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Abstract 
We have calculated the structure and magnetic properties of nano scale iron clusters on a 
Cu surface with and without adsorbed hydrogen. The goal was to see what effect hydrogen 
has on the magnetic properties. The calculations were carried out with plane wave based 
density functional theory (DFT) and with the tight-binding Anderson model. The 
adsorption sites for hydrogen atoms were found using the simulated annealing technique. 
We considered a number of configurations differing in the number of hydrogen atoms and 
in their positions. Two trends were found. Firstly, each successive hydrogen atom reduces 
the total magnetic moment of the cluster. Secondly, the strength of the effect depends on 
the position of adsorbed hydrogen atom, namely the number of nearest iron neighbors is 
important. To explain these effects we used Bader analysis in order to decompose the 
charge density of the system and examine the change in electronic density at the iron 
atoms. It was found that hydrogen atom affects only the nearest neighbors and attracts the 
same number of electrons irrespectively of the adsorption site. However, the more iron 
atoms the hydrogen atom is bound to, the weaker the decrease of the total magnetic 
moment of the cluster. We also calculated the density of states for d-electrons of individual 
iron atoms and observed changes near the Fermi level as hydrogen is added. The Anderson 
model contains only three parameters which were selected using information found from 
the analysis of the DFT calculations. The model then could reproduce the DFT results 
quite well. 
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1 Introduction 
Hydrogen sorption can affect the magnetic properties of metallic nano scale systems. 
Studies of Fe/V superlattices [1], which include both experiments employing element 
specific X-ray resonant magnetic scattering and model Hamiltonian calculations, have 
shown that loading vanadium layers with hydrogen leads to considerable increase in the 
magnetic moment of the iron layers, while the induced antiparallel V moment at the Fe/V 
interface remains unaffected. This long-range and remote control of the Fe magnetic 
moment by hydrogen has been shown to be due to a redistribution of d-electrons between 
Fe and V as a function of hydrogen concentration leading to a shift of the d-band relative 
to the Fermi level and thus to a change of the exchange splitting.  

In most cases hydrogen loading leads to monotonous change in the magnetic moment of 
large transition metal clusters and thin films. Surface magneto-optic Kerr effect 
experiments have been carried out in order to measure the effect of hydrogen on the 
magnetism of ultrathin films of Fe, Co and Ni on Cu(001) [4]. In agreement with the 
consideration that hydrogen transfers electrons to the transition metal it is found that for 
the strong ferromagnets Ni and Co hydrogen adsorption reduces the magnetization while 
for the weak ferromagnet Fe hydrogen enhances the magnetization slightly. Theoretical 
studies are consistent with these results [2,3]. For example, ab initio calculations with use 
of the full-potential linearized augmented plane-wave method for the Ni multilayer on 
Cu(001) substrate have shown that hydrogen adsorption on the top of Ni film leads to a 
considerable decrease of magnetic moment of upper Ni layers. However, magnetic 
properties of very small, free standing iron, nickel and cobalt clusters, containing just a 
few atoms, respond to hydrogenation in a more complex way [5]. In some cases, 
oscillation of the magnetic moment upon successive addition of H atoms is found. The 
explanation of this behavior was found in the band structure of clusters: the variations in 
the magnetic moment are related to the relative position of the unoccupied spin up and spin 
down orbitals. 

We have chosen to study a system somewhat in between thin magnetic layers and small 
free standing transition metal clusters, namely small iron clusters supported on non-
magnetic metallic substrate. With density functional theory (DFT) calculations we study 
the effect of hydrogen on their magnetic properties. We considered a number of 
configurations differing in the number of hydrogen atoms and in their positions in order to 
study the change in the magnetic properties as H atoms were successively added.  

We also attempted to explain the effect of hydrogen adsorption using a relatively simple 
Anderson tight-binding model. Many possible interactions are not taken into account in 
this case, but a model Hamiltonian approach can be helpful in elucidating the qualitative 
effects. Thus the second goal of this thesis was to select model parameters in the Anderson 
tight-binding model so as to reproduce results from the DFT calculations. 
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2 Methods 

2.1 Density Functional Theory 

Today, one of the most commonly used methods in solid state physics, quantum chemistry 
and atomic scale material design is the density functional theory (DFT). Rather than 
focusing on solving the Schroedinger equation to find the wave function for the electrons, 
DFT is based on the electron density (r). The foundation of the DFT method is the 
Hohenberg-Kohn theorem which states that for a given electronic density 0 there is one 
and only one corresponding wavefunction 0  for the ground state of the system. The 

theorem does not state how to calculate 0  for a given 0 but proves that it is possible and 

brings hope that it would be possible to calculate systems ground energy with the electron 
density instead of the many-particle wave function. Instead of the difficult problem of 
minimizing the energy with respect to a many-dimensional trial function )(x  one is left 
with a much simpler problem of minimizing the energy with respect to a 3-dimensional 
trial function (r) [6]. 

The total energy of a system is written as 

            xcHext EVdrrrTE   .       (2.1) 

Here T[] is the kinetic energy, ext  is an external potential, VH[] is the Hartree energy 

and Exc[] is the exchange and correlation energy. Attempts to develop a kinetic energy 
functional of the density directly have so far not been successful.  Instead, Kohn and Sham 
introduced a constrained minimiation of the energy where the trial density is limited to the 
form of a sum of single particle wavefunctions 

   
2

,
n

i s
i srr  .           (2.2) 

The minimization of the energy then gives functions that look like orbital wave functions. 
These functions are solutions to the Schrödinger equation for a system with n non-
interacting particles in the effective potential  reff  

       srsrrsr
m iiieffi

e
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Equations (2.3) are called Kohn-Sham equations. 

This allows us to write the total energy as  

Error! Objects cannot be created from editing field codes..     
  (2.6) 

The exchange and correlation functional, Exc[], is not theoretically known and needs to be 
approximated [7,8]. Quite a few approximations have been proposed. The simplest one is 
the local density approximation (LDA) which involves only the density at the location 
were the functional is evaluated used, 

   drrE xc
LDA
xc  .           (2.7) 

Here xc() is the exchange correlation energy density. In the local spin density 
approximation (LSD) xc() has been replaced by xc(,), where  and  are the spin 
densities. The calculations presented in this thesis made use of the Perdew, Becke, 
Ernzerhof (PBE) [9] functional, which belongs to the class of generalized gradient 
approximations (GGA) functionals. As the LDA and the LSD, the GGA is a local 
approximation but unlike the others it also depends on the local gradient of the density, 

   drrE xc
GGA
xc    ,,, .        (2.8) 

2.2 Bader Analysis 

Atomic charges in molecules or solids are not observables and, therefore, not defined by 
quantum mechanical theory. The output of quantum mechanical calculations, for example 
DFT calculations, is continuous electronic charge density and it is not clear how one 
should partition electrons amongst fragments of the system such as atoms or molecules. 
R.F.W. Bader developed an intuitive way of dividing molecules into atoms [10]. His 
definition of an atom is based purely on the electronic charge density. Bader analysis 
involves what are called zero flux surfaces to divide space into regions  

    0 ss rr n ,           (2.9) 

where n(rs) is a unit vector normal to the surface at rs. Thus, a zero flux surface (2.9) is a 2-
D surface on which the charge density is a minimum perpendicular to the surface. In 
molecular systems, the charge density typically has a minimum between atoms and this is a 
natural place to separate atoms from each other. The volume element associated with an 
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atom can then be used to calculate various ‘atomic’ properties. For example, the charge 
enclosed within the Bader volume of an atom is a good approximation to the total 
electronic charge of an atom. One can also calculate multipole moments of interacting 
atoms or molecules. Bader's analysis has also been used to define the hardness of atoms, 
which can be used to quantify the cost of removing charge from an atom. 

2.3 Model Hamiltonian approach 

In addition to the DFT approach, there is an alternative method for studying the magnetic 
properties of spatially inhomogeneous metallic structures. This method is based on the use 
of Hubbard Hamiltonian and periodic Anderson model. Although many possible 
interactions are not taken into account in calculations with this method, results for many 
systems are quite close to those obtained from DFT calculations. For example, calculations 
of magnetic structure of supported transition metal clusters on the basis of model 
Hamiltonian for itinerant electrons [11-13] reproduce all main features obtained for this 
system within density functional theory [14-16]: non-collinear ordering of magnetic 
moments of atoms within the cluster and appearance of several stable magnetic states 
which are close in energy. The motivation for calculating the magnetic states of small 
supported clusters using such a model Hamiltonian approach is to better elucidate the 
intuitive physical picture of the effect of hydrogen adsorption on the magnetic moment. 
However, careful account of hydrogen adsorption in small magnetic clusters within model 
Hamiltonian approach is a challenging problem. This task is one of goals of this thesis. 

In model Hamiltonian approach it is presupposed that energy spectrum of the system can 
be described by two bands: 3d-electrons localized on atoms of cluster and itinerant s(p) 
electrons of substrate. The Hamiltonian of the system is 

..ˆˆˆˆˆ )()(
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,

0

,,

)(

,

chnnUddVnEcdVnEH d
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k
k

kk
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k  (2.10) 

where 
id ( id ) and 

kc ( kc ) are creation (annihilation) operators for d-electrons with 

spin projection  localized on site i and for itinerant s(p)-electrons with quasi-momentum 
k and spin projection , respectively;  ii

d
i ddn )(ˆ  and  kkk ccn s )(ˆ  are correspondent 

occupation number operators; and h.c. denotes the Hermitian conjugate. Energy levels of 
non-interacting s(p) electrons kE  and d-electrons 0

iE , as well as s-d-hybridization 

integrals kiV , hopping parameters ijV  and matrix elements of Coulomb interaction of d-

electrons on site iU  are assumed to be spin-independent.  

The last term in Hamiltonian (2.10) is responsible for the Coulomb repulsion of electrons 
localized on d-levels of transition metal atoms. At low temperatures this type of interaction 
may lead to a formation of strong-correlated many-particle states. However, a wide range 
of phenomena in transition metal systems can be described using a mean-field 
approximation for the Coulomb interaction. In this case the following substitution is 
carried out: 

 
)()()()()()()()( ˆˆˆˆˆˆˆˆ dddddddd nnUnnUnnUnnU    (2.11) 
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with  
)(ˆ dn  and  

)(ˆ dn  as expectation values for the number of d-electrons with 

correspondent spin projection.  

Such a substitution is one of the simplest methods in describing non-collinear magnetism. 
The main point of this method is to carry out the substitution (2.11) in local coordinates of 
each atom, where quantization axis is along the local magnetic moment. Then, switching 
local coordinates to lab coordinates with a uniform quantization axis make the energy 
levels and hopping parameters of d-electrons dependent on the angles i и i which define 
direction of magnetic moment on site i. This particular approximation will be used 
throughout this thesis. 

When carrying out calculations within the model Hamiltonian approach, only the d-
electrons are considered explicitly. Therefore, only the three last terms of the Hamiltonian 
(2.10) are included while the influence of s(p)-electrons is taken into account via the 
renormalization of phenomenological model parameters. In particular, s-d-hybridization 
leads to the appearance of the intrinsic non-zero width  of the d-level which is 
independent of hopping parameters Vij. The model has parameters that need to be adjusted. 
In the present case, the parameters are deduced from the results of DFT calculations. 

2.3.1 Green function method 

The equation for the d-electron Green function )(
ijG is 

  ijkj
k

ikiji GVGE  



   )()( ,      (2.12) 

where subscripts indicate atoms, superscripts indicate spin projections (+, –) onto the 

quantization axis and  is a Kronecker delta. Energy level 
iE  of d-electron with spin 

projection , localized on atom i and hopping parameters 
ijV  is expressed in terms of 

number of d-electrons Ni, value of magnetic moment Mi and polar angles i and i: 

,cos
22

0
i

iiii
ii

MUNU
EE 

        (2.13) 

  ijiji
iii

ijij V
MU

eV i   )1(sin
2

1  
     (2.14) 

Spin-independent part of the d-electron energy 0
iE , which is counted with respect to the 

Fermi level, Coulomb repulsion integrals Ui and spin-independent contribution to hopping 
integrals Vij are treated as model parameters. The number of d-electrons, Ni, and value of 
magnetic moment, Mi, are found self-consistently via imaginary part of Green function 
matrix elements 

ijG : 

    


 
0

Im
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diGiGN iiiii
        (2.15) 
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Once Ni and Mi are determined for all i in a self-consistency procedure, the total energy of 
the d-system may be evaluated: 

   llllll MUMNUNdiGW
4

1

4

1
Im

1 0

 





      (2.17) 

where summation is implied over the repeated indices.  

Thus, in the simplest approximation the model under consideration contains the following 
phenomenological parameters for d-electrons localized on atom i 

1. 


0
iE

 which determines the position of the seed d-level relatively to the Fermi 

energy; 

2. 


iU
 which sets the energy of Coulomb repulsion of d-electrons localized on site i; 

3. Hopping integrals 


ijV
 between atoms i and j. 

All parameters are dimensionless and measured in units of the d-level width, , which 
results from the s-d-hybridization. The first two parameters characterize the chemical 
element or the atom type. They may be found, for example, so as to reproduce magnetic 
moment and number of d-electrons found from ab initio calculations performed for the 
single adatom of desired type on the metallic substrate. The third parameter, the hopping 
integral, depends on the relative position of atoms in the cluster. It includes contributions 
from direct d-d transitions between i and j atoms as well as the contributions from d-s(p)-d 
transitions via conductivity band of the substrate. Since both contributions decrease with 
the distance between atoms, the values of the hopping parameter are directly related to 
interatomic distances in the cluster and, therefore, are associated with the geometry of the 
cluster. 

Calculation of diagonal and non-diagonal matrix elements of the Green function, which 
come into the expressions for the magnetic moment and the number of d-electrons, is 
performed using a recursion method which is presented in the next paragraph. 

2.3.2 Recursion method for evaluating Green function 

Equation (2.12) may be written in matrix form: 

IGHI  )( ,           (2.18) 
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where 

iii EH  , 


ijij VH   and Green function G is a matrix, i.e. quantity with two 

indices (the way in which Green function elements are ordered in a matrix form will 
become clear later). 

After some initial guess were given for Ni и Mi one constructs the Hamiltonian matrix in 
the following way 





























































jjjij
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ji

EVV

VEVV

VEV

VEV

VVVE

H

00

0

00

00
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1

1

111

11111

      (2.19) 

The most convenient algorithm for finding the matrix G, that is inverse to HI  , lies in 
finding a basis of vectors in which the Hamiltonian matrix is three-diagonal but desired 
matrix element of G remains invariant.  

Thus, Hamiltonian matrix needs to be transformed to the form 

























..0

..b

bab

0

3

332

221

11

bab

ba

H           (2.20) 

For this one needs to define the first vector in a basis, in which matrix H is three-diagonal. 
Definition of this vector depends on desired Green function element. This question will be 
discussed further. 

Let us assume that the first basis vector 1y  has been defined. Action of the operator H on 

this vector is given by the expression: 21111 ybyayH  . Since basis { ky } is 

orthonormal one has 

111 yHya  , 1111 yayHb   and 
1

111
2 b

yayH
y


 . 

Then, one should act on the second basis vector 2y  with the operator H: 

3222112 ybyaybyH  , 
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which gives the following set of quantities: 

222 yHya  , 221122 yaybyHb   и 
2

22112
3 b

yaybyH
y


 . 

Thus all quantities ak и bk may be found in a uniform way. 

Let us discuss the definition of the first basis vector 1y . If one needs to find a diagonal 

Green function element Gii, then  Ty  101   when all its components equal to 

zero except for i-th which is unity. Straightforward calculations give 11 yGyGii  . Let 

us introduce the denotation ii yGy1  and then multiply (2.24) by 1y  and iy  and 

obtain the set of equations 

0)( 111   iiiiii bba  , i1 и iL, L – number of rows in H. 

0)( 11   LLLL ba   

1)( 2111   ba  

The method of finding a solution is rather straightforward: starting from the last equation 
one needs to express i. The final expression for the desired element Gii has a form of 
continued fraction: 

N

N

ii

a

b
a

b
a

G


















2
1

2

2
2

1

1

...

...

1
        (2.21) 

Procedure of finding the non-diagonal Green function element Gij differs from one 
presented above only in defining the first basis vector. In this case 

 Ty  110
2

1
1   (i-th and j-th components equal to 

2

2
, others are zero). 

Correspondent matrix element ijjjii GGGyGy 
2

1

2

1
11 . After that the first basis 

vector should be changed  Ty  110
2

1
1   (i-th and j-th components 

equal to 
2

2
 and –

2

2
 respectively, others are zero) and ijjjii GGGyGy 

2

1

2

1
11 . It 

is seen, that difference of this two matrix elements gives us doubled value of desired Green 
function element. Recursive procedure for constructing the continued fraction for 
quantities 11 yGy  in both cases is absolutely the same as in the case of finding the 

diagonal green function element.   
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For the simplification of further calculations it is convenient to convert continued fractions 
(2.21) to the sum of partial fractions 

 


k k

k
ij q

p
G


           (2.22) 

Sets of parameters {pk} and {qk} are dependent on i and j. Green function expansion in the 
form of a sum of partial fractions allows us to perform all further calculations analytically. 
Indeed, formulae (2.15) and (2.16) shows that number of d-electrons Ni and magnetic 
moment Mi are expressed via the integrals of the imaginary part of diagonal and non-
diagonal (with respect to spin projection) Green function elements. Representation (2.22) 
allows us to express the integrands as a superposition of Lorentz profiles, as long as 
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Since then both number of electrons and magnetic moment may be evaluated analytically, 
without numerical integration over : 
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arcctgp
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The total energy is found analytically the same way. This treatment reduces the calculation 
time considerably.  

The procedure of self-consistency is carried out in a following way: 

 Initial guesses for number of d-electrons and magnetic moment are given for all 
atoms. 

 Energy levels of d-electrons with both spin projections are calculated using 
expressions (2.13-2.14). 

 Recursion method is applied for evaluating of diagonal and non-diagonal (with 
respect to spin projection) Green function elements. Each element is expanded in 
the form of a sum of partial fractions. Number of d-electrons Ni and magnetic 
moment Mi are found analytically using formulae (2.15-2.16). 

 Found values of Ni and Mi are used in the next iteration step. 

Procedure of self-consistency is repeated until magnetic moment and number of d-
electrons localized on each atom stop varying. First, the procedure is carried out for one 
atom while values of the number of d-electrons and magnetic moment are fixed for the rest 
of atoms. Then occupation numbers of d-electron states are fixed for this atom and self-
consistency procedure is carried out for the next atom. 

Once the self-consistency is reached for all atoms, the total energy of d-system may be 
calculated using (2.17). 
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3 Supported iron trimer 

3.1 Introduction 

This chapter is devoted to the study of magnetic properties of different Fe3Hn clusters 
embedded into Cu (111) surface. We have chosen Fe equilateral trimer because, on the one 
hand, it is rather small and symmetrical making the study more clear for interpretation. But 
on the other hand, this structure has many adsorption sites for the H atoms, so one can 
study the progression of the magnetic properties as H atoms are successively added. 

We calculated total magnetic moment of configurations differing in the number of 
hydrogen atoms and in their positions and obtained interesting trends. 

3.2 Description of simulations 

All studied cases were calculated with the Vienna ab-initio simulation package (VASP) 
using plane wave basis set. We applied the Perdew, Burke and Ernzerhof PBE exchange 
and correlation functional with projector augmented waves (PAW) for all cases. The plane 
wave energy cutoff was set to 273.25 eV. 

We have chosen a cluster, which contains only three atoms of iron. These three atoms were 
embedded into (111) surface of a slab of 33 Cu atoms (see Figure 1). There are three layers 
in the slab, each with 12 metal atoms. The top two layers are allowed to move but the 
bottom one is kept fixed.  

 

 

Figure 1 Fe trimer embedded into Cu (111) surface. Up to seven H atoms may be adsorbed near the trimer. 

Adsorption sites for the hydrogen atoms were determined with a simulated annealing 
energy minimum search. An initial structure, which contained 10 hydrogen atoms (see 
Figure 2), was heated to 750 K, then baked for 1.5 pico seconds (1500 ionic moves) and 
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finally quenched. Three hydrogen atoms were desorbed from the system during annealing 
procedure. Thus up to 7 H atoms may be bound to the cluster (see Figure 1).  

 

 

Figure 2 An initial structure used for the simulated annealing 

After that, H atoms were successively placed in different adsorption sites. Each 
configuration was then relaxed to an energy minimum and finally the total number of 
unpaired electrons was calculated. 

3.3 Validation of methodology 

For validation of the calculation approach we compared our total magnetic moment values 
with other published calculations [17, 14, 18]. 

At first we calculated the value of the total magnetic moment of single iron atom 
embedded into Cu (100) surface. Magnetic moment of Fe adatom sitting in (0, ½, ½) 
turned out to be equal to 2.8 B. This value almost coincides with that published by Spišák 
and Hafner [17]. It is very important for us, because we use the same calculation method. 

We also found two papers devoted to transition metal clusters on Cu (111) surface [14, 18] 
(see Table 1).  

Yet, we have not considered completely the same structure: we calculated magnetic 
moment of Fe clusters embedded into Cu (111) surface. That is why our values (2.8μB, 
5.4μB and 8.1μB for monomer, dimer and trimer, respectively) are different from those 
published in [14,18]. However, this mismatch does not mean an error in calculations. For 
example, even in paper written by Spišák and Hafner it is shown that the magnetic moment 
of a Fe adatom on the surface is larger than that of an adatom in the surface. 
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Table 1 The total magnetic moment of monomer, dimer and trimer of iron on Cu (111) 
surface. 

Configuration 
Total magnetic moment, μB 

[14] [18] 

 – 3.3 

 
7 6.2 

 
9.6 9.0 

 

In addition, we studied the convergence of calculation method with respect to the number 
of irreducible k-points. Table 2 shows how magnetic moment of the iron trimer depends on 
the number of k-points. 

Table 2 Variation of the magnetic moment of iron trimer with the number of k-points 

Configuration 
Total magnetic moment, μB 

4x4x1 6x6x1 8x8x1 10x10x1 12x12x1 

 

8.139 8.265 8.058 8.13 8.114 

 

In all studied cases we used 12x12x1 k-points mesh. This relatively large number of k 
points is necessary for calculations of the magnetic structure. 

3.4 Structure 

We studied the influence of hydrogen adsorption on magnetic properties of iron cluster, 
which contains only three atoms. We have chosen a trimer to be the object of study 
because it is the minimal structure, which represent all main properties of small magnetic 
clusters [11-16]. Cluster was embedded into a Cu (111) surface. This brings further 
advantages for the interpretation: cluster has symmetrical equilateral shape and its bond-
lengths are mainly defined by the substrate, which make the geometry of the cluster stable 
to the hydrogenation.  

Adsorption sites were found using simulated annealing technique. Up to seven H atoms 
can be adsorbed in the system. All of them bind to the iron trimer but adsorption sites are 
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different. Namely, we found three types of adsorption sites for the H atoms differing in the 
number of nearest iron neighbors. We introduce a special notation for H atoms in different 
sites: X-type, Y-type and Z-type, which correspond to one, two and three nearest iron 
neighbors, respectively (see Figure 3). Due to the geometry of the cluster, up to 3 X-type 
atoms, up to 3 Y-type atoms and up to 1 Z-type atom may be presented in the system. 
Except for the Z-type, distances between H atom and nearest Fe atoms are always the 
same: approximately 1.75 Å.  

 

 

Figure 3 Ground-state geometry of the Fe trimer adsorbing H atoms. Interatomic distances are defined by 
the substrate and not affected by adsorbed H atoms. Three types of adsorption sites were found. Substrate is 

not shown for the clearness purposes. 

As soon as the system has several adsorption sites, one may successively put H atoms in 
these sites and thus obtain a number of configurations. These configurations are different 
in the number of hydrogen atoms and in their positions (examples are shown in Figure 4). 

 

    (x = 1, y = 1, z = 0)  (1,1,0) 

    (2,2,0) 

    (3,3,1) 

Figure 4 Examples of configurations differing in the number of hydrogen atoms and in their positions. Each 
configurations is defined by the number of X-type, Y-type and Z-type hydrogen atoms. 



23 

As was expected, hydrogen adsorption does not affect the geometry of the cluster. The Fe-
Fe distance turned out to be 2.35 Å for any configuration. However, magnetic properties 
are affected by the hydrogenation. One of the most natural things to do is to look at the 
total magnetic moment of different configurations. Results are shown in Table 3. 

Table 3 Possible configurations of Fe3Hn clusters and corresponding values of total magnetic moment. For 
the value of total magnetic moment only numbers of H atoms of different types (X, Y or Z) are relevant. 

Conf. 
Number 

of H 
atoms 

Total magnetic 
moment, μB (With 

respect to total spin of 
bare trimer, -M+M0) 

Conf. 
Number 

of H 
atoms 

Total magnetic 
moment, μB (With 

respect to total spin of 
bare trimer, -M+M0) 

 
0 8.114 (0) 

3 

7.444 (0.67) 

 

1 

7.864 (0.25) 7.569 (0.545) 

 
7.846 (0.268) 7.438 (0.676) 

 
7.898 (0.216) 

4 

7.082 (1.032) 

 

2 

7.799 (0.315) 7.274 (0.84) 

 
7.808 (0.306) 7.457 (0.657) 

 
7.513 (0.601) 

5 

7.073 (1.041) 

 
7.850 (0.264) 6.891 (1.223) 

 

3 

7.049 (1.065) 6 6.744 (1.37) 

 
7.775 (0.339) 7 6.314 (1.8) 

 
7.682 (0.432)    
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One can see two trends. The general trend is that total magnetic moment decreases with 
hydrogen loading. However, if the number of H atoms is fixed then having the biggest 
magnetic moment is the system in which more H atoms sit in positions Z, i.e. have more 
nearest Fe atoms. In other words, the strength of the effect depends on the position of 
adsorbed hydrogen atom, namely X-type atoms lower the magnetic moment stronger than 
Y- and Z-type atoms. 

In order to look at trends in more convenient way it is reasonable to re-order results. Below 
we put the value of the total magnetic moment of each configuration, which is measured 
with respect to the magnetic moment of bare trimer, in a form of table, where columns 
correspond to the number of X-type atoms and rows – to the number of Y-type atoms.   

Table 4 Values of M0 – M calculated for different configurations Fe3Hn clusters. All values given are 
measured in units of B 

           x 
 y 0 1 2 3 

0 0 0.27 0.60 1.07 

1 0.25 0.31 0.67 1.03 

2 0.26 0.55 0.84 1.22 

3 0.34 0.66 1.04 1.37 

 

It is seen from the Table 4 that the effect from X-type atoms is approximately twice as 
much as from Y-type atoms. For example, M(1,0,0)  M(0,2,0), M(1,2,0)  M(2,0,0), 
M(1,3,0)  M(2,1,0).  

General decrease in value of total magnetic moment with hydrogen adsorption is 
analogous to that observing in magnetic layers and large magnetic clusters [2-4]. 
Interaction with H adatoms leads to the strong hybridization of the H s state with the filled 
majority Fe d band. Changes occur in the band structure and the density of states (DOS) of 
d-subsystem of Fe atoms leading to the decrease of spin-majority and increase of the spin-
minority DOS. However, this simple mechanism is not always valid for small free standing 
transition metal clusters. For example, in small Fen and Con clusters [5] the successive 
addition of H atoms can lead to either monotonic decrease or oscillatory change from the 
free cluster magnetic moment. This behavior is due to the fact that electronic structure of 
bulk materials and surfaces is significantly different from that of small clusters. 

Despite the fact that our study of supported magnetic clusters shows the similar trends in 
behavior of magnetic moment with hydrogenation, we need more ‘local’ analysis. Namely, 
charge decomposition and calculation of the DOS of individual atom within the cluster will 
help to understand the effects of H atoms sitting in different adsorption sites. This analysis 
is needed to explain the second trend found for the behavior of magnetic moment. 
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Figure 5 Behavior of total magnetic moment of Fe3Hn cluster as a function of number of H atoms of different 
types (X or Y). X-type H atoms decrease the value of magnetic moment stronger than Y-type H atoms do. 
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4 Local effects of adsorbed H atoms 

4.1 Introduction 

The output of quantum mechanical calculations is continuous electronic charge density. 
However, atomic charges in molecules or solids are not observables. That is why it is not 
correct to relate some part of the electronic density to the distinct atom in the system. Any 
algorithm of partitioning electrons amongst fragments of the system such as atoms or 
molecules bears an artificial nature. However, we use one of these algorithms, namely 
Bader algorithm, for the decomposition of charge density in order to observe the 
redistribution of the electron density during the hydrogenation process. 

The similar counts for the calculations of the density of states for d-electrons of individual 
iron atom within the cluster. These calculations imply not only partitioning electrons 
amongst atoms, but also subdividing them into electron shells. Such a subdivision is 
conventional and sometimes not quite correct due to the hybridization of orbitals.  

That is why all calculations presented below are used for qualitative analysis, not for 
quantitative estimates. They are useful for gaining more insight into what happen to 
magnetic structure of the cluster under hydrogenation. 

4.2 Charge decomposition 

We used a fast algorithm for Bader decomposition, which was presented in [19]. 

Results are given in Table 5. 

Three important facts may be retrieved from these results. Firstly, H atom do not affect 
electronic structure of non-neighboring Fe atoms. For example, Y-type H atom bound to 
Fe atoms #1 and #2 (see Table 3) do not change either the total number of electrons or the 
number of unpaired electrons associated with atom #3. The same comes for the X-type 
atom: it considerably changes the electronic structure of the closest Fe atom (the total 
number of electrons has decreased by ~0.1 and number of unpaired electrons has also been 
decreased by ~0.25) and does not affect other atoms in the cluster. Secondly, each time H 
atom, wherever it is adsorbed, attracts approximately the same number of electrons (~0.4). 
However, all of them are paired. The third fact is that X-type atom reduces the number of 
unpaired electrons more strongly than Y-type atom does. This implies that X-type atoms 
coupled more strongly to the electronic system of the cluster than Y-type atoms. 
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Table 5 Results of charge density decomposition (Bader analysis). Each H atom attracts approximately the 
same number of electrons irrespective of its type (X or Y). H atom adsorbed does not affect the electronic 
structure of non-neighboring Fe atoms. 

Conf. 
Fe#1 Fe#1 Fe#1 H 

n↑+n↓ n↑–n↓ n↑+n↓ n↑–n↓ n↑+n↓ n↑–n↓ n↑+n↓ n↑–n↓ 

 

7.81 2.69 7.78 2.69 7.80 2.66 - - 

 

7.68 2.57 7.66 2.58 7.77 2.70 1.4 0 

 

7.81 2.69 7.78 2.70 7.70 2.42 1.37 0 

 

7.67 2.61 7.68 2.61 7.65 2.50 
1.4(x) 

1.4(y) 
0 

 

However, the detailed analysis of the density of d-states will help to understand changes of 
d-band structure near the Fermi level. These changes are responsible for the variation of 
magnetic moment. 

At first let us compare the density of states of the bare cluster and that of fully loaded one. 

 



29 

 

Figure 6 Effect of H adsorption on DOS for individual Fe atom in the cluster. 

In Figure 6 the density of the d-states is presented for one of the iron atoms within the 
trimer. Black line corresponds to the bare cluster and red line – to the fully loaded one. 
Interaction of the H s state with d-band of Fe changes the band structure leading to the 
considerable changes of both spin-majority and spin-minority DOS. However, the main 
contribution to the decrease in magnetic moment comes from the changes in spin-minority 
states. Spin-majority states are below the Fermi energy, and their redistribution with 
hydrogenation does not lead to significant changes in the number of spin-up electrons. 
Integration of the spin-majority DOS, which is carried out up to the Fermi level, gives for 
the number of spin-up electrons before and after the complete hydrogen loading values of 
4.3 and 4.2, respectively. In contrast to this, the number of spin-down electrons is very 
sensitive to the changes in spin-minority states, because they are close to the Fermi level. 
Numerical results give values of 1.6 and 2.1 for the number of spin-down electrons before 
and after the hydrogenation. As a result, the decrease in the magnetic moment is mostly 
due to the filling of spin-minority states caused by hydrogen adsorption. H atoms also 
induce deep spin-up and spin-down bonding states. However, they are not relevant in 
variation of magnetic properties. 

To see local effects of H adatoms we considered configurations (1,0,0) and (0,1,0) and 
calculated the density of d-states of each Fe atom. 
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Figure 7 DOS for d-electrons of Fe atom #3 
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Figure 8 DOS for d-electrons of Fe atom #1 
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Figure 9 DOS for d-electrons of Fe atom #2 

Results, shown in Figures 7-9 are not surprising. As was expected, both X- and Y-type 
atoms lead to decrease in density of d-states near the Fermi level. However, X-atom causes 
more effect. It also leads to the slight increase of the spin-minority DOS, which further 
decreases the magnetic moment. In contrast to Y-atom, it also affect the electronic 
structure of non-neighboring iron atoms. One can see bonding peaks appearing in the band 
structure of all iron atoms when H atom sits in the X-type site. Y-type atom induces such 
peaks only in the density of states of neighboring Fe atoms. 

Information extracted from this analysis may be used for validation of phenomenological 
parameters in model Hamiltonian approach. This will be discussed in the next section. 
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5 Analysis with model Hamiltonian 

5.1 Introduction 

In this Chapter we will apply the periodic Anderson model to describe the influence of H 
adsorption on magnetic properties of iron trimer. The goal is to obtain the same behavior 
or at least the same trend for the magnetic moment as was observed in DFT calculations.  

As was discussed above, the Anderson model contains only three dimensionless 
parameters. Most likely all of them are changed due to hydrogenation. But the strengths of 
these changes are different. For example, first two of them, namely the position of the seed 

d-level relatively to the Fermi energy 


0
iE

 and the energy of Coulomb repulsion of d-

electrons localized on site i 


iU
, seem not to be affected much by interaction with H atoms. 

They are mostly determined by the type of atom i. Even though parameter 


0
iE

 is 

dependent on the value of Fermi energy, hydrogen adsorption does not change it much, 
because Fermi energy is almost entirely defined by the substrate material, and H adatoms 
appear to be only a small perturbation. We found these parameters from ab initio 
calculations performed for the single adatom of desired type on the metallic substrate, so as 

to reproduce magnetic moment and number of d-electrons. 


iU
 = 13, 



0
iE

 = -12. 

However, interaction of the hydrogen s state may change the hopping parameters 


ijV
. 

Indeed, hydrogen may attract some d-electron density associated with closest iron atom 
leading to the increase of d-transition via conductivity band of the substrate. This 
mechanism is consistent with density decomposition analysis. As was discussed above, H 
atoms reduce the number of unpaired electrons, associated with closest iron atoms. 

The other possibility for taking into account the hydrogenation in the Anderson model lies 
in increasing the hybridization . But this effect may be implemented in the model 
calculations in a mean field approximation, because parameter  characterizes the whole 
system. 

Both of these possibilities will be considered below. 

In addition we mention that the most important quantity, which we found in DFT 
calculations and now aim to reproduce within the model Hamiltonian approach, is the total 
magnetic moment of the cluster. Actually, it is the only reference value for the model 
parameter selection. Other values, like the number of electrons or magnetic moments of 
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individual atoms, which are retrieved from the charge density decomposition analysis, 
have no quantitative importance for the model Hamiltonian calculations. There are several 
reasons for it. The first one is that the charge decomposition is rather artificial itself and 
there is no sense to fit, for example, the magnetic moment of each atom. The second reason 
concerns the fact that the number of electrons in DFT calculations is not consistent with 
the number of electrons in Anderson model, because the latter deals with only d-system. 
So there is no sense in comparing these two quantities. Of course, one may somehow 
extract d-electron density in DFT, but this procedure is also artificial. 

The same counts for the characteristics of the DOS. That is why we used information 
found in charge density decomposition and DOS calculations only in qualitative validation 
of the parameters of the Anderson model. However, we did quantitative fitting of the total 
magnetic moment of the cluster. 

5.2 Increase in hybridization 

Increase in hybridization effectively means the decrease of all model parameters by the 
same ratio. This will quench the magnetic moment of each atom. In order to represent 
effects of H atoms sitting in different adsorption sites, we assume that each Y-atom slightly 
increase the hybridization by a small value, , about 2%. While X-atoms increase the 
hybridization twice as much, 2. We made this assumption because it seems that X-
atoms s states interact with the d-band of iron cluster more strongly. The double effect of 
X-atoms was assumed in order to fit results quantitatively. 

 

  

Figure 10 DOS for individual Fe atom in the cluster within model Hamiltonian approach. Assumption: 
hydrogenation increases the hybridization. 
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Figure 10 shows the change in d-band of any iron atom in the cluster due to the 
hydrogenation. The general behavior is similar to that found in the DFT calculations: 
hydrogen adsorption leads to the increase of spin-minority.  

Of course, this approximation does not take into account local changes of magnetic 
moments of individual atoms. Increase in  makes magnetic moment of all atoms in the 
cluster decrease by the same value. However, this approach leads to good agreement with 
results on behavior of the total magnetic moment of the cluster. 

Table 6 contains the results of fitting values of the magnetic moment of different 
configurations. As in the Table 4, all values are given in units of Bohr magneton B and 
measured with respect to the magnetic moment of the bare trimer. 

Table 6 Values of M0 – M calculated for different configurations Fe3Hn clusters within Anderson model 

under the assumption of increasing hybridization. All values given are measured in units of B 

           x 
 y 0 1 2 3 

0 0 0.27 0.57 0.89 

1 0.13 0.42 0.73 1.07 

2 0.27 0.57 0.89 1.26 

3 0.42 0.73 1.07 1.45 

 

In order to compare these results with those obtained in the DFT calculations we put all 
results in the same plot (see Figure 11). Curves of different color correspond to rows of 
Table 6 and Table 4. 

In spite of simple assumption, model Hamiltonian calculations reproduce DFT results quite 
nice, especially for the large numbers of adsorbed hydrogen atoms (two upper curves in 
Figure 11). However, fitting results for small number of adsorbed H atoms are not so good. 
This is not surprising: a highly hydrogenated cluster can be treated within mean field 
approach more likely than a cluster with only few hydrogen atoms, when local changes are 
especially important. 
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Figure 11 Behavior of total magnetic moment of Fe3Hn cluster as a function of number of H atoms of 
different types (X or Y). Crosses correspond to calculations within Anderson model under the assumption of 
increasing hybridization, circles correspond to DFT calculations. 

5.3 Increase in hopping parameters. 

Increase in hopping parameters leads to the decrease in magnetic moment of atoms in the 
cluster. But in contrast to increase of hybridization, this approximation allows to take into 
account local changes of magnetic moment. In this case effects of H atoms sitting in 
different adsorption sites may be modeled by giving changes to correspondent hopping 
parameters. Namely, we assume that each Y-atom slightly increases only the hopping 
parameter between iron atoms it is bound to. We also assume that each X-atom increases 
two hopping parameters between closest iron atom and other two iron atoms. Our 
assumption about the changes of hopping parameters becomes clearer, if one refers to the 
Figure 12. 
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Figure 12 Hoppings between d-states of different iron atoms 

So singly bounded H atom increases hoppings V12 and V13, while doubly bounded H atom 
increases only hopping V23. In addition we assume that each H atom increase hopping 
parameters by the same value V about 25%. 

 

 

Figure 13 DOS for individual Fe atom in the cluster within model Hamiltonian approach. Assumption: 
hydrogenation increases hopping parameters. 

Figure 13 shows the change in d-band of any iron atom in the cluster due to the 
hydrogenation. The general behavior is similar to that found in the DFT calculations. It is 
also possible to obtain deep spin-up and spin-down bonding states, which are induced by 
hydrogen atoms. For this one should introduce additional hoppings via hydrogen atoms. 
However, this effect seems to be small and thus irrelevant for the behavior of the total 
magnetic moment. 
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Table 7 contains the results of fitting values of the magnetic moment of different 
configurations. As in the Table 4, all values are given in units of Bohr magneton B and 
measured with respect to the magnetic moment of the bare trimer. 

Table 7 Values of M0 – M calculated for different configurations Fe3Hn clusters within Anderson model 

under the assumption of increasing hopping parameters. All values given are measured in units of B 

           x 
 y 0 1 2 3 

0 0 0.28 0.58 0.90 

1 0.14 0.41 0.71 1.05 

2 0.28 0.56 0.87 1.20 

3 0.42 0.73 1.05 1.37 

 

In order to compare these results with those obtained in the DFT calculations we put all 
results in the same plot (see Figure 14). Curves of different color correspond to rows of 
Table 7 and Table 4. 

Considered assumption about hopping parameters slightly improves fitting for both large 
and small values of adsorbed hydrogen atoms. However, fitting results for small number of 
adsorbed H atoms are still not very good. Further study is needed to understand how other 
parameters of the model changes with hydrogenation of the cluster. The scheme of this 
study has to be the same as presented in this thesis: at the first stage one should introduce 
the reasonable assumption about changing of the model parameters; this assumption then 
leads to correspondent behavior of the total magnetic moment of the cluster; if this 
behavior is consistent to what was found in DFT calculations, then this assumption is 
validated. The total magnetic moment will remain the only reference value when one 
wants to compare model Hamiltonian approach with DFT calculations. 
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Figure 14 Behavior of total magnetic moment of Fe3Hn cluster as a function of number of H atoms of 
different types (X or Y). Crosses correspond to calculations within Anderson model under the assumption of 

increasing hopping parameters, circles correspond to DFT calculations. 
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6 Conclusion 
This thesis is devoted to a study of the hydrogen adsorption effect on magnetic properties 
of small iron clusters on Cu. The calculations were carried out with plane wave based 
density functional theory (DFT) and with the tight-binding Anderson model.  

DFT calculations have revealed two trends. Firstly, each successive hydrogen atom 
reduces the total magnetic moment of the cluster. Secondly, the strength of the effect 
depends on the position of adsorbed hydrogen atom, namely the number of nearest iron 
neighbors is important.  

The charge density decomposition has been carried out in order to examine the 
redistribution of electronic density at the iron atoms caused by the hydrogen adsorption. 
The density of states for d-electrons of individual iron atoms has also been calculated and 
changes near the Fermi level has been observed as hydrogen was added. 

Computer program was developed to carry out the self-consistent calculations of the 
electronic structure of transition metal clusters within tight-binding Anderson model. The 
details of the computational approach are given in the Section 2.3 of the thesis.  

Two different assumptions about the model parameters both lead to results, which are in a 
good agreement with DFT calculations. However, only one of them is consistent with the 
charge density decomposition results. Namely, it was shown that H s states interact with d-
band of Fe. Hydrogen atoms attract some d-electron density associated with closest iron 
atom leading to the increase of d-transition via conductivity band of the substrate. This 
effect may be modeled by giving an increase to correspondent hopping parameters. 
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