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Ab-initio or first-principles methods:  

what does it mean? 

Quantum mechanics equations to describe condensed matter: 

With: i = electron index, α = ion index 
 
Difficult task due to:  

u  Presence of different time scales (electrons and nuclei) 

u  Many body problem 
 



Electrons and nuclei: Adiabatic approximation 

Decouple electrons and ions as they have different energies (times scales): 
 nuclei are instantenously fixed 
Take: 
 
  
Therefore: 
1)  solve electron-problem: 

2) solve nuclei-problem 

Neglect: 
terms 

 i.e. electron-lattice interactions.  



Electron problem: 

Concentrate on electrons problem.  
Still a complex many-body problem: 

as  at fixed  

Still a many-body problem to solve as the potential 
 V depends on the coordinates of the electrons,  



How to solve the problem? 

The total  energy is the expectation value:  

The ground state wavefunction is the state with lowest energy that obeys 
the symmetry requirements of the particles and conservation laws. 
 



Possible strategies 

Empirical 
models 

Semiempirical 
models 

Neglect 
electrons 

Parametrize 
Hartree-Fock 

integrals 

Neglect core 
electrons 

Pseudo-
potentials All-electrons 

Full account of 
electrons 

Ab-initio 
models 

DFT 



Quantum Mechanical 
Ab-initio 

 approaches 
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Density Functional 
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Thomas Fermi 

Charge density 



Density Functional theory (DFT) 

Short History: 
ü  1920s:  Introduction of the Thomas-Fermi model. 

ü  1964:    Hohenberg-Kohn paper proving existence of exact DF 

ü  1965:    Kohn-Sham scheme introduced.  

ü  1970s and early ‘80s:  LDA.  DFT becomes useful. 

ü  1985:  Incorporation of DFT into molecular dynamics  
(Car-Parrinello: one of PRL’s top 10 cited papers). 

ü  1988:  Becke and LYP functionals.  DFT useful for some chemistry 

ü  1998:  Nobel prize awarded to Walter Kohn in chemistry for 
    development of DFT. 
 



Motivation 

Electrons are quantum mechanical spin 1/2 particles and must be  
described by an antisymmetric wave function 

Therefore, wavefunction-based methods have to deal with Slater determinants. 
DFT allows description of all the system properties as a function  
of the electron density, a function of just 3 variables: 
 
                               n(r),        r = (x,y,z) 
 
DFT is an elegant formulation of the N-particle problem, conceptually simple 
and computationally efficient 
 
Limitations linked to unknown energy terms 



DFT: how it works 

Come back to electron Hamiltonian for a condensed matter system and 
generalize to the case of interacting electrons in an external potential: 

Let's consider 

And:  

i.e. 
Vee = VH(ri) + Vxc(ri, rj)



DFT: how it works 

Hoenberg-Kohn observation:  
Two systems with the same number Ne of electrons have the same 

   Te + Vee.  Hence, they are distinguished only by Vext. 
 
The various systems (and therefore different                                               )  
differ by Vext . The observable linked to the wavefunction is the charge density 
so there must be a correspondence between: 



As the ground state properties of the systems are determined by the 
 ground state charge density: 
 
map the interacting system into a non-interacting one 
having the same ground state density and a ficticious potential: 

Kohn-Sham idea: 

  

NOW THE NON-INTERACTING SYSTEM CAN BE SOLVED! 



Hoenberg and Kohn: theorem I 

The ground state charge density n(r) of any interacting electron system 
 fully determines the external potential (up to a constant shift) the  
electrons are subject to.  
 
Corollary: as the Hamiltonian is fully determined (up to a constant shift), the  
full many-body wave function and all the other observables are also 
completely determined. 
  

 

each property is a functional of the  
ground state density n(r) 

 

n(r) E0[n(r)], Vext[n(r)], ... 

 N.B. a functional f [n(r)] maps a function to a number:    f[n(r)]:  n(r)             f 



Hoenberg and Kohn: theorem II 

Since the energy of the interacting electron system can be cast as a functional  
of the charge density n(r):  
            E[n(r)] 
thus, the exact ground state energy at a given Vext(r) is the minimum  
of this functional  
i.e.  the exact ground state density n0(r) is the  
density which makes the energy functional minimum. 

            
        Correspondence between n(r) and Vext(r) 

 
 
Corollary: the functional E[n(r)] is enough to determine the exact ground 
state properties (only!). Excited state properties of the electron system must be 
determined by other means.  

Minimize E[n(r)] at a given Vext(r)  
to get the ground state n(r) --> n0(r)  



Proof of theorem I 

Suppose there exist two different external potentials V1
ext, V2

ext  
corresponding to the same ground state charge density n(r). 
The two potentials will lead to two different Hamiltonians H1 and H2 

which will have two different ground state wavefunctions leading, by  
hypothesis, to the same ground state charge density n(r). Then: 
 

Changing the labels, it is possible to obtain the reversed relation which  
contradicts the previous one: 

Thus, two different external potential can not correspond to the same 
 ground state charge density 



Hoenberg-Kohn idea 

What is new about Hoenberg-Kohn theorems?  
 

Just to realize that all the properties of a system are functional  
of its charge density? 

 
The real point is: 

mapping with the non-interacting system 



The Kohn-Sham equations: 

1)   Solve the non-interacting problem 

2)   as all the interesting quantities are functional of the charge  
 density  which is required to be the same of the NON-interacting  
 system: 

 
 
let's write: 

unknown Independent particle form soluble  



The Kohn-Sham equations: 

unknown 
Independent particle form soluble  

The KS energy functional is known except for Exc[n]. Therefore: 
 

 the problem is to find a paradigm to get useful and approximate  
functionals for Exc[n] 



Functional Exc[n] and Kohn-Sham equations 

How to find an approximate functional Exc[n] ?   
Requires information on the many-body system  
of interacting electrons 

Local Density Approximation - LDA 
Assume the functional is the same as a model problem:  
the homogeneous electron gas 
Exc can be calculated as a function of the density 
using quantum Monte Carlo methods (Ceperley & Alder) 
 
Generalized Gradient approximations - GGA 
Various theoretical improvements for electron density functional 



LOCAL DENSITY APPROXIMATION 
(LDA) 

The exchange correlation functional for a homogeneous electron gas  
(n(r)=n0)  is known 
 
LDA assumes a slowly varying charge density in space 
 
Map the inhomogeneous  system of charge n(r) into a homogeneous 
system with charge n = n(r) 
 
Inhomogeneous system                       Homogeneous gas 
n(r) at point r           n = n(r)  
 

Homogeneous gas 

vs(r) = vext(r) +
δEH

δn(r,σ)
+

δExc

δn(r,σ)



What is Exc[n]? 

Exchange and correlation → each electron excludes other electrons  
in the nearby space –> “x-c hole”  
However, Exc[n] is the interaction of the electron with the “hole” and it  
involves only a spherical average  

Exchange hole in Ne atom  
 Fig. 7.2 Gunnarsson, et. al. PRB 20, 3136  

Very non-spherical! 
 
Spherical average very close 
to the hole in a homogeneous 
electron gas! 

nucleus electron 

Spherical average 
around the electron 



Exchange-correlation hole 

Exchange Correlation 

Monte Carlo calculation in Si. 
Hole is pretty much localized – supports a local approximation 
The first electron is localized on the bond center 

Hood et al. PRB 57,8972 (1998) 



Exchange-correlation hole 

Monte Carlo calculation in Si. 
Hole is pretty much localized – supports a local approximation 

Hood et al. PRB 57,8972 (1998) 

Exchange-correlation hole – spherical average 

Bond Center  Interstitial position Comparison to scale 

x-c hole close to the homogeneous gas case  
 in the most relevant regions of space 
Supports local density approximation !  



Kohn-Sham equations 

Let us assume the LDA form for Exc[n(r)] (or any other known expression) 

Minimize energy functional to get:  

Impose:                            with the constraint: 
 
 
End up with a single particle equation: 
 
 
 
with: 
  

i.e. 



How to solve Kohn-Sham equations 
 

Input initial structure and atoms and give 
a reasonable guess for n(r) 

[−�2∇2

2m
+ vs(r)]φ

σ
i (r) = �iφ

σ
i (r)

vs(r) = vext(r) + vH(r) + vexc(r)

n0(r) =
�

i=1,occ |φ(r)|2

Calculate vs 

Initial guess 
n(r) 

Solve 1-p 
equation 

Calculate new 
density n(r) 

Calculate 
properties 

n(r) =
�

i=1,occ |φ(r)|2

Self-
consistence 

? 
NO 

yes 



Comparison between different calculations 

 and experiments 



How about reliability of DFT? 

The only quantities that are supposed to be correct in the Kohn-Sham 
approach are: 
 density, energy, forces, …. i.e. integrated quantities 
 
Density  n(r ) = Σi |Ψi(r )|2 

Energy  Etot = Σi εi  + G[n]  
Force FI = - dEtot / dRI           RI = position of nucleus I 
 
What about the individual Ψi(r ) and εi ? 
In a non-interacting system, εi are the energies to add and subtract 
“Kohn-Sham-particles” i.e. non-interacting “electrons”  
 
Kohn-Sham energies to add and subtract electrons are well-defined 
only at the Fermi energy  
 
However: Kohn-Sham orbitals and energies are good starting point for 
further many-body calculations 



Comparison DFT results and experiments 
                           (ARPES) 
 

LDA  - - - 
GW ------ 

GW + 
Expt.  

No gap within LDA 

Germanium 
PRB 48,17791(1993) 
 



Beyond Local Density Approximation 

Approximate DFT calculations can be the starting point for explicit many-
body calculations 
 
“GW” -  Green’s function for excitations: Use DFT wavefunctions as basis 
for many-body perturbation expansion 
 
QMC – quantum Monte Carlo for improved treatment of correlations  
      Use DFT wavefunctions as trial functions 
 
DMFT – dynamical mean field theory: Use DFT wavefunctions and 
estimates of parameters 
 
Combine Kohn-Sham DFT and explicit many-body techniques 
 The many-body results can be viewed as functionals of the density or 

 Kohn-Sham potential! 
 
Extend Kohn-Sham ideas to require other properties be described  
            Recent extensions to superconductivity – E.K.U. Gross, et al. 
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Figure 6. Very rough and schematic overview of electronic structure methods indicating a rich spectrum of
methods developed for different purposes, applications, geometries and symmetries, chemical elements and ma-
terials requiring different approximations.

All-electron methods have to cope with the singularity. Since this singularity can-
not be dealt with variationally, one typically works here with basis functions, which are the
numerical solution of of the effective (spherical) potential contain-
ing the singularity, computed in a sphere around the atom at a given energy parameter
. These basis functions treat the singularity exactly. The matching of this wavefunction

in such a sphere to the rest of the crystal outside the sphere divides the all-electron methods
with regard to the eigenvalue dependence of the basis set into two groups: The nonlinear
methods as for example the Korringa-Kohn-Rostocker (KKR) method (see lecture note
“The Korringa-Kohn-Rostoker (KKR) Green Function Method” by Ph. Mavropoulos on
page 131) and the APW method, and the linear methods, of which the most commonly
used are the linear muffin-tin orbital method (LMTO)19, the augmented spherical68 and the
APW-based schemes, e.g. FLAPW method.
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DFT IMPLEMENTATIONS: 

There are several different implementations available: 
 
Quantum Espresso (ww.quantum-espresso.org):     

       open source Plane-Waves 
 
 
 
 
VASP: private – Plane waves 
 

SIESTA: open code (Slater type+gaussian orbitals) 

OPENMX: open code (molecular orbital basis) 
 
 

FLAPW, WIEN2K, FLEUR, FLAIR: all-eletrons  
Spherical harmonics+plane waves (mixed basis set) 
 



Magnetic systems and DFT simulations 

WHAT TO DO FOR MAGNETIC SYSTEMS? 
 
u   Define spin density: 

u   The exchange correlation potential depends on charge 
density AND spin density. 

u   Total energy functional is now dependent on n(r) and m(r)  

u   Generalize minimization procedure of the energy 
functional to determine ground state densities  

                               n0(r) and m0(r)  

m(r) =
�N↑

i=1 |φ↑(r)|2 −
�N↓

i=1 |φ↓(r)|2



Recall definition of charge density 
 
 
 
and spin-density 
 
 
 
The energy functional now depends on density and spin-density. 
Minimize energy functional: 
 
 
 
Separate kinetic and exchange contribution to energy per spin  
while Coulomb and external potentials are calculated for total density 

Magnetic systems and DFT simulations 

n(r) =
�N↑

i=1 |φ↑(r)|2 +
�N↓

i=1 |φ↓(r)|2

m(r) =
�N↑

i=1 |φ↑(r)|2 −
�N↓

i=1 |φ↓(r)|2

δ(E[n(r),m(r)) = 0



�N↑

i=1

�
φ↑∗
i (r)( 12∇

2)φ↑
i (r)dr

�N↓

i=1

�
φ↓∗
i (r)( 12∇

2)φ↓
i (r)dr

1
2

� � n(r)n(r�)
|r−r�| drdr�

E[n] = Ekin[n↑] + Ekin[n↓] + ECoul[n] + Eext[n] + Eexc[n↑] + Eexc[n↓]

�
Vext(r)n(r)dr

Separate kinetic and exchange contribution to energy per spin  
while Coulomb and external potentials are calculated for total density 
 

Magnetic systems and DFT simulations 

unknown 



Magnetic systems and DFT simulations 

Minimization of the energy functional leads to Kohn-Sham Hamiltonian for  
each spin systems 

 
A different exchange-correlation functional for each spin 

 results into two different (single-particle) Kohn-Sham equations: 
 
 
 
 
 
 

The two equations are coupled and have to be solved together iteratively: 
 at each iteration the new charge and spin densities are calculated filling 

 the energy levels up to a common (unique) Fermi level. 
 
 

ĥ↓ = − 1
2∇

2 + Vext(r) + Vcoul[n] + Vexc[n↓(r)]

ĥ↑ = − 1
2∇

2 + Vext(r) + Vcoul[n] + Vexc[n↑(r)]



Magnetic systems and DFT simulations 

Implementation: To solve Kohn-Sham equations per spin 
a model for the echange-correlation functional is required. 
 
Consider once more a Local Approximation:  
Local Spin Density Approximation (LSDA) 
 
 
 
 

ELSDA
xc [n↑, n↓] =

�
dr n(r)εhomxc [n(r), (n↓(r)− n↓(r))/n(r)]

U. von Barth and L. Hedin 1972 J. Phys. C: Solid State Phys. 5 1629 



CALCULATIONS – EXAMPLES: 
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structure of iron. The first total energy results were ob-
tained by Moruzzi, Janak, and Williams using the
Korringa-Kohn-Rostoker (KKR) method. Callaway and
Wang applied a linear combination of Gaussian orbitals
(LCGO) approach to obtain the electronic structure for
different approximations to the exchange and correlation
potential. Andersen et al. used the atomic-sphere ap-
proximation (ASA) variant of KKR to obtain the equili-
brium lattice constant. In 1980, Kubler' published
total-energy calculations of both fcc and bcc iron as a
function of lattice constant using the augmented spherical
wave (ASW) approach. More recently results have been
obtained by Jarlborg and Peter, " and Oguchi' from the
linearized muffin-tin orbital (LMTO) method, by Green-
side and Schliiter' using a pseudopotential method, and
by Bagayoko and Callaway' again with the LCGO
method.
The major characteristics of the various computational

methods are given in Table I, with references to the par-
ticular calculations for iron. All of the methods use the
LSD approximation and all are self-consistent. All except
the pseudopotential method include variation of the core
states in achieving self-consistency. The KKR calcula-
tions employ spherical averaging of potentials and charge
densities inside the muffin-tin spheres and a constant
value outside. The KKR-ASA, ASW, and LMTO
methods include warping terms in the interstitial region in
an approximate way by allowing the muffin-tin spheres to
overlap. The remaining methods solve equations for fully
nonspherical potentials.

III. EQUILIBRIUM LATTICE CONSTANT
AND MAGNETIC MOMENT

The values of total energy and magnetic moment as ob-
tained in our calculation can be directly compared with
experiment since they pertain to the fundamental quanti-
ties in density functional theory. Total energies for
paramagnetic and ferromagnetic iron are shown in Fig. 1.
Our calculations employing 90 k points in the irreducible
wedge of the Brillouin zone, yield a paramagnetic equili-
brium lattice constant of 5.13 a.u. , whereas the ferromag-
netic one is 5.24 a.u. , illustrating the effect of "magnetic
pressure" in expanding the lattice, as first reported by
Janak and Williams. ' The theoretical ferromagnetic lat-
tice constant, however, is still approximately 3% smaller
than the experimental value. This discrepancy, which is
consistent with other LSD calculations, is discussed in de-
tail by us in a previous paper: The use of an improved
exchange-correlation potential by Vosko, Wilk, and
Nusair' (VWN) produces an even smaller lattice constant
(5.21 a.u.); the experimental lattice constant can be ap-
proached more closely by retaining only the Kohn-Sham-
Gaspar (KSG)" potential (the resulting value is 5.35 a.u.),
but at the expense of obtaining a magnetic moment that is
far too large. Taken together, these results indicate that
nonlocal corrections to the local-density potential are
essential in spin-polarized calculations.
The magnetic moment is given as a function of lattice

parameter in Fig. 2. In both -Figs. 1 and 2 results are
shown for 30 and 90 k points, the number of reciprocal
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lattice points in the irreducible wedge of the Brillouin
zone at which the one-electron energy levels were comput-
ed. The number of k points enters as a parameter because
the linearized tetrahedron method is employed to compute
integrals in reciprocal space during construction of the
charge density. The variation of our results with this pa-
rameter is similar to that discussed in Ref. 2 for bcc
tungsten and is discussed in more detail in the Appendix.
Most of our cited numerical results are from calculations
performed with 90 k points, which is sufficient to give a
good representation of the Fermi surface. To obtain accu-
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FIG. 2. Variation of the computed magnetic moment with
lattice constant near the minimum-energy lattice constant.

FIG. 1. Computed total energies of bulk bcc Fe as a function
of lattice constant for 30 and 90 k points in the irreducible
wedge of the Brillouin zone. Results are shown for both
paramagnetic (PARA) and ferromagnetic (FERRO) calcula-
tions; minimum energy lattice constants are indicated by arrows
for comparison with the experimental lattice constant (EXPT).
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TABLE III. A comparison of selected energy eigenvalues, exchange splittings, and bandwidths ob-
tained at selected points by different methods.

Present calculation
a =5.233 a =5.406

Reference 8
a =5.27

Reference 6
a =5.406

Energy
eigenvalues
(eV)

r„r„
II zst
I izt
I 2s&
Hi2&
H)p,
P4,
Pg,
P3,
N~,

N2t

9.03
8.63
2.51
0.99
0.69
5.28
3.71
3.57
2.17
0.72
5.41
4.16
3.74
2.09
0.96
0.76

8.44
8.03
2.26
0.94
0.34
4.64
2.99
3.18
1.71
0.72
4.82
3.52
3.32
1.58
0.93
0.76

8.61
8.23
2.48
0.97
0.45
5.17
3.71
3.50
1.95
0.68
5.24
3.92
3.65
1.82
0.94
0.72

8.20
8.03
2.25
0.86
0.43
4.50
2.99
3.17
1.83
0.53

- 4.75
3.60
3.27
1.62
0.86
0.69

Exchange
splittings

I as
H)p
P4

1.82
1.57
1.39
1.64

1.92
1.65
1.47
1.74

2.03
1.46
1.55
1.83

1.82
1.51
1.34
1.65

Bandwidths (r„—r,', ),
(I i2—I zs)l.
(I zs—I i)g
(I 2s I 1)$

1.52
2.01
6.52
7.94

1.32
1.77
6.18
7.69

1.51
1.63
6.13
7.78

1.39
1.74
5.95
7.61

shown in Fig. 3 and the density of states in Fig. 4. The
band structure is very similar to the results Callaway and
Wang obtained with the von Barth—Hedin (vBH) poten-
tial for the experimental lattice constant, ao——5.406 a.u. ,
the only major exception being the reordering of the NI
and N3 unoccupied majority-spin states. This difference
is due to the difference in lattice constant used. The ef-
fect of different lattice constants can be seen from the
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FIG. 4. Density of states at the equilibrium lattice constant
of Fe for majority- (solid line) and minority- (broken line) spin
states.

values obtained for the occupied eigenvalues at high-
symmetry points, bandwidths, and exchange splittings
shown in Table III for both ao——5.233 and 5.406 a.u. The
results of Moruzzi, Janak, and Williams for ao——5.27
a.u. and of Callaway and Wang for ao——5.406 a.u. , are
given for comparison. From our results we see that the
effects are largest far away from the Fermi level, reflect-
ing the widening of the band when the lattice is contract-
ed. A detailed study of the effects of changes in lattice
constant on eigenvalues near the Fermi level has recently
been published by Johnson, Anderson, and Papaconstanto-
poulos.
By its nature, the standard local-density approximation

introduces larger errors for electronic orbitals which are
more localized, as is the case for d and especially f elec-
trons. As a result, the relative positions of free-electron
and d bands is given incorrectly. In general, these effects
of the local-density approximation on excitation energies
cannot be obtained by directly comparing experimental re-
sults with the Kohn-Sham eigenvalues, since excitation
energies are derived from solutions to Dyson's equation
which includes the self-energy. In Fe, however, we are
able to deduce an estimate of the size of this relative shift
by comparing our Fermi surface with de Haas —van Al-
phen data.
As is well known, the Fermi energy Ez has a physical

meaning in density functional theory. At Ez, the imagi-
nary part of the self-energy is zero, the real part is mainly
determined by Coulomb terms, and in the local-density
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TABLE II. Comparison of some results for Fe obtained by different methods.

Method

FLAPW (vBH)'
FLAPW (VWN)b
FLAPW (KSG)b
LMTO'
Ps eudopotential
ASW'
KKR'
KKR-ASAg
Experiment

Lattice constant
(a.u. )

5.225+0.005
5.21
5.35
5.30
5.17
5.33
5.27
5.28
5.41

Bulk modulus
(Mba r)

2.4+0.4
2.72
1.90
2.43
2.00
2.1
2.17
2.60

1.68—1.73

Magnetic moment
(pg )

2.06+0.01
2.18
2.29
2.16
1.72
2.18
2.15
2.17
2.12

Cohesive energy
(eV)

6.56+0.03

6.38

6.11
6.26

4.28
'Extrapolated to infinite mesh in k space.
Reference 7.
'Reference 12.
Reference 13.
'Reference 10.
Reference 8.
gReference 9.

rate values for the total energy and related structural
properties we have extrapolated to an infinite mesh in k
space in some cases (cf. Table II and the Appendix).
In Table II we compare our results with other calcula-

tions for iron for which structural properties were
presented. All methods yield a lattice constant smaller
than the experimental value, but there is also considerable
variation among the different methods. The effects of
overlapping spheres (in LMTO, ASW, and KKR-ASA) in
general is to increase the value of the lattice parameter,
obscuring the disagreement of local-spin-density theory
with experiment. The theoretical value of the bulk
modulus is correlated with the value of the lattice con-
stant: a smaller equilibrium atomic spacing results in a
larger value of the bulk modulus. The resistance of the
3d valence (and possibly the 3p core) electrons to further
compression increases when they are in closer contact. In
this respect the pseudopotential calculation' is the only
exception, because both the lattice constant and the bulk
modulus are small. The decrease of the theoretical values
of the magnetic moment with lattice constant is small,
and is consistent with the systematic LCGO results. '
Again, the pseudopotential results show a large deviation
from this general trend. In other materials, the structural
results obtained using pseudopotential calculations gen-
erally are consistent with the results obtained by other
methods and we do not understand why there is an excep-
tion in this case.
The cohesive energy is dramatically overestimated in

the theoretical calculations, as was already discussed by
Moruzzi et al. The inclusion of nonspherical terms in
our calculation increases the cohesive energy even more.
The scattering in the theoretical results, however, is much
smaller than the difference with experiment. In nonmag-
netic materials the overestimate of the cohesive energy is
generally attributed to the poor description of the free
atom by LSD -theory which does not account for multi-
plets and local correlation (configuration interaction) ef-
fects. In iron, however, one also has to consider the effect
on the total energy of interatomic correlations between the

magnetic moments, which requires a nonlocal form of the
exchange and correlation potential.

IV. ELECTRONIC STRUCTURE AND FERMI
SURFACE

The electronic band structure of bcc Fe at ao——5.233
a.u., close to the computed equilibrium lattice constant, is

EF

QC

Q e
Q O-
lL
LLI

LLI

O
O
C Z! H F P D N Z C

FIG. 3. Energy bands for bulk bcc ferromagnetic Fe along
high-symmetry lines at the computed equilibrium lattice con-
stant. Solid lines are for majority-spin states and dashed lines
are for minority-spin states.

Fe bcc  FLAPW calculations:  

K. B. Hathaway, H. J. F. Jansen, and A. J. Freeman 
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Antiferromagnetic coupling between  
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through intermediate O layer 
 
PRL102, 047202 
 



Spin density of Co nanowires on Pt 
 
Induced spin density on the substrate 
Gambardella et al. Nature 416, 301 (2002) 
 

Magnetic systems and DFT simulations 

magnetic moment of 0.20!B. The Pt magnetization rapidly
decreases with the Pt-Co distance so that the magnetic mo-
ment of all the other Pt atoms is lower than 0.06!B.

The easy-magnetization axis is predicted to be orthogonal
to the Pt surface, in agreement with experimental
observations,10 while the calculated MAE of 4.8 meV is un-
derestimated with respect to the experimental value !Table I".
We notice the agreement between the experiment and the
MAE is fortuitously better !9.2 meV" when employing unre-
laxed geometry #see Fig. 2!b"$. This extreme sensitivity of
the local magnetic structure on the details of the atomic co-
ordination poses rather severe limits to the predictive power
of DFT calculations. However it also points to the opportu-
nities offered to nanoscale materials engineering for tailoring
the properties of magnetic devices. This will be further dis-
cussed in the cases of the Co wires supported by Pt surfaces
where the effect is more dramatic, affecting not only the
value of the MAE but also the direction of the easy axis.

B. Co nanowires on Pt surfaces

1. Co nanowires on the flat Pt(111) surface

We now analyze the properties of Co nanowires supported
by a flat Pt!111" surface. Even though it is not possible to
stabilize Co nanowires on flat Pt!111" surfaces !adatoms
would tend to aggregate forming clusters and islands", we
nevertheless consider this case since its analysis allows us to
separate out the effects of the step from those of the surface
in the magnetic properties of the Co wires.

The results for the structural and magnetic properties of
Co nanowires on Pt!111" surfaces are summarized in Fig. 3
and Table II. The top panels of Fig. 3 display the equilibrium
geometry #Fig. 3!a"$, the direction of the easy axis of mag-
netization together with the magnetic moments #Fig. 3!b"$,
and the total energy as a function of the magnetic moment
direction #Fig. 3!c"$.
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FIG. 3. !Color online" Relaxed !top" and unrelaxed !bottom" configurations of a Co nanowire supported by a Pt !111" surface. Panels !a"
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netic structure can directly be extracted as approximately
five diagonals of the square surface unit cell, i.e., about
2.2 nm.

To identify the magnetic state of 1 MLMn=W!001" we
imaged the same sample area with a tip sensitive to the out-
of-plane magnetization achieved by applying an external
magnetic field of B # $2 T that aligns the tip magnetic
moment along its axis [2]. The resulting constant-current
image shown in Fig. 1(b) looks very similar to the one
measured with the in-plane sensitive tip (a), but now bright
and dark atoms represent magnetic moments pointing nor-
mal to the surface plane. This observation of both in-plane
and out-of-plane magnetic signals with the same periodic-
ity can only be explained by a SS with spiral axis parallel to
the surface [2].

On a larger scale we always find a labyrinthlike structure
resulting from the two possible rotational domains as
shown in (c). The SS state is unstable towards domain
wall movements and phase shifts. A comparison between
(a) and (b) shows that the border between the two rotational
domains has moved, while in the larger view in (c) a jump
in the sample magnetization is indicated by the black
arrow. This seems to happen spontaneously also without
external field and even in the absence of a magnetic tip as it
has been observed with nonmagnetic tips imaging the
electronic structure changes due to SOC [7]. We attribute
this to the fact that the phase of the SS is only weakly
pinned by defects or domain boundaries.

Figure 1(d) displays the Fourier transform of a map of
differential conductance (dI=dU) of a sample area with
both rotational domains, similar to the one in (c). The spots
originating from both the atomic periodicity and the mag-
netic superstructure are clearly resolved. The profile taken
along the white line indicated in (a) is shown in (e) together

with a height profile taken from the simulated SP-STM
image in (f), based on the spin-polarized Tersoff-Hamann
model [8] in the independent orbital approximation [9].
One can clearly see the atomic corrugation of around
15 pm modulated by the magnetic signal with an amplitude
of roughly 20 pm. Sketches visualising the SS are dis-
played in (g) and (h).

Naturally, the question of the origin of the observed
magnetic structure arises. A SS can be driven by two
mechanisms: competing exchange interactions or DMI.
Although the former seems to be supported by the predic-
tion of SS formation in cubic bulk Mn driven by
Heisenberg exchange [10], this mechanism could be sup-
pressed here as a strong nearest-neighbor ferromagnetic
exchange interaction was predicted for 1 MLMn=W!001"
[5]. Alternatively, SS’s may arise from DMI due to inver-
sion asymmetry at surfaces, as recently demonstrated for
the Mn monolayer on a W substrate with a different surface
orientation than the one investigated here, i.e., (110) [2].

The answer can be given by studying the noncollinear
magnetism of 1 MLMn=W!001" based on density-
functional theory with and without SOC. The electronic
and magnetic structure has been determined in the local
density approximation [11], using the full-potential line-
arized augmented plane wave (FLAPW) method in film
geometry as implemented in the FLEUR code [12]. The
system was modeled by a pseudomorphic Mn monolayer
on a 7-layer W(001) slab with the experimental W lattice
constant (3.165 Å), including the structural surface relaxa-
tion reported in Ref. [5]. Scalar-relativistic calculations of
homogeneous SS’s along high-symmetry directions have
been performed in the p!1% 1" unit cell [13], exploiting
the generalized Bloch theorem. SOC has been treated as a
perturbation to the self-consistent potential of SS’s based

FIG. 1 (color online). Spin-resolved STM measurements of 1 MLMn=W!001". Constant-current image with magnetic tip sensitive
to (a) the in-plane and (b),(c) the out-of-plane component of the sample magnetization (the black circle acts as position marker);
(d) Fourier transform of a dI=dU map (not shown) of a sample area with both rotational domains; (e) experimental (circles) and
simulated (solid line) profile along the lines indicated in (a) and (f), respectively; (f) simulated SP-STM image, (g) side, and (h) top
view of the corresponding model of the SS (colors represent the moment’s in-plane component). The following values of bias voltage
U and current I were used: (a) and (b) U # &0:1 V, I # 1 nA; (c) U # &0:1 V, I # 0:1 nA.

PRL 101, 027201 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
11 JULY 2008

027201-2

Surface magnetism: theory and experiments 

1Ml Mn on W(001) 
 height profile 
 solid line: theory along  
 path in (f) 
dots: expt. along path in (a) 

P. Ferriani, et al. Phys. Rev. Lett. 101, 027201 (2008)   

Ab-initio STM image 

netic structure can directly be extracted as approximately
five diagonals of the square surface unit cell, i.e., about
2.2 nm.

To identify the magnetic state of 1 MLMn=W!001" we
imaged the same sample area with a tip sensitive to the out-
of-plane magnetization achieved by applying an external
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moment along its axis [2]. The resulting constant-current
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measured with the in-plane sensitive tip (a), but now bright
and dark atoms represent magnetic moments pointing nor-
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image in (f), based on the spin-polarized Tersoff-Hamann
model [8] in the independent orbital approximation [9].
One can clearly see the atomic corrugation of around
15 pm modulated by the magnetic signal with an amplitude
of roughly 20 pm. Sketches visualising the SS are dis-
played in (g) and (h).

Naturally, the question of the origin of the observed
magnetic structure arises. A SS can be driven by two
mechanisms: competing exchange interactions or DMI.
Although the former seems to be supported by the predic-
tion of SS formation in cubic bulk Mn driven by
Heisenberg exchange [10], this mechanism could be sup-
pressed here as a strong nearest-neighbor ferromagnetic
exchange interaction was predicted for 1 MLMn=W!001"
[5]. Alternatively, SS’s may arise from DMI due to inver-
sion asymmetry at surfaces, as recently demonstrated for
the Mn monolayer on a W substrate with a different surface
orientation than the one investigated here, i.e., (110) [2].

The answer can be given by studying the noncollinear
magnetism of 1 MLMn=W!001" based on density-
functional theory with and without SOC. The electronic
and magnetic structure has been determined in the local
density approximation [11], using the full-potential line-
arized augmented plane wave (FLAPW) method in film
geometry as implemented in the FLEUR code [12]. The
system was modeled by a pseudomorphic Mn monolayer
on a 7-layer W(001) slab with the experimental W lattice
constant (3.165 Å), including the structural surface relaxa-
tion reported in Ref. [5]. Scalar-relativistic calculations of
homogeneous SS’s along high-symmetry directions have
been performed in the p!1% 1" unit cell [13], exploiting
the generalized Bloch theorem. SOC has been treated as a
perturbation to the self-consistent potential of SS’s based

FIG. 1 (color online). Spin-resolved STM measurements of 1 MLMn=W!001". Constant-current image with magnetic tip sensitive
to (a) the in-plane and (b),(c) the out-of-plane component of the sample magnetization (the black circle acts as position marker);
(d) Fourier transform of a dI=dU map (not shown) of a sample area with both rotational domains; (e) experimental (circles) and
simulated (solid line) profile along the lines indicated in (a) and (f), respectively; (f) simulated SP-STM image, (g) side, and (h) top
view of the corresponding model of the SS (colors represent the moment’s in-plane component). The following values of bias voltage
U and current I were used: (a) and (b) U # &0:1 V, I # 1 nA; (c) U # &0:1 V, I # 0:1 nA.
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described above. We used square systems up to 60!
60 nm2 large with open boundary conditions.

In the following we discuss a typical MC configuration
obtained for T " 13 K after slow annealing from a random
initial state. The simulated SP-STM image in Fig. 3(a) cor-
responding to the MC calculation shows a multidomain SS
state along h110i directions. The periodicity is 2:3#0:2 nm
and the whole pattern has a labyrinthine character, similar
to the experimental observation in Fig. 1(c). MC simula-
tions allow us to analyze also the internal structure of the
spiral, as shown in the perspective view, Fig. 3(b). At T "
13 K the SS remains homogeneous within a domain and, in
contrast to results from a recent study [19], it shows no sig-
nificant deviation from being cycloidal. The dipolar cou-
pling (not included in our ab initio calculations) does not
modify the results at the atomic scale as it is small
(0:5 meV=Mn atom) compared to magnetic anisotropy
and DMI.

The moments of Mn atoms in a domain wall deviate
from the ideal atomic-scale order causing a domain wall
energy of about 0:3 meV=Mn atom for this simulated mag-
netic state. The energy is clearly positive but smaller than
the thermal energy of about 1 meV=Mn atom. Increasing
jD1j=kT results in an increase of the domain size and,
consequently, a decrease of the total domain wall length
in the system (not shown). From this we conclude that the

presence of domains is entropy driven. The low domain
wall energy leads to short domain length (5–25 nm) and
the labyrinthlike appearance of the whole structure.
Interestingly, the SS period is not linear in jD1j, in contrast
to what one would expect from a simple micromagnetic
model for SS [2]: increasing the DMI by a factor of 2
results in a decrease of j!j by a factor of 1.2 only. This can
be explained by the complex shape of the scalar relativistic
dispersion exhibiting strong deviations from a parabolic
shape; cf. Fig. 2.

In summary, we establish the DMI as an important
mechanism determining the magnetic structure at the
atomic scale in thin films. We show for 1MLMn=W$001%,
a system possessing an exchange interaction close to fer-
romagnetic and high magnetic anisotropy, that the DMI
induces a left-handed cycloidal SS with 36& angle between
adjacent moments. The DMI, and thereby SOC, turns out
to be a potential driving force that destabilizes ferromag-
netism in thin films with crucial implications for magnetic
nanodevices.
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Other results: 
Explore phase diagram: 
magnetic moment as a function 
of volume (pressure) in 
BaFe2As2 superconductor 

Calculate optical and magneto-
optical properties 

θk(ω) + iηk(ω) = − σxy(ω)

σxx(ω)
�
1 + i(4π/ω)σxx(ω)

initio simulations, exists in real samples and is responsible
for the different !p values.

Overall, for both compounds and for both s- and p-wave
cases, the agreement is good as far as the Kerr rotation and
the ellipticity are concerned: theory reproduces the exact
sign of the angle and the spectral shape in the whole energy
range examined. In particular, the agreement between the
energy positions of the main features is excellent, whereas

the magnitude shows a disagreement. This is really not too
surprising if we consider that !i" simulations are performed at
zero temperature and, therefore, they do not take into ac-
count spin fluctuations that occur at room temperature as in
the case of the actual measurements; !ii" at low energies !E
"1.5 eV", intraband excitations play an important role and
may not be well reproduced by the simple Drude expression;
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FIG. 4. Theoretical and experi-
mental longitudinal Kerr spectra
for Co2MnSn as a function of the
photon energy in both polariza-
tions of the incident radiation.
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Conclusions 

Ab-initio calculations can nowadays provide 
important information in different fields that can  
be compared with experiments. 
 
 
Careful! There are some CAVEAT(S): 
 
Always keep in mind the approximations made!  
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