to the
image135.

The self correlation function (SCF) is given by equation:

)� �; P � & P ��# � �;�; P � &� & P��� �; � & ��;��& (26)

The meaning of the SCF, in simple terms, is the correlation of a signal � with a displaced copy of
itself  as  a  function  of  the  displacement.  In  terms  of  structural  analysis,  this  means  that  this
transformation marks the lattice periodicity while removing the motive. This function is of special
interest in the case of the analysis of Moiré patterns (and other long distance periodicities) as the
outcome are more intensely marked compared to the FFT and the maximums give clear defined
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again,  giving  as  results  a  cos2(�)  contribution  of  the  OOP magnetization.  In  our  IP case,  the

incidence and field angle  � to the normal is 70° giving as result, a maximum remanence in the
coherent rotation model of 9%, too small for the observed value. On the other hand, the 1 meV band
anisotropy estimated by DFT simulation50 (section 5.2.1.2) would cause a much higher coercivity in
the OOP direction (of the order of 2T).  Next, we consider the domain wall motion model. As in Gd,
Ho and Dy, the high magnetic moment favors the formation of small  magnetic domains.  Here,
coercivity would be expected to be caused by pinning of the domain wall motion at defects (section
3.2.4.2). As seen by the STM microscopy, the sample presents a periodic lattice of defects that are
assumed to break the coordination of the alloy. These defects can cause local effects, like different
easy  axis  and  weakening  of  the  coupling,  and acting  as  highly  effective  domain  wall  pinning
centers. This also explains the remanence in the hard axis of EuAu2. This is reinforced by the lack
of remanence in the hard axis of GdAu2

17, which grows without defects. To summarize, the seen
remanence (and the associated coercivity) is caused by pinning of domain walls on the defect lattice
of the alloy.

As for the rest of the surface compounds, the Curie temperature  .� has been determined by the
measurement of XMCD loops at different temperatures. In this case, this temperature dependence
was taken in the hard axis of the sample (IP geometry) and the analysis is shown in Figure 54. The
Arrot plot analysis has been used to extract .�.  The Curie temperature determined by this method
has been 13K, a lower value than the Curie temperature of GdAu2 (19K), HoAu2 (22K) and DyAu2

(24.5K).
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As previously explained for SmAu2 (section 5.3.3), the shape anisotropy can be neglected for Sm 
due to its small magnetic moment. Next, we split the two contributions of the magnetocrystalline 
anisotropy. First, we consider the band anisotropy. As an initial consideration, due to the Sm2+ 
having no magnetic momenta, from now on we will simplify the discussion by considering only the 
Sm3+ part. As we did with HoAg2 (section 6.3.1) we can base the band anisotropy on the shared 
electronic structure of the alloys and deduce the contribution from the IP easy axis of GdAg2

17 (that 
only has band contribution). That way, we can expect the band term to favor IP easy axis. But, this 
is opposite to the seen anisotropy, which means that the term dominating will be the crystal field 
anisotropy.

The crystal field anisotropy is the energy term introduced by the electrostatic  interaction of the
quadrupolar term of the magnetized 4f shell. As was seen in the case of HoAg2 substitution of Au
for Ag has changed the sign of the quadrupole of the crystal field to positive value. The Sm3+ has an
oblate  charge  distribution  that  implies  a  positive  quadrupole.  The  electric  interaction  of  both
quadrupoles will then favor the symmetry axis to be oriented in the OOP axis. This, together with
the strong LS coupling84 characteristic of Sm will cause the strong anisotropy with an OOP easy
axis.

The second aspect that we wanted to discuss was related to the magnetic momentum of Sm that is
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Figure 83 shows the Cu and Gd XMCD loops of CuPc/GdAu2. For this purpose the photon energy
of the XMCD signal was set to the maximum of the Cu L3 and Gd M5 peaks. For normalization the

signal was divided by a pre-peak value at h� = 925eV (Cu) and 1165eV (Gd) at each field value to
account for beamline instabilities. Measurements on the Cu L3 peak are marked in blue (OOP) and
red (IP). On the other hand, the measurements on the Gd M5 edge are marked in light blue (OOP)
and yellow (IP). The GdAu2 loops match reasonably well with the loops of pristine GdAu2 reported
in the work of Ormaza et al.35. This coincidence indicates that the absorption of the CuPc molecules
does not affect significantly the XMCD loops of the GdAu2 alloy. In the case of the XMCD loops
measured on CuPc there are two different behaviors depending on the magnetization direction. In
the case that the sample is magnetized IP, the magnetization is close to zero for applied magnetic
fields below 1.25T. Above this field, the magnetization grows linearly. In the case that the CuPc is
magnetized in OOP geometry, its magnetization is antiparallel to the magnetization of the substrate
for fields below approx. 0.8T. Above this field the magnetization grows linearly following the field
direction. It crosses the zero magnetization axis at an applied field of 1.1T. In Figure 84 we verify
this observation by showing the XAS and XMCD spectra measured at high fields (6T) and low
fields (0.5T) of the CuPc layer. The XMCD spectra reveal that at low applied fields the XMCD
signal of CuPc in OOP geometry is opposed in sign to the XMCD signal at high fields. Therefore,
there is an inversion of magnetization of CuPc respect to the applied magnetic field in the OOP
direction pointing clearly to an antiferromagnetic coupling (+<0) of the Cu moment in CuPc to the
substrate magnetic moments. However, in the IP geometry, there is an  apparent absence of CuPc
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magnetization at low fields. 

In order to model the interaction of the magnetic response between the CuPc molecule and the
substrates we will use a hamiltonian including three terms. The first term is the action of the applied
magnetic induction field over the molecular spin (Zeeman term). The second terms relates to the
exchange coupling to the surface and the intrinsic magnetic anisotropy of the molecule. In previous
works  on  non-magnetic  subtrates77,78,213,  in  which  there  cannot  be  exchange  coupling,  the  IP
magnetization is much lower than the OOP. From this observation we can deduce that the intrinsic
magnetic  anisotropy of  the  molecule will  be fundamental  to  understand the  dependence  of  the
magnetization with the measurement geometry. This anisotropy part will enter our Hamiltonian in
third place. Additionally, we have to consider the anisotropy of the coupling constant (+). Due to the
quenched * moment of the CuPc (as a result of the hybridization of the Cu orbital to the organic
ligands) we can assume that the electron distribution of the molecule will not be affected by the spin
polarization direction, and as a consequence it will not contribute to anisotropy in +. As we showed
in section 5.2.1.2 the RE 4f levels lay too deep in the atom to couple directly and coupling is trough
valence electrons (RKKY-like). This way, the coupling will be proportional to the density of states
near the Fermi level, and, as was shown in section 5.1.1, the density of states almost equals for both
magnetization directions. Taking that into account, we can approximate the exchange coupling + to
be isotropic, especially when compared to the intrinsic magnetic anisotropy of CuPc. It is common
in the treatment of the Pc molecules that the coupling between molecules will be depreciated as no
ordered magnetism of the pure molecules has been reported. As a result of all these considerations,
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background is likely to come from EXAFS of Au N1 and Eu M4,5. Due to the low amount of Tb
atoms (approx. 0.5 atom/nm2) the associated signal is relatively small and any background becomes
very pronounced. The shape of the XMCD spectra of Eu is the same as it is in the clean EuAu 2

shown in section 5.3.4, which indicates that the Eu2+ valence state is preserved and no degradation
has occurred during the deposition of the molecule.
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Figure  95 shows the XMCD loops measured on TbPc2/EuAu2 and the TbPc2/Au(111) interfaces.
Measurements were performed at the Tb M5 and Eu M5 edges. Tb M5 loops are represented in red
for  TbPc2/EuAu2 and  in  black  for  TbPc2/Au(111).  Additionally,  in  blue  the  Eu M5 loop  of  the
TbPc2/EuAu2 system is added. Due to the low signal-to-noise ratio of the Tb  measurements, the
loops in this case were measured manually point-by-point, that means that the data was acquired
measuring the spectra at each field value. This way of measurement also solves the normalization
problems close to zero applied field of the fast loop. The continuous loop corrected by these data
points  is  shown  in  the  inset.  First,  the  Eu  M5 loops  measured here  coincides  with  the  loops
measured for the clean EuAu2 shown in section 5.3.4. This indicate that the absorption of the TbPc2

molecules on the surface does not have strong effects on the magnetic behavior of the EuAu2 alloy.
Second, it is very important to note the difference between the Tb M5 loops of TbPc2 in the systems
TbPc2/Au(111) and TbPc2/EuAu2. On EuAu2 we see a strong rectangular like shape of the Tb loop.
Especially,  both  samples  reveal  a  different  magnetization  behavior  below  1T.  In  the  Tb  loop
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Following the  same considerations  as  in  the  CuPc/REAu2 systems,  that  was  assuming that  the
coupling  of  the  molecule  to  the  surface  is  isotropic  and  depreciating  the  coupling  between
molecules we will apply the same Hamiltonian of that system (Eq. 29). If we now apply it to zero
field and we only consider as degree of freedom for the magnetization the OOP direction, we can
simplify it to:

,��+� 	)8�	)) (37)

Remember that TbPc2 has only two possible states of magnetization, +�!6 . We can now apply
the  Maxwell-Boltzmann  statistics  (or  what  is  the  same,  the  Boltzmann model  for  a  two-states
system) and can calculate the exchange energy at the measurement temperature:

88�0�
88 �� 
	��

�
8 )�0�

8 )�� 
	��
�tanh� +

3
�.
� (38)

Here,  88 �0� and  8 )�0� represent the magnetization at zero field of the molecule and the

substrate,  respectively,  and 88 �� 
	�� and  8 
�� 
	�� the  magnetization  of  the  molecule  and

substrate  at  saturation.  . is  the  temperature,  3
 the  Boltzmann  constant  and  + the  coupling
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