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Chapter 1

Introduction
1.1
1.1.1

Background
The Physics of magnetism

The spin of the electron, which can be visualized as the quantum-mechanical analogue of angular moment of a spinning top, is the key constituent of magnetism.
Each electron generates a magnetic field but most materials are non-magnetic because typically an equal amount of electrons with a given spin direction cancels
the other contribution with opposite magnetic field. In magnetic materials, there
is an unbalance between the internal magnetic fields. This polarization stems from
quantum-mechanical interactions of the electrons, which can be divided into exchange and Coulomb correlation parts [1]. The exchange interaction is related to
the Pauli exclusion principle, which states that two electrons with parallel spins can
not occupy the same state, and it contributes to delocalization of the electrons. The
correlation interaction can be described as an ability of collective movement of the
electrons to screen the repulsive electron-electron Coulomb interactions. Exchange
and correlation lead to two different mechanisms of magnetism: (1) Exchange drives
the spin polarization of itinerant (delocalized) electrons in certain materials such
as iron, leading to magnetization within the Stoner model of ferromagnetism. (2)
Coulomb correlation enables increased localization of the electrons around the nuclei,
and according to the Heisenberg model and the Hund’s rules the atoms develop localized magnetic moments in systems such as transition metal impurities. However,
for real magnetic materials, neither description turns out to be entirely applicable
and magnetism falls somewhere on a spectrum between these two extremes. In fact,
the resulting frustration of different kind of magnetic interactions often yields particularly interesting physical systems enabling novel smart materials needed in several
fields of technology and engineering.

1.1.2

First-principles computations

Material science is in the middle of a revolution. A century of progress in physics and
computing can be used to discover functional materials. The exponential growth of
computer power together with the theoretical effort initiated by Walter Kohn and
his co-workers, who developed practicable but accurate solutions to the equations
13
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of quantum mechanics, has made it possible to design materials from scratch using
supercomputers and first-principles law of physics. Interestingly, the density functional theory (DFT) formulated by Walter Kohn [2] has evolved from an ingenious
idea into the most-widely used tool for predicting structures and electronic, optical,
magnetic, and mechanical properties of materials. While DFT is in principle an exact theory, various approximations must be used to perform simulations. The only
approximation in DFT is the choice of the exchange-correlation (XC) energy Exc describing the quantum-mechanical entanglement between the electrons. The energy
Exc can be approximated with different levels of complexity. More advanced Exc
functionals usually bring higher accuracy, but also higher computational cost. The
simplest Exc approximations are local spin density approximation (LSDA) and the
generalized gradient approximation (GGA) [3]. Both LSDA and GGA methods fail
in describing correlation effects such as the metal-insulator transition in materials
where the on-site repulsion energy plays an important role. The strongly constrained
and appropriately normed (SCAN) method [4] cures many of these problems while
maintaining the computational cost. The application of the SCAN to several materials is one of the key points of the present work.

1.2

Objective of the work

The overall goal of this work is to explore the interplay of local moments and itinerant
electrons using DFT simulations particularly with SCAN in order to foster innovative
solutions for new functional materials.

1.2.1

Spintronics in two-dimensional materials

The very recent, long-awaited realization of two-dimensional (2D) or atomically thin
crystals with intrinsic magnetism has set off immediate and global excitement regarding prospects for new applications as well as for new fundamental understanding of nature in the quantum realm [5]. A promising route for such purpose is
graphene modified by magnetic defects. In these systems the spin polarization of
the defects “leaks” into the graphene sheet, and the resulting magnetic states are
in between localized and itinerant, in accordance with the main theme of my thesis.
The interactions between the magnetic defects can be either ferromagnetic (FM) or
antiferromagnetic (AFM). In the case of FM coupling the magnetic moments point
to the same direction, creating a net magnetic moment, whereas in the case of AFM
coupling they prefer to align in opposite directions, canceling the net magnetization. Our work on this subject shows the possibility of controlling these magnetic
interactions with an external gate voltage, which is one step towards the realization
of a new type of a spin-field-effect transistor in which both switching and reversal
of spin polarization can be realized by using gate voltage as an external knob [5].
Our work has been recently recognized in a review article by Shukla [6]. Moreover,
by using the idea of tuning magnetic interactions by gate voltage, Deng et al. have
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recently experimentally observed gate-tunable room-temerature ferromagnetism in
Fe3 GeTe2 [7].

1.2.2

Exploration of Mn-rich Heusler compounds

Heusler alloys are magnetic compositions of the form X2 Y Z, where X and Y are
transition metals and Z belongs to the p-block, with the face-centered cubic crystal
structure. Recently, our comparisons between GGA and SCAN for different ternary
Heusler Mn alloys [8] has shown that the corrections beyond GGA are significant
particularly in the case of Mn-rich compounds such as Ni2 MnGa. These results can
be explained by sketching the 3d manganese electrons as magnetic impurities interacting with other itinerant electrons. In order to understand the role of correlation
of the Mn-rich compounds and interactions between the localized magnetic 3d states
on the Mn atoms, we have turned our attention on pure manganese, which is a particularly complex metallic element [9–15] with a landscape of stable crystal phases
at different temperatures. Understanding the case of elemental Mn

1.2.3

Study of competing phases of high-temperature superconductors

In high temperature superconductors the coupling between the copper spins and the
itinerant electrons in the oxygen orbitals lead to similar paradigms as in the previous cases, nevertheless the situation becomes more complex because the appearance
of the superconducting state competing with many other states. Superconductivity
at 4.2 kelvins has been known already since 1911, when Heike Onnes discovered it.
Realization of superconductivity in room temperature is one of the most long-sought
accomplishments in physics since the electric power transmission would be revolutionized. An important step towards this goal was the finding of ceramic cuprate
superconductors in 1986, which extended the temperature range about 100 degrees
higher. However, the theoretical description of the cuprate superconductivity is still
a great puzzle. Traditionally it has been thought that superconductivity does not
coexist with magnetism. An interesting novel idea is that the high-temperature
cuprate superconductivity could be fundamentally related to magnetic fluctuation
of the copper spins. Indeed, our simulations with the SCAN functional for bismuthbased Bi2 Sr2 Can−1 Cun O2n+4+x (BSCCO) cuprate have shown that the copper atoms
retain their magnetic moments when the material becomes superconducting. Our
findings confirm the new understanding of superconductivity in copper oxides. The
manipulation of spin interactions might also bring high-temperature superconductors into technology. For example, since BSCCO has extremely rich phase diagram
featuring several regions with different magnetic and electronic properties, external gate voltage can be also applied to a BSSCO sample to control the different
states in the phase diagram [16]. This methodology could enable a new generation
of applications of superconductivity for quantum information devices by controlling
superconducting parameters at the nanoscale.

16
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Chapter 2

Density functional theory
In this Chapter, I discuss the fundamentals of the density-functional theory. I also
review some details of implementation of DFT in the Vienna ab initio simulation
package (VASP) [17, 18], which I have used for all the simulations in this Thesis.

2.1

The quantum many-body problem

At a fundamental level, all the basic properties of ordinary matter are a consequence
of quantum mechanics in a system of electrons in a network of atomic nuclei. The
quantum-mechanical wavefunction of such system depends on the positions and
spins of all electrons and nuclei. However, since the mass of the nuclei is three
orders of magnitude larger than those of the electrons, the nuclei are well-localized
compared to the electrons. Therefore, the nuclei can be approximated as stationary
classical particles that interact with the electrons only by the Coulomb force. In
this approximation, the wavefunction of a N -electron system reads Ψ(x1 , . . . , xN ),
where xi denotes the position-spin pair xi = (ri , σi ) of an individual electron. Ψ
must fulfill the energy eigenvalue equation known as the Schrödinger equation [19]
Ĥ |Ψ(x1 , . . . , xN )i = E |Ψ(x1 , . . . , xN )i ,
Ĥ = T̂ + V̂ + Ŵ .

(2.1)
(2.2)

Ĥ is the Hamiltonian of a stationary many-body system, and it extracts the energy
eigenvalue E from Ψ. Ĥ is a sum of the kinetic energy of the electrons T̂ , the external
potential V̂ and the many-body potential Ŵ . V̂ contains the the attractive Coulombic
potential of the atomic nuclei and Ŵ is composed of the Coulombic electron-electron
interaction as well as more complex quantum-mechanical many-body interactions.
The kinetic energy and the external potential are not spin-dependent, but the manybody potential is. For simplicity we now only consider the spatial degree of freedom
and omit the spin notation; x → r. The spin-dependence can be reintroduced where
necessary.
17
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2.1.1

The Hohenberg-Kohn theorems

The electron charge density of Ψ reads
ˆ
n(r) = N |Ψ(r, r2 , . . . , rN )|2 dr2 . . . drN .

(2.3)

The core of the density functional theory lies in two simple but remarkable HohenbergKohn (HK) theorems, which uniquely relate this density to a single-particle potential
V for any non-degenarate multi-particle ground state Ψ:
1. “The ground state of any interacting many particle system with a given
fixed inter-particle interaction is a unique functional of the electron density n(r)”
2. “The electron density that minimizes the energy of the overall functional
is the true electron density corresponding to the full solutions of the
Schrödinger equation”
— Pierre Hohenberg and Walter Kohn, 1964 [20]
The first HK theorem is readily shown. As a counterexample, consider another
Hamiltonian Ĥ 0 (with energy E 0 ), which differs from the original Hamiltonian in
by having different external potential; Ĥ = T̂ + V̂ 0 + Ŵ , but yields
the

 same
0
0
ground state wavefunction Ψ. The substraction of Ĥ from Ĥ yields V̂ − V̂ |Ψi =
(E − E 0 ) |Ψi . In other words, this is possible only if the potentials V̂ and V̂ 0 differ from each other only by a number (E − E 0 ), but physically such potentials are
equivalent. Therefore, the first Hohenberg-Kohn theorem has bee proven by contradiction.
Also the second HK theorem can be justified straightforwardly. If there were two
ground state wave functions |Ψi and |Ψ0 i that produced the same ground state
density n(r), then it would hold that
ˆ
h
i
0
0
0
E = hΨ|Ĥ|Ψi = hΨ|Ĥ + V̂ − V̂ |Ψi = hΨ|Ĥ |Ψi + dr n(r) V̂ (r) − V̂ 0 (r)
ˆ
h
i
> E 0 + d3 r n(r) V̂ (r) − V̂ 0 (r) ,
(2.4)
where one uses the fact that hΨ|Ĥ 0 |Ψi > E 0 , since hΨ is not the ground
state wave
i
´ 3
0
function for Ĥ . Similarly, E2 > E1 + d r n(r) V̂2 (r) − V̂1 (r) , and combining
these two equations results in the contradiction E1 + E2 > E1 + E2 . Therefore, also
the second HK theorem holds. Theorems 1 and 2 form the final HK theorem:
“The external potential V (r) is a unique functional of the ground state
density n(r) and vice versa.”
A straightforward consequence of this statement is that the ground state energy also
has unique one-to-one correspondence with the ground state density, i.e., the energy
is a functional of the ground state density; E = E[n(r)]. It is clear that the ground
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state density n(r) minimizes E[n(r)] because of the unique relation between the
ground state wavefunction and density. In this way, the N -body problem has been
reduced to the determination of a three-dimensional function n(r) that minimizes
the functional E[n(r)]. We can therefore write
ˆ
E[n(r)] = hΨ|T̂ + V̂ + Ŵ |Ψi = F [n(r)] + dr n(r)V (r),
(2.5)
F [n(r)] = hΨ|T̂ + Ŵ |Ψi ,

(2.6)

where F [n] is an universal functional of density, but its exact mathematical form is
highly nontrivial.

2.1.2

The Kohn-Sham construction

According to the Hohenberg-Kohn theorem condition, the ground state density is V representable, which means that for fixed Ŵ , each n(r) is characterized by an unique
single-particle potential Vs (r) [21]. We consider now a Hamiltonian Ĥs for which
Ŵ = 0, i.e., an auxiliary system of electron gas that is non-interacting except via
the Pauli exclusion principle. Even in this case, all the possible electron densities are
ground states for some Vs (r). Since the particles are non-interacting, it is possible to
separate the wavefunction |Ψ(r1 , . . . , rN )i into a Slater determinant of single-particle
orbitals ψi (r) known as Kohn-Sham orbitals (KS orbitals), and the density of the
system is simply given by a sum of their individual densities:
ψ1 (r1 ) . . . ψN (r1 )
..
..
..
,
.
.
.
ψ1 (rN ) . . . ψN (rN )


1
Ĥs (r) |ψi (r)i = − ∇2r + Vs (r) |ψi (r)i = i |ψi (r)i ,
2
ˆ
N
X
n(r) =
dr |ψi (r)|2 .

Ψ(r1 , . . . , rN ) =

(2.7)
(2.8)
(2.9)

i

The above scheme, where the summation goes over N lowest-energy states, is known
as the Kohn-Sham construction, and is the heart of the DFT. We will now discuss
implementations to solving these equations. It is convenient to divide the energy
functional into following parts:
E[n(r)] = Ts [n(r)] + Fs [n(r)]
ˆ
= Ts [n(r)] + dr V [n(r)]n(r) + EH [n(r)] + Exc [n(r)],
ˆ
1X
Ts [n(r)] = −
dr ψi∗ (r)∇2 ψi (r) and
2 i
¨
n(r)n(r0 )
1
EH [n(r)] =
drdr0
.
2
|r − r0 |

(2.10)
(2.11)
(2.12)

20
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In this energy partition, Ts [n(r)] is the kinetic energy of the free electron gas, which
is not the same as the kinetic energy of the real interacting system, but in noncorrelated cases roughly similar in magnitude. The rest of the energy functional,
Fs [n(r)], incorporates all the interactions, including the complex many-body effects.
First of all, Fs [n] contains the potential energy from the original Hamiltonian and
the Hartree energy EH , which describes the classical electrostatic repulsion of the
averaged charge cloud n(r) with itself. In the expression of EH , the factor of 1/2 is
to avoid the effect of double-counting.

2.1.3

The exchange-correlation energy

The last term in Eq. (2.10) is the exchange-correlation energy Exc [n(r)]. It is the
term that contains all the complex many-body effects arising from the many-body
kinetic energy T̂ and many-body interaction Ŵ terms. The exchange energy Ex
describes the difference between the many-body repulsion and the classical repulsion,
and it can be written down explicitly as the Hartree-Fock exact exchange functional:
ˆ
1
1X
ψi∗ (r)ψj∗ (r0 )
ψi (r0 )ψj (r).
(2.13)
ExHF = −
2 i,j r,r0
|r − r0 |
Ex stems from the antisymmetricity requirement of the wave function of electrons
(fermions) with respect to exchange of two particle indices. This requirement leads
to the Pauli exclusion principle, which states that two electrons can not occupy the
same state, and in general to the effect of Pauli repulsion, which is a repulsive force
between electrons with paralle spins.
The correlation term is what is left when the Ex above is substracted from Exc . The
correlation energy contains the difference between the many-body kinetic energy of
the real many-body wavefunction and the single-particle kinetic energy of the KS
orbitals. The correlation energy can be described as the collective ability of motion
of electrons to screen and decrease the classical Coulomb interaction, hence it is also
known as the Coulomb correlation.

2.1.4

The Kohn-Sham equations

The ground state of the Kohn-Sham construction can be found by determining the
minimum of the energy functional Eq. 2.11. Typically, in order to achieve this,
the functional derivative of E[n] with respect to density is studied. However, this
procedure ignores some higher-order terms, which will be relevant for this thesis.
Therefore, consider an arbitrary orthonormality-satisfying variation of ψi (r), for
which the variation in energy must vanish. The Lagrange variational principle gives
ˆ

X
0
∗
E =E−
λij
ψi (r)ψj (r) dr − δij ,
(2.14)
ij

δE 0
δE 0
=
= 0.
δψi (r)
δψi∗ (r)

(2.15)
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Multiplying the both sides by ψk∗ and integrating yields the Lagrange multipliers λij ,
and we obtain [19, 22]


δExc
1 2
Ĥs ψi (r) = − ∇r + VH (r) + Vext (r) ψi (r) + ∗
= i ψi (r)
(2.16)
2
δψi (r)
ˆ
n(r0 )
VH (r) = dr0
and
(2.17)
|r − r0 |
Above VH (r) is the Hartree potential, and the single-particle KS Hamiltonian is related to the functional derivative of the energy by the following functional derivative:
δE
= Ĥs ψi (r).
δψi∗ (r)

(2.18)

If Exc only depends on the density of gradient of density, this equation yields


1
Ĥs ψi (r) = − ∇2r + VH (r) + Vxc (r) + Vext (r) ψi (r) = i ψi (r),
(2.19)
2
δExc [n(r)]
Vxc (r) =
,
(2.20)
δn(r)
where Vxc (r) is the exchange-correlation potential. Eq. (2.19) is the most well-known
form of the KS equations and it is being employed in the majority of the DFT
simulations. However, the general form of the KS equations is more complex than
in Eq. (2.19). If no approximations are considered, differentiating Eq. (2.18) with
the functional chain rule leads to the following form of the KS equations [22]:


∂εxc
∂εxc
1 2
(r) − ∇ · n(r)
ψi (r)
Ĥs ψi (r) = − ∇r + VH (r) + Vext (r) + n(r)
2
∂n
∂∇n
1
− ∇ · [Vτ (r)∇ψi (r)] = i ψi (r),
(2.21)
2
occ
X
1
τ (r) =
|∇ψi (r)|2 ,
(2.22)
2
i
Vτ (r) =

∂
n(r)εxc (r).
∂τ

(2.23)

These generalized KS equations also involve the Kinetic Energy Density (KED) τ (r)
as well as the KED potential Vτ (r). These quantities contain information about
the Coulomb correlation, allowing increased accuracy in the description of strongly
correlated materials.

2.1.5

Solving the Kohn-Sham equations

The solution for the KS scheme is obtained in a self-consistent manner. One has
to begin with an input density nin (r), which gives the input potential Vs [nin (r)].
Using this potential, the KS equations are solved, yielding a new density which is
furthermore used to repeat the process. Once the iteration process does not anymore
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change the density significant, the convergence has been achieved and the process
has been completed.
The ground state density is defined for a sum of N lowest-energy KS eigenstate
densities, and this hard cutoff can lead to convergence problems. Typical examples
of such situations include metals and degenerate levels in finite systems such as dshells of magnetic ions. The standard procedure to overcome
P this problem is to use
thermal broadening via Fermi-Dirac statistics so that n = i fi |ψi |2 , where
fi =

1
,
exp [(i − µ)/T ] + 1

with a chemical potential µ such that

P

i

(2.24)

fi = N .

For practical purposes, one should express the KS eigenvalues ψi in an orthogonal
basis set. In the solid state physics the most natural choice is the plane wave basis
given the itinerant nature of the Bloch wave functions. One must set a cutoff for
this basis, which is done in terms of kinetic energy of the plane waves.

2.1.6

The pseudopotential approach

The KS scheme, in the form presented above, does not differentiate between core
or valence-like solutions. However, the core level of freedom (core electronic density
nc (r)) can be eliminated from the KS equations with the frozen core approximation.
The chemically inert core states are well-localized around the deep potentials of the
nuclei and are affected by the other atoms only by comparatively weak perturbations.
Therefore, the core-like solutions may be expanded into atomic orbitals, and with
the variational principle one can show that the pertubation in energy becomes of
second order and the KS equations can be written in terms of the valence electron
density nv (r) as follows [23, 24]:
)
1 2 X ps
VI (r − RI ) + VH [nv (r)] + Vxc [nv (r)] ψv,i (r) = v,i ψv,i (r). (2.25)
− ∇ +
2
I

(

The pseudopotential terms VIps centered at ions I contain all the core electron effects,
including terms corresponding to the electrostatic potential and the xc potential of
the core electrons. This construction involves linearization of Vxc [nc + nv ], however,
also the nonlinear core corrections can be taken into account [25]. The pseudopotentials can be pre-determined element-wise, and it is also possible to generate several
pseudopotentials for one element by incorporating different amount of electrons to
the core, corresponding to different chemical environments. The pseudopotential
method is the norm in the DFT codes. In VASP it has been included in a more
general form known as projector augmented wave (PAW) [26, 27] method, where
an approximative basis set has been used inside the PAW spheres surrounding the
nuclei.
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The spin-orbit interaction

The above description is based on the Schrödinger equation Eq. (2.1), meaning that
it is non-relativistic. When the electrons move with velocities close to the speed of
light, relativistic effects become important. This condition is fulfilled in the case
of heavy elements close to the nuclei. These effects could be taken into account by
using the Dirac equation, however, the relativistic effects can be incorporated in the
Schrödinger equation with simple correction terms. One of these terms is the spinorbit coupling (SOC), which is proportional to σ · L, where σ is the spin operator
and L = r × p is the angular momentum operator. In the rest frame of the lattice,
there is no magnetic field acting on the electron, but in the rest frame of the electron
there is a magnetic field caused by the relativistic transformation. Therefore, the
electron spin is coupled with the lattice symmetry when relativistic corrections are
considered. Without SOC the electronic spins can be rotated any angle without an
effect on energy, but with SOC the angular momentum of the electrons, which is
different for different atomic orbitals, couples to the spin degree of freedom.

2.2
2.2.1

The exchange-correlation functionals
Jabob’s ladder of density functional approximations

DFT is in principle an exact many-body theory [2], where all the many-body effects
have been incorporated into the exchange-correlation functional. Even though exchange has an exact expression in Eq. 2.13, Exc as a whole can not be described
analytically, but it can be approximated with several different degrees of accuracy.
Increasing the accuracy of Exc by adding more complicated terms is known as “climbing up the Jacob’s ladder ” [28], which has been illustrated in Table 2.1. At the
“ground level”, the quantum-mechanical many-body interactions are not taken into
account, but in principle the “heaven” of chemical accuracy can be gained with
infinitely complex Exc description.
Table 2.1: The Jacob’s ladder of DFT.
Rung

Dependence of Exc

5th
4th
3rd
2nd
1st

n,
n,
n,
n,
n

∇n, ∇2 n, τ , ψ occ , ψ unocc
∇n, ∇2 n, τ , ψ occ
∇n, ∇2 n, τ
∇n

Examples

Locality

RPA
Hybrid functionals
Meta-GGAs
GGAs
LDA

Non-local
Non-local
Semilocal
Semilocal
Local

At the first rung of the Jacob’s ladder, the XC energy is a functional of the averaged electron density; Exc = Exc [n(r)]. Therefore, in this case, Exc is local. The
local density approximation (LDA) for non-spin-polarized systems or local spin density approximation (LSDA) for spin-polarized systems is the simplest possible such
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approximation.

ˆ
Exc =

dr εxc (n(r))n(r).

(2.26)

Despite its simplicity, LDA has turned out to be surprisingly succesful even in the
highly inhomogeneous systems such as atoms and molecules.
In the second rung of the Jacob’s ladder also the gradient of the density is taken into
account with the Generalized Gradient Approximation (GGA). The GGA functionals
are semilocal because the gradient of the density is involved and information of an
infinitesimally small region around r is required. One of the most popular and
succesful GGA functionals is the Perdew, Burke, Ernzerhof (PBE) formulation [3].
The third rung of the Jacob’s ladder involves higher-order corrections, and therefore
the generalized KS construction given by Eqs. (2.21–2.23) has to be applied. These
corrections are the Laplacian of the Kohn-Sham orbitals, i.e., the kinetic energy density τ given by Eq.(2.22), and the Laplacian of the electron density ∇2 n(r). Typically, meta-GGA functionals include τ but not ∇2 n: Exc = Exc [n(r), ∇n(r), τ (r)].
In higher rungs full information of the KS eigenstates are required, and the XC functionals are non-local. The fourth rung contains for example the hybrid functionals,
where the exact exhange [Eq. (2.13)] is mixed with exchange and correlation from
other sources, such as with PBE Exc functional in the case of PBE0 hybrid functional. The fifth rung also considers the unoccupied KS eigenstates, and it contains
for example the Random Phase Approximation (RPA) [19].

2.2.2

The strongly constrained and appropriately normed metageneralized gradient approximation

The strongly constrained and appropriately normed (SCAN) XC-functional [4] is a
recently introduced meta-GGA functional that has shown great promise in describing
strongly correlated matter [29–31]. The name “strongly constrained and appropriately normed” refers to SCAN satisfying all the 17 known exact constraints for a
XC functional. The SCAN XC functional is designed to have a particularly strong
sensitivity to different situations with chemical bonding and correlation. This goal
has been achieved by constructing it with a dimensionless but position-dependent
parameter α(r), which describes the local amount of kinetic energy density [4, 19]:
τ (r) − τ W (r)
,
τ unif
3
= (3π 2 )2/3 n5/3 ,
10
|∇n(r)|2
=
.
8n(r)

α(τ ) =
τ unif
τW

where

(2.27)
(2.28)
(2.29)

To characterize the above equations, α is the KED scaled with KEDs of analytically
solvable reference situations. These cases are the KED of the uniform electron
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gas (τ unif ) and the KED of the single-orbital limit (τ W ), also known as the von
Weizsäcker KED [19]. In the case of highly covalent systems τ approaches τ W , (the
case without any exchange nor correlation). Therefore, α(τ ) approaches 0. Slowlyvarying densities of metallic systems (τ ∼ τ unif) are characterized by α ≈ 1. In the
limit of noncovalent bonds between closed shells α  1. The α parameter is further
used to fit SCAN to match a large database of different systems. This generalized
approach improves the description of the bandstructure and in particular, the energy
gaps of insulators such as for example La2 CuO4 [29].

2.2.3

On-site Coulomb interactions

The strong on-site Coulomb interactions are particularly difficult to incorporate
into the Exc within the LDA and GGA levels. The self-interaction errors affect
particularly the localized 3d and 4f orbitals, but can be also important for localized
p electrons. Corrections to these errors are possible to introduce to the KS equations
by an addition of an ad hoc Hubbard-like term [32–36]. The strength of the onsite interactions are usually described by the on-site Coulomb correlation U and
on-site exchange J. Different kind of DFT+U implementations exist, but in this
work we have employed the simplified and rotationally invariant scheme introduced
by Duradev et al. [34], in which a penalty functional is added to the total energy
expression:
"
!
!#
X
X
U −J X
σ
σ
σ
n̂m1 ,m2 n̂m2 ,m1
nm1 ,m2 −
, (2.30)
EDFT+U = EDFT +
2
m ,m
σ
m
1

1

2

where nσm1 ,m2 is the on-site occupancy matrix and n̂ is its idempotency (n̂n̂ = n̂),
implying that its elements are either 0 or 1, i.e., the eigenstates are fully unoccupied
or occupied. The penalty term effectively forces the on-site occupancy matrix in the
direction of idempotency.
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Chapter 3

Gate-tunable magnetism on
graphene
3.1

Introduction

In the Publication I, we have employed ab initio DFT calculations to study various
magnetic carbon adatom configurations on graphene and how is it possible to tune
their magnetic interactions with an external gate voltage (Vg ). Although graphene
itself is non-magnetic, the carbon atoms [37–44] become magnetic when placed on
it. The carbon adatom binds on the bridge site of the graphene and has only one
partially filled magnetic orbital at about 0.3 eV below the graphene Dirac point. We
refer to this orbital as ψp,⊥ because it possesses p symmetry with its axis perpendicular to the C–C bond of the bridge site, as illustrated in Fig. 3.1(a). The adatom
induces a spin polarization in the graphene sheet, see Fig. 3.1 (b). This spin polarization can be experimentally probed by using the scanning tunneling microscopy
(STM), as has been demonstrated in the case of hydrogen adatoms [45]. The ψp,⊥
orbital hybridizes only weakly with the orbitals of the graphene atoms. Therefore,
the high DOS of the ψp,⊥ state is preserved and the occupation of the ψp,⊥ state
is easy to modify with a small external gate voltage. For all these reasons, the C
adatom represents an ideal model in describing the interplay of a localized state with
the itinerant electrons of the graphene backbone.
In this Chapter, I explore the magnetic phase diagram of the carbon adatom–
graphene system with DFT by calculating the strength and sign of the magnetic
interactions between C adatoms, using various degrees of correlation as captured by
GGA and SCAN. In particular, I show that there are FM phases for certain gate
voltages. Although carbon adatoms are mobile at room temperature, some adatoms
configurations may be stabilized in special conditions [43].

3.2

Theoretical considerations

Impurities interacting with one of the two sublattices A or B of graphene has been
an intensively studied field. The Lieb’s theorem [46] applies to these cases. As
its consequence, two impurities interact ferromagnetically/antiferromagnetic for impurities in same/different sublattices. However, these limitations do not apply for
27
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(a)

(b)

Figure 3.1: (a): Visualization of the ψp,⊥ orbital by the means of a magnetization
density isosurface plot. Also the pz character on the graphene sheet can be seen.
Left inset: the geometry. Right inset: schematic electronic structure of the system.
(b): Magnetization density isosurface cut on the graphene plane, red corresponds to
opposite spin regions. From Publication I.
bridge site adatoms such as C adatoms, since they couple with both sublattices. In
this case, the Lieb’s theorem does not apply, which allows ferromagnetism within
the C adatom network for randomly positioned impurities.
Interactions of magnetic impurities in graphene have been extensively investigated
using the Ruderman-Kittel-Kasuya-Yosida (RKKY) theory [47], where itinerant
graphene states mediate an indirect exchange interaction between localized magnetic moments. However, in reality the impurity states have some spillover on
the graphene plane. Consequently, hybridization appears and an impurity band
forms [48]. The small coupling between the impurity states leads to a narrow band
with large DOS. If EF is inside the impurity band, ferromagnetism appears. To justify this statement, we consider the Hubbard Hamiltonian to account for the on-site
electron-electron interaction:
X
HU =
U ni↑ ni↓ ,
(3.1)
i

where the summation is over graphene and the adatom sites, niσ is the occupation
number operator for electron with spin projection σ at site i. The parameter U
characterizes the on-site Coulomb interaction energy for the two electrons occupying
carbon pz atomic orbital. Within the mean-field approximation, the Hubbard model
becomes the Stoner model [48, 49], which provides ferromagnetism when the Stoner
criterion is fulfilled
U · DOS(EF ) > 1.

3.3

(3.2)

One carbon adatom per unit cell

The DFT calculations were performed using VASP with the GGA (based on the
Perdew-Burke-Ernzerhof (PBE) formulation [3]) and SCAN methods. The cutoff
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Figure 3.2: (a)–(f): DOS and
C adatom PDOS for ∆Q =
−0.5 e, 0 and 1 e with GGA and
SCAN. From Publication I.

energy was set to 600 eV. We have simulated the gate voltage by adding ∆Q/e
electrons to the system as well as a “jellium” background charge in order to keep
the system charge neutral, similarly with previous graphene adatom studies [50–
53]. For a detailed discussion of the possible error included in the addition of the
background charge, see the Supplemental Material of the Publication I. The gate
voltage is a function of ∆Q, but the direct relation depends on the size of the SC
and the density of states at the Fermi level. Nevertheless, obviously for example
∆Q = 0 corresponds to Vg = 0.
We first examine the effects of gate voltage on the magnetic and geometrical properties of a single C adatom on a 4×4 graphene supercell (SCs). Because of the periodic
boundary conditions, this configuration corresponds to a periodic adatom coverage.
Figure 3.2 compares the partial density of states (PDOS) of this system for both the
GGA and SCAN schemes and for different values of ∆Q. These plots feature the
magnetic ψp,⊥ orbitals as well as the deeper non-magnetic ψp,k orbitals that participate in the hybridization with the graphene sheet. Starting from ∆Q = −0.5 e, the
ψp,⊥ states are unoccupied and degenerate in energy. When charge is added to the
unit cell, the Fermi level rises above the ψp,⊥;↑ state and ψp,⊥;↑ separates from the
ψp,⊥;↓ state given the fulfillment of the Stoner’s criterion Eq. (3.2). Consequently,
the system magnetizes, and when ∆Q = 0, the magnetic moment per adatom is
M = 0.38 µB for GGA (Fig. 3.2 (c)) and M = 0.24 µB for SCAN (Fig. 3.2 (d)),
respectively. At ∆Q = 1 e, the ψp,⊥ impurity state has been completely filled, as
illustrated in Figs. 3.2 (e) and 3.2 (f), saturating the magnetization at 1 µB . Figure 3.3 presents the magnetization curves as a function of ∆Q. The slope for GGA
is about 0.65 µB /e before the ψp,⊥ state becomes full at ∆Q = 1 e. Interestingly, the
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Figure 3.3: The magnetic moment of the whole SC and the
structural parameters h(ad),
h(bas) and ∆z(gra) for different ∆Q values. The inset illustrates the structure (relaxed
with GGA for ∆Q = 1.25 e)
and the structural parameter
definitions. From Publication I.
SCAN curve is more steep than that of GGA, with a slope as high as 1.4 e/µB below
M ≈ 0.5µB . Moreover, SCAN presents a nonlinear behavior in the region below
M . 0.2 µB , which is related to breakdown of the Stoner model.
The gate voltage also affects the geometrical properties by lifting the adatom and
its basal atoms, and in general increasing the buckling of the graphene sheet around
the adatom, as shown in Fig. 3.2 (g). Interestingly, the almost equilateral triangle
formed by the adatom and its two basal atoms keeps its shape in this process; the
height of the adatom C with respect to the basal atoms [h(ad)] is about 1.30 Å for all
doping values for both GGA and SCAN. More noticeable is the upwards movement
of the triangle when ∆Q is filled, which is seen by the increase of h(bas) by 0.08 Å and
in the increase of ∆z(gra) by 0.04 Å. The GGA and SCAN give qualitively similar
results, but the SCAN values are systematically about 0.03 Å larger for h(bas) and
0.05 Å larger for ∆z(gra). Without gate voltage, h(bas) = 0.27 Å, ∆z(gra) = 0.15 Å
and the total height of the system is 1.72 Å.
The GGA binding energies of the C adatom slightly depend on the size of the
used SC, with the values of −1.46 eV, −1.52 eV, −1.51 eV and −1.52 eV for 3 × 3,
4 × 4, 5 × 5 and 9 × 9 SCs, respectively. These values are in agreement with the
earlier studies with values −1.46 eV [54] and −1.63 eV [38]. We also computed the
binding energies for SCAN, and a slight decrease in binding energy was observed.
We obtained −1.44 eV and −1.46 eV for 4 × 4 and 5 × 5 SCs, respectively.

3.4

Interactions between adatoms

The interactions between C adatoms were studied by placing two adatoms Cad
1
and Cad
2 in different geometrical configurations on a graphene supercell (SC). In
each of these cases, we have computed two different solutions with parallel (FM)
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Figure 3.4: (a): The adatom pairs are defined by the purple Cad
1 and one of the
sites from #1 to #8. The adatom arrays are defined by the ochre Cad
1 and one
of the sites α, β or γ. The periodic images of Cad
1 are colored gray. The present
adatom array illustration is for a 8 × 4
SC. The nearest-neighbour interactions of
the α array are marked with dashed lines
(blue/red for FM/AFM interactions). (b):
The adatom array β(6×3) array. (c): The
adatom pair Conf. #6 (placed on a 7 × 7
SC). From Publication I.
and antiparallel (AFM) adatom spin configurations. The energy difference ∆E =
E(FM) − E(AFM) reveals the strength of the magnetic interactions. We used two
different adatom configuration types. These types were adatom array configurations α, β and γ, intended for the study of long (7–10 Å) distance interactions, and
adatom pair configurations #1–#8, intended for the study of interactions of shorter
distances. Both configuration types are illustrated in Fig. 3.4 and further details
are given in Publication I. Moreover, we considered both one-sided and two-sided
adsorptions of the two adatoms.

3.4.1

Energetics of two-adatom configurations

We have compared the energies of the two-adatom configurations with respect to
the dimerized system and with respect to the system of two isolated adatoms. This
comparison provides information about the energetics of the structural deformations
and the magnetic interactions. The adatoms dimerize when they get closer than
what they are in the Conf. #1 (see Fig. 3.4). When the dimerization occurs, one
of the atoms climbs on top the another one and the dimer migrates on a top site
of the graphene sheet and loses its magnetic moment, in accordance with previous
observations [55]. The dimer was found to have 5.42 eV lower energy than the lowestenergy non-dimerized structure Conf. #4 (7 × 7 SC), which in turn was found to
have 314 meV lower energy than two isolated adatoms (we considered an adatom in
a 7 × 7 SC to be isolated). Based on these results, the attractive potential between
the adatoms is strong, and low temperatures are required for its stabilization.
Table 3.1 contains the total energies of Confs. #1 – #8 (see Fig. 3.4). Interestingly,
the Conf. #4 has the lowest energy also for the other SC size and for both onesided and two-sided adsorptions. This might be due to the low symmetry of this
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Table 3.1: Total energy of each adatom pair configuration with respect to the dimer
solution computed at 7 × 7 SC determined with the formula Edimer + Egraphene − 2 ·
Egra+adatom . In parenthesis: with respect to Conf. #4 (7 × 7 SC), which has the
lowest total energy among the one-sided adsorption cases. Also the 6 × 3 SC size is
considered by converting the 7 × 7 SC dimer and Conf. #4 energies to 6 × 3 SC size
by substracting the primitive cell energy 7 · 7 − 6 · 3 = 31 times from them.
Conf.
#1
#2
#3
#4
#5
#6
#7
#8

7×7
5.60
5.56
5.61
5.42
5.54
5.75
5.65
5.63

Relative total energy (eV)
7 × 7 (two-sided)
6×3

(+0.183)
(+0.139)
(+0.196)
(+0.000)
(+0.125)
(+0.337)
(+0.233)
(+0.217)

5.40
5.55
5.61
5.38
5.54
5.68
5.65
5.58

(−0.016)
(+0.129)
(+0.191)
(−0.035)
(+0.128)
(+0.260)
(+0.229)
(+0.167)

5.64
5.70
5.75
5.48
5.63
5.75
5.70
5.71

(+0.227)
(+0.288)
(+0.330)
(+0.063)
(+0.217)
(+0.335)
(+0.278)
(+0.294)

configuration, which allows symmetric displacements of the graphene atoms. In accordance with this possible explanation also another high-symmetry configuration
(Conf. #5) is rather low in energy. In general, the adatom pairs with lower separations (Confs. #1 – #3) are lower in energy than the adatom pairs with higher separations (Confs. #6 – #8), in accordance with the existence of the attractive potential
between the adatoms. The two-sided configuration is energetically more favorable
in nearly every case, which is most likely due to smaller amount of curvature-related
bending energy on the graphene sheet.

3.4.2

Magnetic interactions of adatoms under gate voltage

In this subsection we focus on the main results of the Publication I concerning the
magnetic adatom-adatom interactions. Figures 3.5 and 3.6 contain our results on
the adatom arrays and the adatom pair configurations (see Fig. 3.4). for different
SC sizes. In these figures ∆Q = ∆Q/2 is the amount of added charge per adatom
and M = M (FM)/2 is the averaged magnetization per adatom of the FM solutions.
The results for M as a function of ∆Q are very similar to the single-adatom result
of Fig. 3.3 especially for the adatom arrays (Fig. 4.2). In the case of adatom pair
configurations (Fig. 4.3), there are significant fluctuations in the M curves below ∆Q
This behavior is produced by the strong interactions and structural deformations due
to the close proximity of the adatoms, which in some cases lift the normally low-lying
ψp,k orbitals to EF . The ψp,k thus contribute on the magnetic moments, but when
the gate voltage is increased, these states are re-filled and the linear behavior of M
is recovered. At Vg = 0 the SCAN magnetizations are smaller than for GGA, in fact
for α(6 × 3) M = 0.
The magnetic interaction energy is contained in the energy difference ∆E = E(FM)−
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E(AFM). When the impurity states are partially filled (in the case of intermediate
gate voltages), clear ferromagnetic valleys are formed in each configuration. Representative maximum values for ∆E are about −30 meV and −5 meV for 6 × 3 and
8×4 SCs, respectively. In the case of structures with two-sided adsorption the energy
difference magnitudes are larger for α but smaller for γ. For β arrays, the ferromagnetism for two-sided adsorption is clearly weaker for the 8 × 4 SCs but for the 6 × 3
SCs there is no clear difference in the maximum ∆E magnitude. In general, the γ
arrays yield the most robust ferromagnetism, especially for the 8 × 4 SCs. Also the
total energies are lower for the γ arrays. Interestingly, the most stable FM solution
depends on the occupation of the ψp,⊥ state. Regardless of the SC size or the XC
functional, this solution corresponds to M = (0.40 ± 0.05) µB , (0.35 ± 0.10) µB and
(0.55 ± 0.05) µB for α, β and γ arrays, respectively. These results can be understood
within the Stoner model.
For low magnetizations, SCAN yields strong AFM excursions especially for γ(6 × 3)
and β(6 × 3) but also for α(6 × 3), meanwhile this phenomenon is completely absent
in the PBE results. This can be attributed to RKKY interactions, as discussed
in detail in the Publication I. When the ψp,⊥ orbitals become fully occupied, ∆E
reaches AFM plateaus. In this region the impurities do not anymore interact via
the Stoner’s mechanism, which could be explained with another type of in this ∆Q
region RKKY is described within the resonant RKKY model, as discussed in detail
in the Publication I.
In the case of the adatom pair configurations, also the ∆E curves feature excursions at low-Vg region (∆Q . 0.5 e), which is also a concequense of the additional
complications by the ψp,k states. In general, the strongest FM valleys are found
within the 7 × 7 SC adatom pair configurations, the strongest interaction values
being −104 meV (Conf. #6).
The close interaction pairs were studied also within 6 × 3 SCs. The purpose for
this smaller SC was to simulate random adatom distributions on graphene by not
isolating the adatom pair well. Therefore, it is expected to observe stronger ferromagnetism on these smaller SCs. However, in general the ∆E values drop in
the smaller SC. Typical values are now about −30 meV and the largest values are
−55 meV. Evidently the larger concentration of the adatoms spreads the ψp,⊥ energy
band, weakening the Stoner splitting. Indeed, the ψp,⊥ state widths in PDOS are
increased to ∼ 0.4 eV from the value of ∼ 0.1 eV in the case of 7 × 7 SC configurations. Consistently, Ref. [56] has pointed out that in the case of p-character band
ferromagnetism the the ferromagnetic ordering must be inhomogeneous with only a
fraction of the sample magnetized.

3.5

Conclusion

The gate voltage can control the magnetic properties of the system composed of
carbon-adatom and graphene studied in Publication I. This voltage varies the magnetic moment of the adatoms from zero to 1 µB by changing the occupation of the
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adatom localized magnetic state. Moreover, Vg changes the magnetic interactions
between FM and AFM. The AFM phase is predicted for both low and high adatom
magnetic moments and the FM phase for intermediate magnetic moments. The
Stoner’s criterion is satisfied for the FM phase and the Fermi energy is inside the
impurity band. The low-magnetization AFM phase can be rationalized within the
RKKY mechanism and can be only found within the SCAN meta-GGA framework,
more suitable to describe the localized impurity states. The AFM phase at high
magnetic moments could be the result of an interplay between direct and RKKY
interactions. Both GGA and SCAN predict strong FM phases. Despite some small
differences in the magnetic properties, the role of the SCAN correction to GGA
was found to be minor. Despite of the fact of carbon adatom system being difficult
to stabilize, our results can be generalized to other systems with magnetic defects
coupling to the both A and B graphene sublattices, or more generally to magnetic 2D materials. In particular, our results provide a theoretical proof-of-concept
of a new kind of spin-field-effect transistor which can be controlled by an external
gate [5, 6]. Gate-tunable room-temerature ferromagnetism has already been realized
in Fe3 GeTe2 [7].
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Chapter 4

Correlation in elemental
manganese
4.1

Introduction

In Publication II, we have used SCAN to explore the role of Coulomb correlation in
elemental manganese, which is in fact one of the most complex metallic elements [9–
15]. Such effects are already present in the manganese dimer (Mn2 ) and in Mn clusters, and in solid manganese these effects lead to complex interplay of localization
of magnetic moments and itinerant behavior, which drives the rich phase diagram
of Mn. This phase diagram yields yields increasingly complex structures with decreasing temperature, as illustrated in Fig. 4.1. The most complex solid phase is the
low-temperature phase α-Mn, possessing a sophisticated noncollinear spin texture
visualized in Fig. 4.1. The unit cell of α-Mn has space group Td3 and it consists of 58
atoms that are distributed among four sublattices, and the Mn magnetic moments
have different magnitudes at each sublattice. Curiously, the magnetic moments are
large and almost collinear on two of the sublattices, but on the two other sublattices
the magnetic moments are significantly smaller with strongly noncollinear spin alignments. large distortions in the spin angles. The magnetic nor structural properties
of the α-Mn phase can not be captured by LSDA nor GGA [9, 10]. To describe this
complex phase, it has been needed to apply prominently strong external Hubbard
U together with artificially expanded lattice [10].
In this Chapter, I discuss the role of Coulomb correlation in several phases of Mn,
including the Mn dimer, γ-Mn and α-Mn, by using SCAN and also SCAN+U , where
further correlations with the external Hubbard U parameter have been introduced.
Also some GGA and GGA + U calculations have been performed for reference.

4.2

Results

The DFT calculations were performed using VASP with the GGA (based on the
Perdew-Burke-Ernzerhof (PBE) formulation [3]) and SCAN methods. The cutoff
−1
energy was set to ≥ 550 eV and a k-point spacing of < 0.02 Å was used.
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Figure 4.1: Schematic phase diagram of elemental Mn. Coloring of atoms denotes
to different crystallographic sublattices. The low-temperature phase α-Mn contains
a 17-atom cluster (the purple polyhedron in the structure second from the right)
described by Proult & Donnadieu [57]. Another illustration of α-Mn is provided
(on the right), where six symmetric pentagons (green) are connected to each other
and to a central Mn atom. Rest of the atoms can be connected symmetrically with
tetrahedra and triangles. From Publication II.

4.2.1

Mn dimer

The Mn dimer is an interesting and sophisticated test for correlation in Mn, despite
of its simplicity. We have considered Mn2 in the GGA + U and SCAN + U schemes.
Figure 4.2 shows the energy difference between the ferromagnetic and antiferromagnetic configurations as a function of the Mn–Mn bond length for several different
values of U . The results for GGA + U and SCAN + U are presented in Figs 4.2 (a)
and 4.2 (b), respectively. The energy differences (∆E) and the equilibrium Mn–Mn
distances obtained from the results of Fig. 4.2 are collected in Fig. 4.3. Huang et
al. [32] have shown previously with their GGA + U calculations that the Mn dimer
contains a significant self-interaction contribution, and our GGA + U results show
similar trend: Without any correction (U = 0) the GGA yields an FM ground state
for the Mn dimer with a short (2.6 Å) bond length. However, experimentally the Mn
dimer is found to assume an AFM ground state with a large (3.2 Å) bond length.
Addition of the Hubbard U weakens the hybridization between s and d orbitals and
restores the correct AFM ground state with a large bond length. The FM–AFM
transition occurs for values slightly above U = 2 eV. A similar behavior is seen in
SCAN+U , except that the FM–AFM transition now occurs for values slightly above
U = 1 eV. In fact, an examination of the results of Figs. 4.2 and 4.3 shows more generally that SCAN (without U ) already contains an effective U of about 1 eV. Even
the pristine SCAN (U = 0 eV) qualitatively captures the correct double-minimum
for the FM solution and the long bond lenght associated with the AFM solution,
while the GGA for U = 0 only yields short-bond-length FM and AFM solutions.
Moreover, for pristine SCAN, the ordering of the long-bond-length FM and AFM
solutions is correct while for GGA + (U = 1 eV ) the AFM solution is energetically
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above the long-bond-length FM solution.

4.2.2

γ-Mn

The γ-Mn unit cell is described as four manganese atoms arranged in the facecentered cubic (FCC) lattice. AFM order develops in γ-Mn with two possible spin
configurations (AF1 and AF2) described in the book by Kubler [58]. According to
Asada and Terakura [59], in the AF1 phase, the LSDA overbinds the Mn atoms and
therefore underestimates the lattice constant and cannot predict the experimentally
verified AFM ground state. Our total energy calculations within GGA and SCAN
for the non-magnetic, FM, and AF1 and AF2 phases confirm that the ground state of
γ-Mn is AF1. GGA gives an equilibrium volume corresponding to the Wigner-Seitz
radius of Rws = 2.635 a.u.. SCAN yields Rws = 2.732 a.u., in better agreement with
the experimental Wigner-Seitz radius of Rws = 2.752 a.u. [60]. The structure has a
tetragonal distortion c/a = 0.95 for GGA, whereas SCAN gives c/a = 0.98. The
computed magnetic moments increase with the equilibrium volume, therefore GGA
gives 1.74 µB whereas SCAN yields a larger value equal to 3.10 µB . To estimate the
importance of corrections beyond the GGA contained in SCAN, one can compare the
SCAN, GGA and GGA+U results to extract an effective U value, which reproduces
the experimental equilibrium volume. We have performed this comparison, and
found that U = 1.1 eV. In accordance with this behavior, the d-orbital PDOS
for GGA+(U = 1.1 eV) resembles the corresponding PDOS for SCAN, but clearly
differs from plain GGA PDOS, as shown in Fig. 4.4. the equilibrium Wigner-Seitz
radius is Rws = 2.722 a.u., the Mn magnetic moments are 2.69 µB and c/a is equal
to 0.98. Similar results have been reported by Podloucky & Redinger [61] and Di
Marco et al. [62, 63]. These results are also consistent with the ARPES observation
of Hubbard bands [64].

4.2.3

Noncollinear antiferromagnetic α-Mn

In this subsection we focus on the main results of the Publication II concerning
the complex low-temperature phase α-Mn. The cohesive energy Ecoh of α-Mn as
a function of Rws is shown in Figure 4.5 under various approximations. We first
approximate α-Mn with collinear calculations, and SCAN corrects the GGA volume
already within this approximation. The bulk modulus of the collinear solution is
131 GPa, which is in good agreement with the experimental value of 151 GPa [65],
and the calculated magnetic moment distribution displays a behavior consistent with
the experiment Ref. [10]. Nevertheless, a detailed comparison with these calculations
is difficult since the experimental magnetic moments strongly depend on the choice
of the form factors [66]. Interestingly, we also find another collinear solution at a
larger volume, with a bulk modulus equal to 68 GPa. The magnetic distribution of
this metastable solution is ferrimagnetic with an average moment of 0.11 µB per Mn
atom. Moreover, charge distribution of this solution involves manganese atoms in
six different electronic configurations with charge differences of about 0.4 e/atom.
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Figure 4.2: Energetics of the FM and AFM configurations of the Mn dimer. (a):
PBE + U and (b): SCAN + U . Two long bond length solutions are obtained for each
U . Except for PBE + (U = 1 eV ), the long bond length AF solution is more stable
than the corresponding FM solution. From Publication II.
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Figure 4.4: Mn d-orbital PDOS
at the experimental equilibrium
volume for GGA, GGA+(U =
1.1 eV) and SCAN. From Publication II.
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Figure 4.5: SCAN cohesive energies for α-Mn as a function of Rws . The solid red line
denotes the experimental volume [66], and the dashed line marks the GGA Rws [3].
From Publication II.
We performed two different types of noncollinear calculations. In the first one we
allowed fully relaxed atomic positions with a fixed cell shape, while in the second one
we fully relaxed the system. The complex magnetic structure of these simulations
are illustrated in Fig. 4.6 and the energetics are contained in Fig. 4.5. The complex
noncollinear spin structures appear to reduce frustration. It can be seen that the
magnetic structure is noncollinear at the experimental volume, which is not the
case for GGA [10]. The solution corresponding to the simulation with fixed cell
shape gives a smaller equilibrium volume. Fully relaxing the structure gives Rws =
2.781 a.u., which might correspond to the strained α-phase described by Dedkov et
al. [67]. Since SCAN tends to favor solutions with high magnetic moments, the
stabilization of the strained α-phase could be an overcorrection of SCAN [8, 68].

4.3

Conclusion

Both Mn dimer and γ-Mn calculations with GGA+U and SCAN+U , SCAN contains
an effective U of about 1 eV when compared to GGA. However, in the case of Mn
dimer, SCAN appears to underestimate the required amount of correlation needed
to explain the long bond length and AFM ordering of the dimer. In α-Mn, SCAN
results considerably improve the prediction of its ground-state compared to the
LSDA and GGA. In particular, SCAN successfully predicts the complex charge
and noncollinear magnetic patterns. However, compared to GGA, SCAN appears to
overcorrect some features in α-Mn. Our previous calculations [8] have shown that
in Mn-poor Heusler alloys the SCAN corrections to GGA are small. The present
results for pristine manganese rationalise the substantial differences between GGA
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Figure 4.6: SCAN noncollinear magnetic structure in α-Mn. In case (a), only the
atomic positions are relaxed, while both the atomic positions and the cell shape are
relaxed in case (b). Different colors correspond to the four different sublattices.
and SCAN observed in Mn-rich compounds. Clearly, the existence of spin and
charge modulations in α-Mn can explain the rich phase diagrams of Heusler alloys
with heterogeneous phases.

44

CHAPTER 4. CORRELATION IN ELEMENTAL MANGANESE

Chapter 5

Correlation in a
high-temperature
superconductor
5.1

Introduction

In Publication III, we have used SCAN to explore the electronic, structural and
magnetic properties of Bi2 Sr2 CuO6 (Bi2201) and Bi2 Sr2 CaCu2 O8 (Bi2212), which
are members of the Bi-Sr-Ca-Cu-O (BSCCO) high-temperature bismuth cuprate superconductor family [69–71]. BSCCO is one of the most studied cuprates, as the
weak van der Waals (vdW)-like coupling between BiO planes (see Fig. 5.1) allows
easy cleaving for accurate surface studies with angle-resolved photoemission spectoscopy (ARPES) [72–77] and with scanning tunneling spectroscopy (STM) [78–
82]. The explanation of the high-Tc superconductivity in cuprates is still one of the
biggest open questions in physics. This superconductivity takes place at the halffilled quasi-two-dimensional CuO2 planes, which have been recently demonstrated
to possess strong long-range AFM ordering on the Cu ions [83]. A common feature in cuprate superconductors is the existence of the superconducting dome, i.e.,
the trend, where Tc first increases and then decreases as a function of number of
electronic holes. These holes are typically introduced to the system by oxygen doping. The oxygen doping is intimately connected to the antiferromagnetism in the
CuO2 planes by diluting the highly correlated Cu magnetic moments, driving the
competition between these magnetic moments and itinerant electrons. Interestingly,
the belief that the cuprate superconductivity is related to spin-fluctuations in the
CuO2 planes has been gaining increasing support [84–86]. Therefore, the process by
which doped hole carriers are introduced into the CuO2 plane is crucial for understanding the origin of the cuprate superconductivity. However, the LDSA and GGA
approximations are not capable of modeling the magnetic moments on the highly
correlated Cu ions [87–94] but recent SCAN results have been very promising on
various cuprates [29–31].
In this Chapter, I review how we have employed SCAN as a realistic tool to accurately describe the strongly correlated electronic structure of BSCCO with the
copper magnetic moments. Using SCAN, we have gone beyond the standard simplified low-energy effective models, such as the one-band Hubbard model, and studied
the effects of doping in a realistic manner, taking into account the impurity and
45
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Figure 5.1: Our structural
√
√ model of Bi2212 and the zigzag chains in the BiO bilayers.
An orthorhombic 2 × 2 supercell (SC) has been used to accommodate the AFM
ordering and the BiO zigzag chains. The structure consists of two slabs shifted by a
vector of (a/2, b/2, c/2) with respect√of one√another, and separated by a vdW layer
(marked with the gray plane). The 2 × 2 SC is illustrated with the black lines.
From Publication III.
structural effects derived from real dopants. Our SCAN results show that the magnetic moments on the Cu ions persists when the sample is doped with oxygen, in
accordance with resonant inelastic x-ray spectroscopy (RIXS) experiments [95–98].

5.2
5.2.1

Results
Pristine Bi2201 and Bi2212

As a starting point, we have considered undoped bulk Bi2201 and Bi2212. Energy
cutoff was set to 550 eV. We relaxed the structures with k-mesh of 9 × 9 × 2 and
analyzed the DOS and total energies with k-mesh of 15 × 15 × 3. BSCCO can
be approximated to have body-centered-tetragonal
structure, but it can be
√ crystal
√
modeled more realistically as an orthorhombic 2 × 2 supercell (SC), where the a
and b axis are in 45 degree angle with respect to the Cu–O bonds. This structural
model of Bi2212 is illustrated in Fig. 5.1. The BiO layers are under strong tensile
stress due to a lattice mismatch, therefore the BiO layers are stretched and the
Bi and O ions rearrange closer to each other, leading to formation of zigzag BiO
chains or Bi2 O2 quadrilaterals [91, 99, 100]. We obtained good agreement with the
experimental lattice constant especially in the case of Bi2212; our relaxed lattice
parameters were 5.35 Å × 5.42 Å × 31.08 Å in the a × b × c directions, while the
experimental values are 5.399(2) Å × 5.414(1) Å × 30.904(16) Å [69]. The lattice
constant a is smaller than b because the bonding in the BiO layer is stronger in
the a-direction than in the b-direction due to the zigzag chains. Therefore the BiO
layers (which are under tensile stress) are capable of contradicting the a-axis more.
For Bi2201, the lattice constants (5.29 Å × 5.40 Å × 24.82 Å) are only in reasonable
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agreement with the experimental values of 5.376(1) Å×5.383(1) Å×24.384(7) Å [101].
Most notably the relaxed structure has stronger elongation in the ab-plane than in
the experiment. This detail could be caused by the fact that the stress originating
from the BiO layers disrupts the structure more in our Bi2201 model than in the
Bi2212 model because the relative number of the BiO layers compared to other
layers is higher in Bi2201 than in Bi2212. However, in the realistic samples some
features we have not taken into account could relieve the stress in the BiO layers.
Such details could be Pb doping or the incommensurate supermodulation that has
an approximative period of five in the b-direction [102].

Figure 5.2: Electronic structure of Bi2201 (left) and Bi2212 (right). Panels (a) and
(b) give the GGA band structure and DOS projected to Cu orbitals and BiO layers.
Panels (c) and (d) contain the corresponding SCAN data. In these panels the Cu
projections have been done to only those ions with positive magnetic moments in
order to illustrate the spin polarization on them. However, the spin polarization is
ignored in the band structure plots. Panels (e) and (f) give the SCAN band structure
and DOS of the magnetic dx2 −y2 orbitals. From Publication III.
√ √
Fig. 5.2 shows the results of our electronic structure calculations in the AFM 2× 2
SC, from where they have been unfolded [103, 104] to the primitive cell (PC). The
special symmetry points X = (π/a, 0, 0) and M = (π/a, π/b, 0) have been given
with respect to the PC Brillouin zone. In contrast to experimental results, GGA
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[Fig. 5.2 (a)] yields spin-degenerate Cu dx2 −y2 bands, which results in zero Cu magnetic moments. On the other hand, SCAN [Fig. 5.2 (b)] yields the experimentally
observed AFM order over the copper atomic sites. Fig. 5.2 (c) illustrates the magnetic Cu dx2 −y2 bands. The valence band (majority spin) is (partly) occupied, while
the conduction band (minority spin) is unoccupied, leading to local magnetic moments of ±0.395 µB and ±0.425 µB per copper for Bi2201 and Bi2212, respectively.
In the case of Bi2212, the electronic gap is equal to 0.33 eV in the half-filled dx2 −y2
band. At X the energy gap is 1.416 eV, and at the midpoint between M and Γ the
gap is 1.223 eV (these points are given with respect to the primitive cell Brillouin
zone, and in the supercell BZ these points corresponds to the X-point and M -point,
respectively). The valence band has a bilayer splitting of 0.23 eV around X, leading to two van Hove singularities in the PDOS at about −0.65 eV and −0.85 eV.
These van Hove singularities appear stronger than logarithmic by visual inspection,
in agreement with Nieminen et al. [81]. The results for Bi2201 are very similar, with
an exception of Bi2201 not having bilayer splitting.
The dxz/yz and dxy bands are very similar and nearly degenerate, while the dz2 bands
are strongly split by Hund’s splitting. The dz2 bands are below the t2g bands, in
contrast to for example La2 CuO4 , where the dz2 bands are the highest fully occupied
ones [29]. This difference between Bi2212 and La2 CuO4 due to the fact that in
Bi2212 the separation between the Cu ions and the apical oxygen atoms is larger
(2.64–2.65 Å in our relaxed structure) than in La2 CuO4 (2.45 Å [29]). In order to
estimate the on-site Hubbard potential U and the Hund’s coupling JH , we follow a
scheme based on analysis of site-projected and orbitally resolved PDOS gµσ . The
average spin splitting, U and JH are given by [29]
ˆ
Egµσ (E) dE,
(5.1)
E µσ =
W

E dx2 −y2 ↑ − E dx2 −y2 ↓ = U (N↑ − N↓ ),
E µ6=dx2 −y2 ↑ − E µ6=dx2 −y2 ↓ = JH (N↑ − N↓ ),

(5.2)
(5.3)

where N↑ (N↓ ) is the occupation of the spin-up (down) dx2 −y2 state. W refers to
the full bandwidth. Using these formulae, U is found to be 4.7 eV for both Bi2201
and Bi2212. The Hund’s splitting is found to be and 1.35 eV by using µ = dz2 ).
These results are very similar to those found in La2 CuO4 [29]. The determined U is
comparable to that found in 3-band Hubbard models of cuprates, but substantially
larger than the U of single-band Hubbard model, for both Bi2212 [105] and Bi2201
[97]. This is due to the over-simplified nature of the single-band model; the single
band of the model is composed of Cu-dx2 −y2 and O-px , py characters, effectively
representing a CuO2 molecule instead of a pure d-state. Therefore, the U estimated
with this model is partially screened by the O ligands.
Using calculated values of U and by fitting a hopping parameter t to our bandstructure, we can estimate the nearest-neighbor the super-exchange coupling parameter
J. Since J = 4t2 /U −24t4 /U 3 , we find the exchange coupling to be about 200 meV, if
we estimate t ≈ 500 meV from the bandwidth. This value is in reasonable agreement
with the experimental value J ∼ 148 meV [97]. Unlike in other undoped cuprates
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such as La2 CuO4 , bulk magnetic BSCCO is weakly metallic due to self-doping [89]:
the BiO bands cross below EF near X, overlapping with the Cu dx2 −y2 bands. This
self-doping may be the reason it is so hard to stabilize a large magnetic gap in
nominally undoped BSCCO.
In La2 CuO4 , Hund coupling leads to a substantial spin splitting of the Cu dz2 orbitals, and a weaker splitting of the t2g orbitals [29]. Similarly, in Bi2212 we find
the main dz2 weight peaks reside between −1.6 and −2.0 eV for the spin up channel,
and between −2.7 and −3.2 eV for the spin down channel, whereas the dxz /dyz and
dxy bands are very similar and nearly degenerate, the highest dxz /dyz bands laying
between −1.7 eV and −1.0 eV, and the highest dxy bands laying between −2.0 eV
and −1.3 eV, with very weak spin splitting. Notably, the energy ordering of the d
orbitals is different from that found in of La2 CuO4 [29], where the dz2 bands are
the highest occupied ones, whereas in Bi2212 they are below the dxz /dyz and dxy
bands. This difference between Bi2212 and La2 CuO4 is a consequence of a larger
separation between the Cu ions and the apical oxygen atoms in Bi2212 (2.64–2.65 Å
in our relaxed structure) and La2 CuO4 (2.45 Å [29]).
We also studied the dispersion in the z direction by looking along
√ the
√ (0, 0, 0) −
(0, 0, π2 ) and ( π2 , π2 , 0) − ( π2 , π2 , π2 ) paths in the BZ (in the AFM 2 × 2 SC) but
no significant dispersion was found. Therefore Bi2212 appears to be prominently
two-dimensional material, as suggested by the existence of the vdW gap between
the BiO planes.
The main difference is given by a stronger self-doping than in Bi2212 since in Bi2201
the Bi/Cu ratio is twice as large.

5.2.2

Doping of Bi2212

Figure 5.3: Top and side views of the relaxed slab structures of (a): type A and
(b): type B interstitial oxygen atoms. From Publication III.
We have performed a realistic study of the electronic structure √
of doped
√ Bi2212
by placing an interstitial oxygen atom Oint in a large 120-atom 2 2 × 2 2 SC, as
illustrated in Fig. 5.3. In order to simplify the computational unit cell, we have
employed a slab model with only one formula unit in the c direction (half of the unit
cell pictured in Fig. 5.1), similarly with Refs. [90, 92, 106]. In order to simulate the
bulk, we used only a small vacuum region of 3.8 Å to separate the periodic images.
We verified that the band structure of the slab model closely corresponds to that of
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the bulk. Our structures corresponds to a doping level of δ = 1/8, which is close to
the optimal doping. Due to the relatively complex multilayer structure of BSCCO,
the oxygen impurities can occupy different sites, unlike for example in Hg–Ba–Ca–
O and Y–Ba–Cu–O cuprates. The STM studies of Zeljkovic et al. [106, 107] and
ab initio studies of He et al. [90, 91], have revealed two main interstitial impurity
types labeled as “type A” and “type B”. The type A dopants reside close to the Sr
layer, between the apical oxygen atoms, which enables direct interaction with the
the CuO2 plane. The structure used to model the type A doping is illustrated in
Fig. 5.3 (a), and it is in excellent agreement with the recent scanning transmission
electron microscopy (STEM) study by Song et al. [94]. The type B Oint atoms lie
within the BiO layers and combine with another O atom to form a dimer, as shown
in Fig. 5.3 (b). The bond distance of this O dimer was found to be 1.467 Å, which
is in good accord with the [O2 ]2− bond length in BaO2 (1.49 Å) [108]. The total
energy of the relaxed type A structure was found to be 2.25 eV lower than that of
the type B structure. We also tested a structure, where the Oint is placed to the
vdW gap between the BiO layers, and we found its energy to be in between the
type A and type B configurations. However, this position has not been discussed
in the literature. A possible explanation is that these impurities disappear in the
annealing process.
The electronic structure of the type A and B-doped structures is illustrated in
Fig. 5.4. Comparison of the pristine case (left panels) to the type A and type
B-doped cases (middle and right panels, respectively) reveals that the type A impurities explain most of the hole doping behavior, which is visible in particular in
the lowering of the Fermi level. The shift in EF is visible in particular for the
dx2 −y2 orbital of Cu(1), which denotes the copper ion closest to the Oint , as shown in
Fig. 5.4 (a). For the type B doping, the shifting of EF is barely visible. Accordingly,
the average magnitude of the Cu magnetic moments is reduced only by 0.014 µB in
the type B configuration, whereas in the case of the type A doping, |M | is equal
to 0.347 µB , which corresponds to a reduction of 0.069 µB . There is significant difference in |M | between the two CuO2 planes. Hereby, we refer to the CuO2 layers
with/without the dopant as “doped/undoped CuO planes”, respectively. On the undoped plane |M | = 0.363 µB , whereas on the doped plane |M | = 0.331 µB , and also
the individual Cu ions have varying values of |M |. For Cu(1) this value is the highest
(|M | = 0.343 µB ), but the lowest magnetic moment is 0.323 µB .
The direct interactions between Oint and Cu(1) happen through the pz orbitals of
the apical oxygen atoms Oapical (1) and Oapical (2). Interestingly, without doping,
the interaction between Cu(1) and Oapical (1) is negligible, which is evident due to
lack of common features between Cu(1) dz2 and Oapical (1) pz PDOSs in left panels of
Figs. 5.4 (a) and 5.4 (b). This interaction is smaller in BSCCO than in other cuprates
due to the larger separation between them. However, the addition of a type A
interstitial decreases the Cu–Oapical separation from 2.61 Å/2.65 Å to 2.479 Å/2.511 Å
for Oapical (1)/Oapical (2), respectively. Accordingly, the coupling between these atoms
experiences remarkable enhancement, which leads to interaction between Oint and
Cu(1) via Oapical . This interaction is visible in the middle panels of Figs. 5.4 (a)
and 5.4 (b), where Cu(1) dz2 , Oapical (1) pz and Oint all have clearly matching PDOS
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Figure 5.4: Site-resolved and orbitally projected PDOS for (a): the Cu(1) ion, i.e.,
the copper ion closest to the Oint (b): the Oapical (1) atom and Oint (c): the BiO
layers. The first column presents undoped Bi2212 as a reference, the middle column
contains data for type A-doped Bi2212, and the right column contains the results
for type B impurities. From Publication III.
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features. The effect of this interaction on the electronic structure of Cu(1) is to
lift the dz2 orbitals approximately 0.2 eV with respect to other d orbitals, and also
substantially modify the shape of the dz2 PDOS. However, the Hund’s splitting
(which was calculated to be 1.36 eV) is not affected. Interestingly, we observe that
Oint PDOS features a pz peak at −1.4 eV, which coincides with the reported STM
signal peak at −1.5 eV [106, 107]. This observation can be explained by the px/y
orbitals being orthogonal to the STM tip, leading the transimission to take place
particularly through the Oint pz orbital [109].
The type A doping also removes the Bi pocket below EF , as shown in Fig. 5.4 (c).
This behavior has been observed before with LSDA [89], and also with GGA in a
Pb-doping study in Bi2223 [93]. The BiO pockets are removed on both doped and
undoped BiO planes, but the doping effects are substantially stronger for the doped
BiO plane, where the BiO bands are lifted over 1 eV more than in the undoped BiO
plane. In the case of type B doping, the Bi pockets are not affected as well.
We have also placed two type A Oint to the structure, as far as possible from each
other. This doping corresponds to δ = 1/4 (heavy overdoping of Bi2212). The
average magnetic moments are 0.268 µB , which is 0.079 µB less than in the case of
just one impurity. Remarkably, in this case the system undergoes a transition to
a ferrimagnetic ordering of the Cu ions, as the spin up (down) copper atoms have
M = +0.307 µB (M = −0.229 µB ), respectively). Also each oxygen atom in the
CuO2 planes get a magnetic moment of +0.010 µB , and the whole SC obtains a
macroscopic magnetization equal to 0.059 µB per Cu ion. Interestingly, the onset of
the macroscopic magnetization has been proposed to suppress superconductivity in
overdoped cuprates [110–112].

5.3

Conclusion

Our results for pristine and doped BSCCO reveal persistent antiferromagnetically
coupled magnetic moments on the Cu ions, in agreement with RIXS experiments.
We have not introduced any external parameters such as Hubbard U to our SCAN
simulations to depict this Coulomb correlation effect, while the reference GGA calculations failed to capture it. Previous SCAN investigations on cuprates have observed the same trend [29–31]. Moreover, the SCAN results yield accurate lattice
geometries, as opposed to GGA results. Furthermore, our SCAN simulations verify
the experimentally observed appearance of macroscopic magnetization in overdoped
samples, which is responsible for the suppression of superconductivity in this region
of the BSCCO phase diagram. Our results show that the SCAN XC functional is
an effective tool for modeling BSCCO and in general the family of cuprate superconductors, and can help rationalizing microscopic origin of the high-temperature
superconductivity in these complex and strongly correlated materials, for example
the recent observation of pressure-induced higher temperature superconductivity in
BSCCO [113].

Chapter 6

Conclusion and Outlook
The DFT formalism has been widely used in computations of the electronic structure in condensed matter for more than half a century. Ideally, one would like to
construct DFT implementations that include both exchange and correlation effects
adequately, thus making it possible to obtain information on total energy, magnetism
and other ground state properties. Nowadays, the most popular DFT scheme is
GGA, in which the local exchange-correlation energy per particle at a given point
depends only on the density and its gradient at that point. In some materials, the
description of the interplay of local magnetic moments with itinerant electrons is a
difficult test for GGA. As a matter of fact, a realistic modeling of competing phases
in complex quantum materials has proven extremely challenging within the GGA.
For example, much of the traditional GGA framework fails to describe the magnetic
ground state of elemental manganese, which is a key ingredient in some magnetic
shape memory alloys. A similar situation exists for high temperature cuprate superconductors. Beyond-DFT methods such as DFT+U are able to cure some of these
problems but contain external parameters that can compromise the predictability
of these methods. We have found that a parameter-free and efficient method to
simulated exchange-correlation energy in complex materials is provided by SCAN
meta-GGA. By deploying the new SCAN approach, I studied how landscapes of
competing magnetic solutions can model nanoscale heterogeneity in materials such
as decorated graphene with carbon adatoms, elemental manganese and BSCCO.
Notably, our calculations confirm that Coulomb correlation effects are important in
elemental manganese confirming previous DFT+U studies. I also checked that in
decorated graphene with carbon adatoms the SCAN corrections are not so crucial as
in strongly correlated materials like BSCCO. Moreover, I have examined the importance of charge, spin and lattice degrees of freedom to stabilize the various phases of
a bismuth-based high-temperature superconductor by comparing the calculated results to highly resolved spectroscopy based on STM, ARPES and RIXS. The mastery
in calculating exchange and correlation effects with the meta-GGA SCAN method
encourages us to use DFT to study the nature of the electronic structure of magnetic
functional materials. Therefore, this research provides not only an understanding
on how magnetic phases stabilize but also form computational foundations of a better control of nanoscale hybrid devices for magnetic and superconducting quantum
technologies.
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We have performed density functional theory calculations of graphene decorated with carbon adatoms, which
bind at the bridge site of a C–C bond. Earlier studies have shown that the C adatoms have magnetic moments
and have suggested the possibility of ferromagnetism with high Curie temperature. Here we propose to use a
gate voltage to fine tune the magnetic moments from zero to 1 μB while changing the magnetic coupling from
antiferromagnetism to ferromagnetism and again to antiferromagnetism. These results are rationalized within
the Stoner and Ruderman-Kittel-Kasuya-Yosida (RKKY) models. When the SCAN meta-GGA (generalized
gradient approximation) correction is used, the magnetic moments for zero gate voltage are reduced and the
Stoner band ferromagnetism is slightly weakened in the ferromagnetic region.
DOI: 10.1103/PhysRevB.99.035441

I. INTRODUCTION

A functionalization of semiconductor devices with ferromagnetic properties is one of the greatest challenges of modern spintronics [1–3]. Much research is nowadays focused on
incorporating magnetic properties into semiconductor system
and, in particular, into graphene [4–18]. Graphene modified
by defects is very promising for such purpose. Because of the
reduced coordination number in the two-dimensional system,
the defect states are naturally expected to have weak coupling
to graphene, thus broadening of their energy levels is expected
to be small and with high density of states (DOS). If the Fermi
level (EF ) further falls inside the broadened energy level, the
Stoner instability [19] removes the spin degeneracy of the
impurity states, leading to the onset of magnetization. Thus
graphene can magnetize even first row element adatoms [20]
producing two-dimensional d 0 semiconductor magnetism.
This kind of scenario becomes particularly interesting for
external gate voltage (Vg ) control of the Fermi energy. In
fact, the impurity state can be easily occupied/drained using
Vg [21–23]. Consequently, a rich phenomenology emerges
from the interplay between magnetic impurities and the gatevoltage control of the interactions. As we shall see in the next
sections, the description of this interplay is rather complex
and it has not been carefully examined in earlier studies.
Experimentally gate-voltage control has been used for producing magnetism on graphene oxide [11], N-doped graphene
oxide [16], and graphene grafted with Pt-porphyrins [14], revealing the existence of ferromagnetic phases with significant
magnetic moments for particular values of Vg . The magnetic
impurities develop a narrow band [19,24], which has been
proposed to give rise to Stoner band ferromagnetism with
high Curie temperatures even for sp electron systems [25].
Moreover, the indirect exchange interaction of impurities on
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graphene has been intensively studied within the RudermanKittel-Kasuya-Yosida (RKKY) framework [26–32] and the
recently developed extension of this approach, which takes
into account a resonant hybridization between the adatoms
and graphene [33].
Most of the literature considers impurities interacting with
one of the two sublattices A or B of graphene. The Lieb’s
theorem [34] for bipartite lattice applies for these cases.
As a corollary of this theorem, two impurities connected
to the same sublattice interact ferromagnetically, while the
interaction is antiferromagnetic for impurities connected to
different sublattices. This sublattice dependence has been
verified by the various computational and experimental studies [13,18,35–37]. For adatoms, the situation depicted above
corresponds to the top-site binding. However, the bridge
site is in general energetically more favorable than the top
site [20,38], despite the fact that it has not been studied as
intensively. For example, for carbon adatom, the adsorption
energies to top and hollow high-symmetry sites are 0.72 and
1.36 eV higher [39]. Interestingly, the magnetic interactions
for bridge-site adatoms are different since coupling with both
sublattices occurs, as pointed out by Gerber et al. for carbon
adatoms [40]. In this situation, the Lieb’s theorem does not
apply anymore because the lattice is no more bipartite. These
conditions are therefore more favorable for ferromagnetism
within the C adatom network.
The carbon adatom [39–50] can be considered as an exemplar case for the bridge-site binding. It has only one partially
filled magnetic orbital at about 0.3 eV below the graphene
Dirac point (ED ). Here, we name this orbital as ψp,⊥ since
it has p symmetry with its symmetry axis perpendicular
to the C–C bond of the bridge site, as shown in Fig. 1.
The ψp,⊥ orbital hybridizes only weakly with the graphene
backbone, thus it has high partial DOS and it preserves the
Dirac cone shape. Therefore, the ideal model considering a
localized state and a Dirac cone remains valid. Taking all these
considerations into account, one can conclude that C adatoms
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FIG. 1. Magnetization density isosurface plot for a C adatom on
3
graphene. The isosurface is at 0.004 e/Å , while the corresponding
negative isosurface is not visible. The ψp,⊥ state (with px /py symmetry) is visible at the adatom. Its pz character on the graphene
sheet can be seen as well. (Left inset) Another view of the geometry.
(Right inset) Schematic electronic structure, the occupied portion of
the graphene/ψp,⊥ states are in gray/red, respectively.

are interesting for both conceptual and applied purposes. Nevertheless, we must bear in mind that the controlled production
of C adatom networks on graphene remains a major challenge.
To address these difficulties, a recent paper by Kim et al. has
suggested a facile pathway for the realization of this system
[48]. In this study, the C adatoms have been monitored using
a powerful Raman technique [51]. As documented by a recent
review by Banhart et al. [50], another obstacle resides in
the stability of the adatoms, which are mobile even at room
temperature due to the rather low migration barrier of 0.35–
0.60 eV [38,40,41,46,47,49,52]. Nevertheless, intrinsic weak
ferromagnetism or superparamagnetism observed in graphite
[53–59] implies that the defects producing this behavior couple to the both sublattices A and B as a corollary to the Lieb’s
theorem. Such coupling yields magnetic properties similar to
those produced by C adatoms.
The present paper provides a comprehensive theoretical
study of graphene decorated with C adatoms and shows that
the magnetic properties can be controlled with a gate voltage.
The paper is organized as follows. Section II contains the
methodology: Sec. II A gives the computational details, Sec.
II B contains the used computational supercells, and Sec. II C
discusses the theoretical framework. Section III reports the
results of the study. Section III A focuses on effects of bias to
a single adatom while Sec. III B presents the most important
results of this study, which is the behavior of the magnetic interactions as a function of gate voltage for remote interaction
distances and its interpretation. Section III C contains results
for close interaction distances. Section III D illustrates the
spatial spin polarization patterns induced in graphene by the
ψp,⊥ state. Section IV contains the conclusions and outlook
of the present work.

exchange-correlation (XC) functional taking into account the
Pauli principle and Coulomb correlation effects contains approximations. To describe the XC functional, we used the
generalized gradient approximation (GGA) in the form proposed by Perdew, Burke, and Ernzerhof (PBE) [63]. GGA
is a correction to the old local density approximation, which
in iron improves the stability of FM phase [64]. Moreover,
a set of calculations were repeated with the strongly constrained and appropriately normed (SCAN) meta-GGA functional [65], which is a more precise XC scheme obeying
the 17 known exact constraints. SCAN typically produces
superior results compared to most GGA functionals [66–71]
including the case of pure graphene,1 and also our tests on
different graphene adatoms2 support this trend. Moreover,
Black-Schaffer [29] has demonstrated that electron correlation effects play an important role in the coupling of magnetic
impurity moments in graphene. Therefore, it is important
to check the impact of correlation effect beyond the GGA.
These important arguments have justified the deployment of
the SCAN functional in our study.
The magnetic interactions between C adatoms were studied
by placing two adatoms on a graphene supercell (SC) and
by comparing the energies of the parallel and antiparallel
adatom spin configurations, which we also refer to ferromagnetic (FM) and antiferromagnetic (AFM) solutions throughout
the present paper. The energy difference E = E(FM) −
E(AFM) contains the information about magnetic interactions. The same SC methodology (using periodic boundary
conditions) has been successful in describing experiments
with interacting hydrogen adatoms on graphene [13].
The Kohn-Sham orbitals were expanded in a plane wave
basis set with an energy cutoff of 600 eV. The electron-ion
interactions were taken into account using the projector augmented wave (PAW) method [72,73] and the electronic energy
minimization was performed with a tolerance of 10−5 eV.
Each structure was optimized until the residual forces became
smaller than 0.01 eV/Å. In these relaxation runs, we used
first order Methfessel-Paxton smearing with width of 0.1 eV.
The Brillouin zone was sampled with dense -centered
meshes with k-point separations lower than 0.017 × 2π/Å.
For example, a 4 × 4 × 1 mesh was used for calculations
on 7 × 7 repeated graphene SCs and a 4 × 8 × 1 mesh was
used for 8 × 4 SCs. We found that the high k-point density
is essential in describing the magnetic ψp,⊥ state of the C
adatom correctly. Some of these parameters were refined for
the SCAN simulations (see Sec. 1.1 of Ref. [74]). To obtain
more accurate total energies and DOS, the Methfessel-Paxton
method was upgraded to the tetrahedron method with Blöchl
corrections [75]. Moreover, the k-point grids were increased
to 10 × 10 × 1 mesh for N × N SCs and 8 × 16 × 1 mesh
for 2N × N SCs. As in earlier work [21,22,76,77], the gate
voltage was modeled by adding Q/e electrons. In order to
avoid divergence in the Ewald summation, the unit cell was

II. METHODOLOGY
A. Computational details

The calculations were performed within the density functional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) [60,61]. DFT is in principle
an exact many-body theory [62]. However, in practice, the

1
Buda et al. [68] discuss the consistency between SCAN and
quantum monte carlo results in the pure graphene.
2
We have tested that, unlike PBE, SCAN is capable of finding
the magnetic moment of F adatoms on graphene. Typically hybrid
functionals are needed for this result [86].
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kept charge neutral by adding a compensating jellium background charge. These computational schemes may produce
errors as discussed in detail in Sec. 1.2 of Ref. [74]. Moreover,
when Q  1.5 e and when the SCs are small, some charge
spilling to the vacuum occurs. This problem was overcome by
decreasing the unit cell height to 15 Å or even 13 Å from the
standard value of 20Å. The forementioned errors are increased
by the decreasing of the unit cell height, but our results are
not significantly affected by all these errors as explained in
the Sec. 1.2 of Ref. [74].
B. Studied configurations

We studied the magnetic interactions of the two adatoms
ad
Cad
1 and C2 on a set of different geometrical configurations.
These configurations are characterized by adatom orientations, graphene SCs (on which the adatoms are placed) and
one-sided/two-sided adsorption sites, where the adatoms are
adsorbed on the same/opposite sides of the graphene sheet.
Two main configuration types were used, as explained by the
following paragraphs.
In adatom pair configurations, the adatoms were placed
close to each other. These configurations were used to model
short range pairwise interactions as in the study by Gerber et al. [40]. The results for these pairs are discussed in
Sec. III C. Eight different orientations of the adatoms were
considered, labeled 1 to 8, and they are illustrated in Fig. 2.
These configurations contain all the pairs that are separated
at most 5.8 Å (configuration 8) and are stable for one-sided
adsorption. In configuration 1, the adatoms are separated
by 3.8 Å, and for shorter separations the adatoms dimerize
[40,46]. The dimerized solution is further discussed in Sec. 2
of Ref. [74]. The pair configurations were studied in two supercell sizes. The first is the 7 × 7 SC containing 98 graphene
atoms plus the two adatoms. In this case, the separations
between periodic images are at least 11.7 Å (configuration 8).
As discussed in the Sec. 3.1 of Ref. [74], these separations
guarantee reasonably good isolation of the adatom pairs. The
SC size 7 × 7 is also used by Gerber et al. [40], and their
configurations C, D, and E correspond to our configurations
3, 2, and 6, respectively. Another SC size is 6 × 3, these
SCs have 36 graphene atoms plus the two adatoms. The
interactions between adatoms and their periodic images are
strong. Thus the adatom pairs interact with their surroundings.
These cells were intended for simulating random adatom
distributions with a coverage of one adatom per 18 graphene
atoms.
In adatom array configurations, the adatoms and their
periodic images form regular and infinite arrays, which were
employed in simulations involving long-range interactions.
These arrays replace the isolated adatom pairs, which would
have prohibitively large SCs in the case of remote interactions.
The adatom array results are discussed in Sec. III B. The
studied array types were labeled α, β, and γ . For α arrays,
a N × N graphene SC with one adatom was repeated twice
to yield two adatoms in a 2N × N SC. This operation leads
to equilateral triangular array as illustrated in Fig. 2(a) for the
case of 8 × 4 SC. In this study, two SC sizes (6 × 3 and 8 × 4)
were used and they correspond to ∼7.5 and ∼10 Å adatom
separations, respectively. For the β arrays, Cad
2 was moved

FIG. 2. (a) In the adatom pairs the purple Cad
1 is the first adatom
and the second one is located in one of the sites labeled 1 to 8. In
the adatom arrays, the ochre Cad
1 represents the first adatom in the
unit cell (the gray area) and the other Cad
1 are its periodic images.
The second adatom and its periodic images are located at sites α, β,
or γ . The present illustration is for the SC size 8 × 4. The dashed
lines indicate nearest-neighbor interactions for the α array. All the
symmetry-equivalent positions of Cad
2 are shown. (b) The β(6 × 3)
array, where the unit cell is repeated 2 × 4 times. (c) Configuration 6
on a 7 × 7 SC, where the unit cell is repeated 2 × 2 times.

to the neighboring bridge site, breaking the D3h symmetry
of the α arrays. The γ arrays were obtained by further
moving Cad
2 . In these arrays, six nearest-neighbor adatomadatom interactions per unit cell are present. However, in
interactions between an adatom and its own periodic images,
the spins are parallel in both FM and AFM solutions, hence
their contribution to E cancels. There are two interactions
per unit cell leading to this cancellation [blue dashed lines in
Fig. 2(a)], hence only four nearest-neighbor interactions [red
dashed lines in Fig. 2(a)] contribute to E.
C. Theoretical analysis

In conventional RKKY theory, the indirect exchange interaction between two adatoms mediated by delocalized electrons is described by the following Hamiltonian [78]:
ĤRKKY = J δ(r − R1 )ŜI1 + J δ(r − R2 )ŜI2 ,

(1)

where Ŝ is the spin operator of an electron mediating the
exchange interaction, I1,2 are the adatoms spins, J is the
exchange constant, R1,2 denote positions of the two adatoms.
The energy of the system is obtained by treating Eq. (1) as
a perturbation, the second-order correction depends on the
configuration of the adatoms spins. This interaction oscillates
as a function of the distance between the magnetic centers,
in the case of graphene its sign also depends on the positions
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of the adatoms in relation to the graphene sublattices A and
B. For small adatoms separations, the alignment is FM for
AA and AFM for AB configuration. This well-known result
is a consequence of Lieb’s theorem for bipartite lattice [34].
A completely different situation occurs if the bound adatom
states at energy ε0 are resonantly coupled to the graphene
2D continuum, i.e., ε0 falls in the range of occupied states
of graphene (ε0  EF ) [33]. In this case, an effective resonant hybridization occurs between the bound states and the
graphene states lying within a small energy range near ε0 .
The resonant type of hybridization makes the perturbation
approach used by conventional RKKY theory inapplicable.
However, the problem can be solved using a different approach [33,79,80]. This generalized theory of indirect exchange considers the following Hamiltonian:
Ĥ = Ĥ0 + ĤT + ĤRKKY ,

(2)

where Ĥ0 describes the noninteracting adatoms and graphene,
HT describes the coupling of the magnetic centers to the
graphene, in particular, it incorporates the details of the coupling to the sublattices A and B, ĤRKKY is the exchange term
of Eq. (1). The general expression (valid for an arbitrary EF )
for the indirect exchange energy reads [33]
 EF
dE
j 2 E 2 g(E, R) sign E
RKKY
=
.
(3)
Eex
arctan
π
[(ε0 − E)2 − j 2 ]2
−∞
Here, j is the exchange energy constant describing direct
exchange interaction between the adatom and graphene. The

function g(E, R) encapsulates all the details of the coupling
between two interacting adatoms and graphene and R connects the adatoms. In the case of the resonant coupling (ε0 
EF ), only the energy range close to ε0 contributes to the
interaction due to the poles of the integrand in Eq. (3). In other
res
words, the resonant indirect exchange (Eex
) is effectively
mediated only by the electrons with approximately resonant
energy ε0 and the adsorption geometry does not play any role.
res
Consequently, the sign of Eex
only depends on the position of
the resonant state relative to the Dirac point:
res
sign Eex
= − sign (ε0 − ED ).

(4)

If the bound impurity state lies above ED , the indirect exchange is mediated by electronlike states of graphene and
the indirect exchange is FM at a small distance between the
adatoms, whereas if 0 < ED , it is AFM at a small distance as
it is mediated by graphene holelike states [33]. In the case of
carbon adatoms, the ψp,⊥ state is located below ED , therefore,
we expect the C adatoms to interact antiferromagnetically
when EF is tuned above 0 by gate voltage, which we refer
to as the resonant region.
The opposite case (ε0  EF ) is the familiar conventional
RKKY. Mathematically the difference stems from the poles
being outside the integration limits in Eq. (3), thus the whole
range of the occupied states contributes to the integral. For
undoped graphene, Eq. (3) simplifies for the AA, AB, and
bridge-bridge configurations into





τ j 2 h̄vF 3 2 x(R)
,
cos
2
8π ε04 R




3τ j 2 h̄vF 3 2 x(R)
conv
Eex,AB
(R) =
cos
− θR ,
4
2
8π ε0 R
conv
Eex,AA
(R) = −

(5)

conv
conv
conv
conv
conv
Eex,bri
(R) ≈ Eex,AA
(RAA ) + Eex,AA
(RBB ) + Eex,AB
(RAB ) + Eex,AB
(RBA ),

where R = R, θR is the polar angle of R, x(R) =
(K − K ) · R, K and K are the graphene Dirac points, τ is
the energy parameter defining the strength of the adatoms
coupling to graphene, and RAB is the vector connecting the A
sublattice basal site of the first adatom to the B sublattice basal
site of the second adatom.3 Equations (5) are in agreement
with the conventional RKKY theory results for graphene
[26–32], the difference in the prefactor is due to the details
of the model where the bound state level exists also in a
nonresonant case [33]. As a consequence of Eqs. (5), the
AA interaction is FM, while AB is AFM. However, the sign
conv
of Eex,bri
depends on the relative position of the adatoms.
It can be approximated by summing the four AA/AB type
interaction pairs between the two basal sites of the first adatom
and the two basal sites of the second adatom, as in Ref. [30]
for selected configurations. As the amplitude of the AFM
terms is three times larger than the FM contributions, AFM

3
For doped graphene, analytical formulas have been considered in
Ref. [31].

configurations are more frequent. For example, if θR = π/2,
conv
Eex,bri
is FM only if the separation between adatoms is 3n
graphene unit cells (n ∈ N), otherwise it is AFM. The n = 2
case corresponds to configuration 5 defined in Sec. II B. For
the adatom arrays, E can be approximated by summing the
nearest-neighbor interactions. For example, in the α(8 × 4)
array shown in Fig. 2, there are two different adatom pairs: (i)
θR = π/2, n = 4 and (ii) θR = π/6, n = 4. The sum of their
contributions is AFM. The results on both conventional and
resonant RKKY are summarized in Table I. The results are
valid under the rigid band approximation. Effects beyond this
approximation have been discussed by Shiranzaei et al. [81].
Both RKKY theories discussed above assume the nonpolarized continuum of the mobile carriers mediating the
indirect exchange interaction between the adatoms. However,
in practice, the impurity states have some spatial spillover
on the graphene backbone and therefore a hybridization occurs and an impurity band develops with a typical width
proportional to the coupling strength [19]. A weak coupling
between the impurity states leads to a narrow band with a
large DOS. When the Fermi level being adjusted by Vg falls
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TABLE I. Dependency of the sign of Eex
to geometry of the
system and to location of 0 with respect to EF and ED .

Conventional
RKKY (EF < 0 )
0

< ED

0

> ED

Resonant
RKKY (EF >
0

< ED

0

5

> ED

0

FM
AFM
AFM/FM

AFM
AFM
AFM

FM
FM
FM

−5

inside such an impurity band, the spin polarization of the
mobile carriers becomes favorable leading to the onset of
ferromagnetism according to Stoner model. We refer to this
region as the intermediate region. In order to study the onset
of ferromagnetism, we consider the Hubbard Hamiltonian to
account for the on-site electron-electron interaction:

HU =
U ni↑ ni↓ ,
(6)

SCAN meta-GGA:
Total
Cad(py )
Cad(px)

10

(b)

ψp

,↑

ψp⊥,↑

ψp

,↑

ψp⊥,↑

ψp

,↓

ψp⊥,↓

ψp

,↓

ψp⊥,↓

15 (c)

(d)

10
DOS

FM
AFM
AFM/FM

PBE:
15 (a)

0)

Geometry
AA
AB
Bri
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5

ψp

,↑

ψp⊥,↑

ψp⊥,↑

0
−5

ψp

,↓

15 (e)

ψp⊥,↓

ψp⊥,↓
(f)

10
5

ψp⊥,↑

ψp⊥,↑

0

i

where the summation is over all graphene and adatom sites,
niσ is the occupation number operator for electron with spin
projection σ at site i. Here, U is the on-site Coulomb interaction energy for the two electrons occupying carbon pz
atomic orbital. As the result of the mean-field approximation,
the Hubbard model leads to the Stoner model [5,19], which
typically yields ferromagnetism when the Stoner criterion is
satisfied for the onset of magnetization:
U DOS(EF ) > 1.

−5

−0.4 −0.2 0.0 0.2 0.4 0.6 0.8 −0.4 −0.2 0.0 0.2 0.4 0.6
E − EF (eV)
E − EF (eV)

FIG. 3. Total DOS and lm-decomposed PDOS projected to the
adatom for Q values of (a) −0.5 e (PBE), (b) −0.5 e (SCAN), (c)
0 e (PBE), (d) 0 e (SCAN), (e) 1 e (PBE), and (f) 1 e (SCAN). In
each case, EF has been set to zero. Positive and negative DOS values
denote DOS(↑) and DOS(↓), respectively.

(7)

For graphene without adatoms, DOS(EF ) remains at about
1 eV−1 for a moderate gate voltage applied. However, an impurity band induced by hybridization with the adatoms would
have a substantially larger DOS. As can be seen in Fig. 3,
the DOS in an impurity band induced by the hybridization of
the adatoms bound states with graphene exceeds ∼10 eV−1 .
As for now, there are no direct experiments which allow to
extract a value for the model parameter U to adequately reflect
the Coulomb electron-electron interactions in graphene. In
some works, it is reported to be U ∼ t, where t ≈ 2.7 eV
is the tight-binding hopping parameter of graphene [82].
Other experiments indicate that the strength of the Coulomb
interaction in graphene is about an order of magnitude smaller
[83]. Even with this lower estimate U ∼ 0.1 eV the Stoner
criterion (7) is fulfilled when EF adjusted by the gate voltage
falls in the impurity band. At that the FM solution becomes
energetically favorable in the intermediate region as our DFT
calculations confirm.
III. RESULTS
A. One C adatom per unit cell

We first focus on effects of gate voltage to the magnetic and
geometrical properties of a single C adatom on N × N supercells, which leads to a periodic adatom coverage due to the
periodic boundary conditions. Figure 3 illustrates the DOS of
such system with a 4 × 4 SC, as well as l, m quantum number
decomposed partial DOS (PDOS) projected to the adatom for

different Q values. In this PDOS, one can see contributions
from the magnetic ψp,⊥ orbitals and also from strongly hybridized lower-lying adatom states denoted as ψp, . When 0.5
electrons have been removed from the unit cell, both ψp,⊥;↑
and ψp,⊥;↓ orbitals are unoccupied and degenerate in energy
[Figs. 3(a) and 3(b)]. When Vg = 0 [Figs. 3(c) and 3(d)],
the ψp,⊥;↑ orbital becomes partly occupied and the ψp,⊥;↓
orbital is lifted in energy by the Stoner splitting. Therefore
the C adatom network magnetizes and the magnetic moment
per adatom is M = 0.38 μB for PBE and M = 0.24 μB for
SCAN. The application of a positive Vg fills the ψp,⊥ impurity
state completely as illustrated in Figs. 3(e) and 3(f) for the
case Q = 1 e. Interestingly, at Q = 1 e, the Fermi level is
exactly at ED since the extra electron is completely absorbed
by the ψp,⊥ orbital. Therefore, only electrons of the graphene
matrix are present at the Fermi level.
Comprehensive magnetization results are given by
M (Q) curves presented in Fig. 4. For PBE, the curve is
rather linear with a slope of about 0.65 μB /e until the magnetization saturates at Q = 1 e. This slope is rather steep
because the PDOS of the ψp,⊥ state is high compared to the
graphene DOS. However, in the region below M  0.2 μB the
curve presents a nonlinear behavior related to a breakdown
of the Stoner model. For SCAN, significant differences with
respect to the PBE results can be noticed. In particular, the
growth of the magnetization curve is steeper. Below M ≈
0.5 μB the slope is 1.4 e/μB , but it gradually decreases to
0.8 e/μB before saturation. Interestingly, the magnetization

035441-5

J. NOKELAINEN et al.

PHYSICAL REVIEW B 99, 035441 (2019)

FIG. 4. Magnetization M, height of the adatom h(ad), height of
the basal atoms h(bas), and buckling of the graphene sheet z(gra)
as functions of Q for a 4 × 4 SC with one adatom. Also Q per
surface area is given in the upper x axis. (Inset) Side view of the PBE
structure for Q = 1.25 e and the definitions for the geometrical
parameters.

slope is larger than 1 μB /e for most of the curve, which
implies that ψp,⊥ moves downwards in energy while being
filled from the voltage bias, and therefore also attracts electrons from the graphene lattice. This feature of SCAN (which
contains corrections to PBE) indicates a stronger response
of magnetic moment to Vg in comparison to PBE. Another
experimentally verifiable SCAN result is that at Q = 0 e,
the magnetization (0.24 μB ) is significantly reduced in comparison to the PBE result (0.38 μB ). We have observed similar
trend in simulations with other SCs. This observation can
explain the fact that intrinsic carbon magnetism is observed
only in rare occurrences [53–55,58,59] instead of being a
common phenomenon. Moreover, our results indicate that
gate voltage can be used as a control tool to enhance magnetism in various graphitic samples that are either weakly
magnetic or even nonmagnetic. In fact, the same principle
applies to various graphene-based magnetism, as recently
experimentally demonstrated [11,14,16].
Our results with other SC sizes show that the slopes of
M (Q) curves become smaller when the adatom is placed
on bigger SCs. This observation can be explained as follows.
For bigger SCs, there is a larger number of graphene states.
Therefore, a larger Q contribution occupies the graphene
states instead of the ψp,⊥ band. However, smaller M (Q)
slopes do not necessarily mean weaker magnetic response to
the gate voltage since this response [i.e., slope of M (Vg )] is
related to the DOS peak width of the impurity state. In fact, the
peak width clearly decreases with increasing SC size because
the hybridization between the localized ψp,⊥ state with its
periodic images is reduced. The peak widths at Q = 0 have
the following trend for different SCs: 3 × 3: 0.23 eV; 4 × 4:
0.10 eV; 5 × 5: 0.08 eV; 6 × 6: 0.04 eV; 7 × 7: 0.03 eV;

9 × 9: 0.03 eV; and 9 × 9: 0.02 eV.4 Nevertheless, more dilute
adatom coverage produces also smaller magnetization per
surface area and weaker magnetic coupling between adatoms.
The gate voltage affects also geometrical properties according to Fig. 4. The inset of Fig. 4 defines h(ad) as the
height of the adatom C with respect to the basal atoms,
h(bas) as the height of the basal atoms with respect to the
nearest-neighbor graphene atoms and z(gra) as buckling
of graphene. The total height of the structure is z(tot) =
h(ad) + h(bas) + z(gra). Without gate voltage, these values
are for SCAN h(ad) = 1.30Å, h(bas) = 0.27Å, z(gra) =
0.15Å, and z(tot) = 1.72Å. Vg does not have much effect
on h(ad) nor in overall on the shape of the nearly equilateral
triangle formed by the adatom and the basal atoms. More
noticeable is the upwards movement of the triangle when
Q is filled. This motion can be tracked in the increase of
h(bas) by 0.08 Å and in the increase of z(gra) by 0.04 Å.
The PBE values are nearly identical for h(ad), about 0.03 Å
larger for h(bas) and 0.04 Å to 0.06 Å larger for z(gra). The
upwards motion of the triangle and increase in the buckling
of graphene, produced by the filling of ψp,⊥ state, could
be explained by the repulsive Coulomb interaction of the
ψp,⊥ state with the pz orbitals of graphene. Nevertheless,
h(bas) and z(gra) are significant even when the ψp,⊥ state
is emptied.
We have also verified that our binding energies are consistent with previously calculated values of −1.46 eV [20]
and −1.63 eV [43]. Our results yield −1.46, −1.52, −1.51,
and −1.52 eV with 3 × 3, 4 × 4, 5 × 5, and 9 × 9 SCs,
respectively. Therefore, the binding energies are not sensitive
to the SC size until at high concentrations. For SCAN, a slight
decrease in binding energy was observed as for 4 × 4 and
5 × 5 SCs our results gave values of −1.44 eV and −1.46
eV, respectively. However, our PBE results for the energies of
the top and hexagonal special symmetry adsorption sites are
lower than in the literature, which is possibly because we let
the graphene fully relax while constraining the symmetry of
these adsorption sites. For the top site, we obtained an energy,
which is 0.63 eV higher than for the bridge site, meanwhile
the reported values are 0.72 eV [39] and 0.86 eV [45]. For the
hexagonal site, our value is 1.27 eV, and the literature values
are 1.36 eV [39] and 1.81 eV [45].
B. Remote interaction adatom array configurations

This section focuses on adatom arrays α, β, and γ (see Sec.
II B on their definitions). These structures have two adatoms
in the unit cell and they are suitable for description of remote
interactions. Both one-sided and two-sided adsorptions are
considered. The long range interactions between the adatoms
depend on their respective lattice positions and affect the
magnetizations and energies of the FM and AFM solutions.
Figures 5(a) and 5(b) illustrate the average magnetization per
adatom of the FM solutions (M = M (FM)/2) for 6 × 3 and
8 × 4 graphene SCs, respectively. These quantities are functions of the average added charge per adatom (Q = Q/2).

4
The peak widths have been taken from DOS plots with EF taken
above the ψp,⊥ state by positive Q.
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FIG. 5. Remote interaction arrays. (a) and (b) represent M = M (FM)/2 for 6 × 3 and 8 × 4 SCs, respectively. (c) and (d) contain the
E = E(FM) − E(AFM) values for 6 × 3 and 8 × 4 SCs, respectively. Both quantities are given as a function of Q per adatom (lower
axis) and Q per surface area (upper axis). The solid/dashed lines and light/dark markers correspond to one-sided/two-sided adsorption of the
two adatoms. Some E data points are out of the scale, see Sec. 1.3 of Ref. [74] for details. The schematic insets label the intermediate and
resonant regions.

As an example, the M curves of α(8 × 4) are identical (but
with fewer data points) to the M curves in Fig. 4 because
the FM α(8 × 4) solution is equal to doubling the solution
of the 4 × 4 SC with one adatom. The remaining M results
are in overall similar. At Vg = 0, the SCAN magnetizations
are smaller than for PBE, in fact for α(6 × 3) it is even
zero. The slopes of the M curves depend on SC size as
discussed in Sec. III A, but they do not depend significantly
on the array type. However, there is a dependency on the
offset magnetization so that at Vg = 0 the PBE magnetizations
vary from M (α) = 0.17 μB to M (γ ) = 0.44 μB for 6 × 3
SCs and from M (β ) = 0.35 μB to M (γ ) = 0.43 μB for 8 × 4
SCs. The corresponding SCAN magnetizations vary from
M (α) = 0.00 μB to M (γ ) = 0.40 μB for 6 × 3 SCs. This
variation of magnetizations can be connected to steep magnetization slopes and large DOS associated to the ψp,⊥ states.
In these conditions, tiny energy shift produced by interactions
of adatoms change ψp,⊥ occupations significantly. For this
reason, the magnetization values are also sensitive to the computational details, particularly on the choice of XC functional
and density of the k-point mesh. One can now understand
why calculated magnetic moments vary significantly in the
literature [3]. However, with positive gate voltage the differences for the magnetization values become smaller. Moreover,
M (β ) and M (γ ) robustly reach the saturation magnetism at
around Q = 1 e.

We turn now to discuss an important result of this study
concerning the energy differences E = E(FM) − E(AFM).
This quantity is plotted as a function of Q in Figs. 5(c)
and 5(d) for 6 × 3 and 8 × 4 SCs, respectively. The differences in E between the respective one-sided and two-sided
configurations are significant, but differences in the magnetization are not. We also observe very different energies in
the different Q regions, which have been discussed in Sec.
II C. In the intermediate region (with only partially filled ψp,⊥
impurity states), PBE and SCAN behave differently, but in
both cases a clear ferromagnetic valley is formed in the middle
of the region for each array. Representative E maximum
values are about −30 and −5 meV for 6 × 3 and 8 × 4
SCs, respectively. In the case of structures with two-sided
adsorption, the energy difference magnitudes are larger for α
but smaller for γ . In most cases, the total energy was found
to be lower for the two-sided adsorption configuration than
for the respective one-sided one (see Sec. 2 of Ref. [74]).
For β arrays, the ferromagnetism for two-sided adsorption
is clearly weaker for the 8 × 4 SCs but for the 6 × 3 SCs
there is no clear difference in the maximum E magnitude.
In general, the γ arrays yield the most robust ferromagnetism,
especially for the 8 × 4 SCs. Also the total energies are lower
for the γ arrays (see Sec. 2 of Ref. [74]). The most stable
FM solution depends on the occupation of the ψp,⊥ state.
Regardless of the SC size or the XC functional, this solution
corresponds to M = (0.40 ± 0.05) μB , (0.35 ± 0.10) μB , and
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(0.55 ± 0.05) μB for α, β, and γ arrays, respectively. These
results can be understood within the Stoner model. In the
1
AFM solution, there is no hybridization between ψp,⊥;↑
and
ad
2
ψp,⊥;↓ impurity states, which are associated to C1 and Cad
2
adatoms, respectively. On the contrary, in the FM solution,
1
2
ψp,⊥;↑ and ψp,⊥;↑ hybridize, which reduces the magnetization
of the FM solution.5 The hybridization leads to a trade for potential energy by the expense of kinetic energy. The Stoner’s
criterion reveals whether or not the trade was beneficial.
Because of the peak in the DOS, the FM solution is stabilized.
This phenomenon explains also why the maximum of the FM
interaction is given at M ≈ 0.5 μB , since the DOS reaches its
maximum around half-filling. Incidentally, the Stoner model
becomes irrelevant in the resonant region, where the impurity
band is completely filled. One can also visualize the present
1
phenomenology as follows. The hybridization between ψp,⊥;↑
2
and ψp,⊥;↑
creates bonding and antibonding states. The filling
of the bonding state (M → 0.5 μB ) stabilizes the FM solution, while the filling of the antibonding state (M → 1 μB )
weakens it. When SCAN and PBE E are compared, the
results in the most strongly FM region look similar, suggesting
that PBE captures the Stoner phenomenology rather well.
However, the SCAN FM stability is systematically slightly
weaker. As a matter of fact, SCAN promotes orbital localization, since SCAN is more sensitive to chemical bonds than
PBE by taking into account the kinetic energy density of the
electrons.
For low magnetizations, SCAN yields strong AFM excursions especially for γ (6 × 3) and β(6 × 3) but also for
α(6 × 3), meanwhile this phenomenon is completely absent
in the PBE results. These AFM anomalies can be explained
within conventional RKKY. At low magnetizations, the ψp,⊥
orbitals become more localized for SCAN, but PBE cannot
capture this localization. As discussed in Sec. II C, the Stoner
model can break down in this dilute limit. In these conditions,
the indirect exchange mediated by the conduction graphene
electrons dominates. For low magnetizations, the integration
conv
RKKY
of Eq. (3) has not yet reached the poles, thus Eex
≈ Eex,bri
.
conv
Now, Eq. (5) explains that Eex
is slightly AFM for α(6 × 3)
and α(8 × 4), strongly AFM for β(6 × 3) and even more
strongly AFM for γ (6 × 3). This scenario qualitatively agrees
with the SCAN results since strong AFM excursions appear
for γ (6 × 3) and β(6 × 3) and a weaker one for α(6 × 3).
There is a small inconsistency with the conventional RKKY
picture in the α(8 × 4) curve, where the expected small AFM
peak is absent. However, as discussed in Sec. 1.3 of Ref. [74],
in this conventional RKKY region, there is substantial numerical instability in the AFM solution, manifesting the delicateness of the underlying physics. Therefore, E is sensitive to
computational details and the SCAN results for low M may
contain error in the meV range. Moreover, it should be noted
that the Eq. (5) is only approximative for the bridge site and
that α(6 × 3) and α(8 × 4) arrays contain competing AFM
and FM interactions. Therefore, the conventional RKKY fer-

5
We have verified from our data that the magnetic moments proad
jected to Cad
1 and C2 are larger in the AFM solution than in the FM
solution.

romagnetism for α(8 × 4) is not conclusive, but the AFM
peaks for γ (6 × 3) and β(6 × 3) are robust and thus confirm
the conventional RKKY model.
When the ψp,⊥ orbitals become fully occupied, E
reaches AFM plateaus. In this region, the impurities do not
anymore interact via the Stoner’s mechanism and the situation
becomes similar to the Heitler-London limit for the hydrogen
molecule, where electrons on different sites have opposite
spins. However, the observed antiferromagnetism could be
also explained by the RKKY formalism. As discussed in
Sec. II C, in this Q region, RKKY is described within
the resonant RKKY model, which predicts AFM interaction
energies because the impurity states lie below ED .
C. Close interaction adatom pair configurations

We now consider that the adatoms are in the neighborhood
of each other by using close interaction pair configurations
1–8 in 7 × 7 and 6 × 3 SCs. A striking difference with respect
to the remote interaction cases are nonlinear growths of the
magnetizations curves displayed in Figs. 6(a) and 6(b). The
E values shown in Figs. 6(c) and 6(d) are also substantially
larger than the corresponding remote interaction energies.
Let us first focus on the 7 × 7 SC structures, which represent well-isolated adatom pairs. In the region Q  0.5 e,
the magnetizations stay roughly constant or even decrease
when more electrons are added. This behavior is produced by
minority spin ψp,;↓ orbitals. Normally, these states lie deep
in energy (as shown in Fig. 3), but strong interactions between
adatoms and large structural distortions raise these states to EF
(see the DOS plot in Sec. 3.2 of Ref. [74]). Upon increasing
Q both ψp,⊥;↑ and ψp,;↓ are being occupied. These fillings yield opposing contributions to the magnetization. Thus
increasing Q often results in zero or even negative magnetization slope. Moreover, the ψp, states may have different ocad
cupations at Cad
1 and C2 at low Q values, leading to adatom
magnetic moments with different magnitudes. Thus, in many
cases, the AFM solution becomes a ferrimagnetic solution
with nonzero total magnetization (see Sec. 3.2 of Ref. [74] for
details about these cases). Furthermore, the ψp, states bring
complication in E because the number of interacting states
becomes higher and PDOS(EF ) can have both significant spin
up and spin down components. Besides, the graphene Dirac
cone is severely deformed. Nevertheless, the values for E
reveal a preference for strong ferromagnetism with values
as high as −104 meV (configuration 6) but configurations 7
and 8 display antiferromagnetism (or ferrimagnetism) with
maximum magnitude of 40 meV. These results suggest high
Curie temperatures in many of the studied configurations.
We now discuss higher gate voltages. Beyond the limit
Q  0.5 e, the ψp, states become fully occupied. In this
regime, the magnetization and E recover a behavior similar
to the remote interaction cases discussed in the previous
section. In the intermediate region (0.5 e  Q  1 e), the
magnetizations are linear and their values for the respective
one-sided and two-sided adsorption models are almost equal.
Moreover, each one stabilizes the FM solution (though some
cases only weakly). Above Q = 1 e, the close interaction
configurations behave similarly with the adatom array ones.
The magnetizations saturate and the antiferromagnetism is
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FIG. 6. Close interaction pairs. (a) and (b) represent M for 6 × 3 and 8 × 4 SCs, respectively. (c) and (d) contain the E = E(FM) −
E(AFM) values for 6 × 3 and 8 × 4 SCs, respectively. Both quantities are given as a function of Q (lower axis) and Q per surface area
(upper axis).

stabilized. In this case, the RKKY theory is inapplicable
because the Dirac cone is deformed and the rigid band approximation has become invalid.
The 6 × 3 SC structures have significant next-nearestneighbor interactions between Cad
1 and the periodic images
of Cad
2 and vice versa. All these interaction distances are
in the range 5–10 Å, which corresponds to the remote interaction case with FM character in the region Q < 1 e.
Thus, in comparison to the 7 × 7 SC results, one expects to
observe stronger ferromagnetism in configurations 1–6 and
weaker antiferromagnetism or even ferromagnetism in the
configurations 7 and 8. Actually, configuration 8 becomes
FM and 7 less AFM. On the contrary, the ferromagnetism
in configurations 1–6 decreases as typical E values drop
to around −30 meV and are about −55 meV at maximum.
The reason is that the Stoner criterion is weakened because
the tighter packing of the adatoms spreads the ψp,⊥ energy
band. The typical widths of the ψp,⊥ states in PDOS are
∼ 0.4 eV but for the corresponding 7 × 7 SC configurations,
they are ∼ 0.1 eV. In our tests with even tighter packing, the
ferromagnetism is further reduced. This behavior is consistent
with Ref. [25], which argues that in band ferromagnetism with
sp character the magnetization must be inhomogeneous with
only a fraction of the sample ferromagnetically ordered. In the
case of fully filled ψp,⊥ states, the results are nearly equal with
respect to the 7 × 7 SC cases.
The total energies of each structure have been listed in Sec.
2 of Ref. [74]. Regardless of the SC size, the configuration

4 was found to be lowest in energy and configuration 6 the
highest, with an energy difference of 337 meV between these
cases for the one-sided adsorption at 7 × 7 SC. Adsorbing the
adatoms to the different sides of the graphene sheet rather
than on one side was found to be energetically favorable in
most cases, as in the case of adatom arrays. The 7 × 7 SC
configuration 4 was found to be 5.42 eV higher in energy with
respect to the dimerized solution, suggesting the existence of
strong attractive potential between the adatoms. As a matter of
fact, the 7 × 7 SC configuration 4 was found to have 314 meV
lower energy than two individual adatoms on 7 × 7 SCs. This
suggests that a low temperature might be needed to stabilize
the studied adatom pairs.
In summary, our close interaction results show robustness
of the Stoner paradigm for the C adatom system on graphene.
Even when the ψp, states are present at EF (below Q ≈
0.5 e), the general trend is that the interaction energies are FM
in the intermediate region, which implies that the ferromagnetism could persist in more complicated and experimentally
realizable carbon systems [48]. The gate voltage can be used
to further optimize FM interaction strengths. Our study also
reveals that in this regard 6 × 3 is roughly the optimal SC
size for two adatoms, which corresponds to one adatom per
18 graphene atoms. However, our results indicate that within
this concentration, it is beneficial if adatoms are scattered
inhomogeneously, since stronger ferromagnetism is observed
for close interaction adatom pairs than for adatom arrays
within the 6 × 3 SCs.
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FIG. 7. Spin polarization maps with Vg = 0 for (a) top site (7 × 7
SC), (b) bridge site (7 × 7 SC), (c) FM solution of configuration
2 (6 × 3 SC), and (d) FM solution of configuration 4 (7 × 7 SC).
Blue with solid contour lines and red with dashed contour lines
denote positive and negative magnetization densities, respectively.
3
The isovalues are every 0.002 e/Å except for (a), for which this
3
value is 0.004 e/Å . The data are taken at a slice about 0.4 Å below
the graphene sheet (at the opposite side of the adatoms).

D. The spin polarization maps

Experimentally, the adatom-induced spin polarization of
the graphene sheet can be probed by using the scanning
tunneling microscopy (STM), as shown by González-Herrero
et al. for hydrogen adatoms [13]. The DFT calculations also
yield these spin patterns and they can be visualized as spatial
spin polarization maps. Figure 7 illustrates these maps for
selected C adatom configurations at Vg = 0.

Such map for a spin up C adatom fixed on the top site at
A sublattice (M = 2.00 μB ) is shown in Fig. 7(a). The magnetization pattern has triangular symmetry and the magnetizations at A/B sublattice sites are always positive/negative,
respectively. The polarization is caused by the impurity state
which extends to the graphene lattice and by the polarized
graphene electrons carrying the indirect interactions. The tail
of the impurity state is composed of pz orbitals belonging
to the A sublattice sites. The B sublattice pz orbitals are not
involved due to the bipartite nature of the graphene lattice. The
corresponding patterns are similar for many magnetic defects
coupling only to one sublattice, e.g., substitutional transition
metal atoms [36,37]. The B sublattice sites are negatively
polarized because the spin up impurity state at the A sublattice
sites attracts spin up electrons from the B sublattice sites, thus
magnetizing them negatively. In addition, another impurity
state placed on the B sublattice interacts with the spin down
graphene states. The resulting indirect interaction with the
original A sublattice impurity is AFM in agreement with
the Lieb’s theorem. However, in the case of the hydrogen
adatom, the magnetization pattern is inverted (the A/B sublattice sites have negative/positive magnetizations, respectively)
[13,35,84] as explained by Casolo et al. [35].
The richness of the DFT simulations is also reflected in
the case of bridge configurations. Figure 7(b) presents the
magnetization density associated with a single adatom on a
bridge site (M = 0.43 μB ). Our simulations indicate that the
corresponding magnetic patterns are general for any magnetic
impurities coupled equally to the both graphene sublattices.
The amplitudes are mostly positive, in particular, one can
notice four blobs between the basal atoms and their nearestneighbor graphene atoms and six smaller magnetization regions, two of which extend to two graphene sites. These
regions are also visible in the spin polarization isosurface plot
in Fig. 1. Further away positive and negative magnetizations
alternate but positive amplitudes dominate similarly with the
top-site situation. The magnitudes of the polarizations are
strongly reduced when compared to the top site case for two
possible reasons.6 Firstly, the ψp,⊥ state now spreads both to
the A and B sublattices. Secondly, the magnetization of the
C adatom is much higher for the top site configuration. In
fact, by increasing gate voltage, we observe strengthening of
the positive magnetizations and gradual disappearance of the
negative magnetizations. The resulting pattern is highly asymmetric. Consequently, the direct coupling acquires a strong
angular dependency to the vector connecting the adatoms.
Moreover, the respective angle of the basal sites of Cad
1 and
◦
◦
◦
basal sites of Cad
2 (which can be θbas = 0 , 60 , or 120 )
becomes relevant. The present results show an overall trend
for stronger ferromagnetism for the θbas = 0◦ angle, as in the
case of γ arrays and configurations 2, 4, 5, and 6. One might
achieve adsorption with θbas = 0◦ by applying uniaxial strain,
leading to longer bonds in one direction. The strain might also
stabilize the adatom network. These properties of the strained
system are of interest for future study.

6
Notice that the contour isovalues are twice as large for the top site
plot in Fig. 7(a) than in the bridge-site plots.
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Figure 7(c) visualizes the magnetization patterns for nonisolated configuration 4 adatom pair (M = 0.70 μB ), which
corresponds to a FM interaction with E = −30 meV. In
this case, the positive magnetizations induced to graphene by
the two adatoms mutually strengthen, thus a mainly positive
magnetization develops on the whole unit cell. This effect
can be also pictured as a stronger delocalization of the ψp,⊥
states. In this Q = 0 plot, negative polarization areas are
still visible, however, they gradually disappear when more
charge is added.
Figure 7(d) contains magnetization patterns for isolated
configuration 2 adatom pair (M = 0.50 μB ), which corresponds to a FM interaction with E = −40 meV. An interesting feature is the negative excursion of the magnetization
in between the adatoms, which is much stronger than any
positive magnetization in the contour map, even though the
positive magnetizations typically dominate in the FM solutions, as shown in Fig. 7(c).
Although magnetization patterns of hydrogen have been
recently observed by González-Herrero et al. [13], at the
moment, no experiments have yet measured the polarization
maps related to bridge configurations. Since our DFT calculations predict that these maps are completely different, STM
experiments probing these cases would be useful to test our
present models.
IV. CONCLUSIONS

By using DFT first-principles simulations and various
models of magnetism, we have proposed how to use gate
voltage to control magnetism of carbon graphene adatoms.
We have found that the voltage bias can be deployed to fine
tune the magnetic moment of the adatoms from zero to 1 μB
by emptying or filling the localized magnetic state on the
adatom. Moreover, the gate voltage influences the strength and
sign (FM or AFM) of the magnetic interactions between the
adatoms. We find AFM behavior at both low and high adatom
magnetic moment regions and ferromagnetism at intermediate
adatom magnetic moments. At this intermediate region, the
Fermi level falls in the band of impurity states, which have
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[18] J. Tuček, K. Holá, A. B. Bourlinos, P. Błoński, A. Bakandritsos,
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We discuss the interplay between magnetic and structural degrees of freedom in elemental Mn. The
equilibrium volume is shown to be sensitive to magnetic interactions between the Mn atoms. While the
standard generalized gradient approximation underestimates the equilibrium volume, a more accurate treatment
of the effects of electronic localization and magnetism is found to solve this longstanding problem. Our
calculations also reveal the presence of a magnetic phase in strained α-Mn that has been reported previously
in experiments. This new phase of strained α-Mn exhibits a noncollinear spin structure with large magnetic
moments.
DOI: 10.1103/PhysRevB.101.075115

I. INTRODUCTION

Manganese is one of the most complex metallic elements
[1–7] that assumes many different stable crystal phases. On
cooling the liquid, the sequence of crystal phases [8–10]
obtained includes body-centered cubic (BCC) δ-Mn, facecentered cubic (FCC) γ -Mn, β-Mn, and α-Mn as illustrated in
Fig. 1. α-Mn has 58 atoms per unit cell with space group Td3
(No. 217) [11] and it may be looked upon as an intermetallic
involving Mn atoms in different electronic and magnetic configurations [12] on four crystallographic sublattices (I, II, III,
and IV). Neutron diffraction experiments [13] have shown that
sublattices III and IV further split into two types (IIIa, IIIb,
IVa, and IVb) when the antiferromagnetic ordering is taken
into account. Large, almost collinear magnetic moments reside on sites I and II, while substantially smaller and strongly
canted moments are on sites III and IV [13].
Density functional theory (DFT) results by Hobbs et al.
[1,2] using either the local-spin-density approximation
(LSDA) or the generalized-gradient approximation (GGA)
are not in agreement with experiments because the tendency
of LSDA and GGA to overbind produces a collinear spin
structure at the theoretical equilibrium volume. However, a
noncollinear spin structure develops when the lattice is expanded beyond the experimental volume [2]. A semiempirical
tight-binding method using Hubbard-like correlation effects
[14] has predicted a noncollinear magnetic structure for αMn at the experimental volume in qualitative agreement with

*
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experiment, but a more recent tight-binding study failed to
converge to the noncollinear solution [15].
In order to address the deficiencies of the LSDA and
GGA, exchange-correlation corrections must be improved.
One approach is to introduce an ad hoc Hubbard parameter U
[16–20], which attempts to correct for self-interaction errors
on localized 3d orbitals of Mn by replacing LSDA and GGA
potentials with orbital-dependent terms. An important test in
this connection is the Mn2 dimer [16] which is discussed
in the Supplemental Material (SM) [21] (see also references
[22–25] therein). Note that a DFT+U approach requires
both Hubbard-repulsion U and Hund-exchange integral J
as ad hoc parameters [26]. Here the strongly-constrainedand-appropriately-normed (SCAN) functional [27], which is
a semi-local functional that satisfies seventeen exact constraints, provides a systematic improvement over the GGA. It
should be noted that SCAN leads to overestimated magnetic
moments in itinerant ferromagnetic transition metals such
as iron [28–30]. However, there are many studies of antiferromagnetic materials such as the cuprates [31–33], spinel
LiMn2 O4 cathode material [34], and 3d perovskite oxides [35]
where SCAN yields a good estimate of magnetic moments.
This has also been shown to be the case in some Mn-rich
Heusler alloys [36,37], where the 3d magnetic electrons are
quite localized on the Mn atoms.
In this paper, we show that SCAN significantly improves
the description of the ground-state electronic and magnetic
structure of α-Mn with respect to the LSDA and GGA by
correctly accounting for conflicting trends for maximizing
the magnetic spin moment and the bond strength. In this
way, SCAN successfully captures the complex charge and
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FIG. 2. Partial l-decomposed DOS (PDOS) for d electrons in γ Mn at the experimental Rws = 2.753 a.u. for GGA, GGA+U (with
U = 1.1eV), and SCAN.

arrangements were included for the α-Mn structure. Note that
the inclusion of noncollinearity in calculations significantly
increases the computational cost as the electron density becomes a 2 × 2 matrix [45,46].
III. RESULTS

FIG. 1. A schematic illustrating the evolution of various crystal
phases of Mn from liquid Mn. Colors are used to differentiate
between different Mn atoms in the unit cell. The polyhedron in
the α-phase structure is the 17-atom cluster described by Proult &
Donnadieu [10].

noncollinear magnetic ordering that occurs in α-Mn at low
temperatures.
II. COMPUTATIONAL METHODS

The present DFT calculations were performed with the
plane-wave method implemented in the Vienna ab initio simulation package (VASP) [38–40] with the projector augmented
wave (PAW) method [41]. The GGA exchange-correlation
functional is based on the Perdew-Burke-Ernzerhof (PBE)
formulation [42] while the meta-GGA follows the SCAN
implementation [27]. Structural relaxations were performed
with an energy cutoff of  550 eV and a k-point spacing of <
0.02 Å−1 . The Methfessel-Paxton smearing method [43] was
used with a width of 0.2 eV in geometry optimization runs,
and the tetrahedron smearing method with Blöchl corrections
[44] was used in self-consistency cycles as well as for generating the electronic density of states (DOS). Total energies
were converged to 10−6 eV. In geometry optimizations, forces
on all atoms were converged to 10−2 eVÅ−1 . Spin polarization effects and the variational freedom for noncollinear spin

We first examine γ -Mn with four Mn atoms per unit cell
(see SM [21] for details). Asada and Terakura [47] have
shown that the LSDA underestimates the lattice constant and
fails to predict the antiferromagnetic ground state. Our GGA
and SCAN total energy calculations for the nonmagnetic,
ferromagnetic, and antiferromagnetic AF1 and AF2 phases
confirm that the ground state of γ -Mn is AF1, where the sign
of the moment alternates between the planes stacked along
the [001] direction. These phases are described by Kubler in
Ref. [9]. GGA gives the Wigner-Seitz radius corresponding
to the equilibrium volume [48] of Rws = 2.635 a.u., while
SCAN gives Rws = 2.732 a.u., which is in better agreement
with the experimental value of Rws = 2.752 a.u. [49]. The
structure is found to be tetragonally distorted with c/a = 0.95
for GGA, while SCAN produces c/a = 0.98. The calculated
magnetic moments increase with the equilibrium volume, thus
GGA yields 1.74μB whereas SCAN gives a higher value of
3.10μB .
In order to gauge the strength of corrections beyond the
GGA captured by SCAN, we compare SCAN, GGA, and
GGA+U results and extract an effective U value which
reproduces the experimental equilibrium volume. In this way,
we find that for U = 1.1eV, the equilibrium Wigner-Seitz
radius is Rws = 2.722 a.u. with a Mn magnetic moment of
2.69μB and c/a = 0.98. These results are consistent with
those reported previously by Podloucky & Redinger [50] and
Di Marco et al. [51,52]. Figure 2 highlights the effect of U on
the Mn partial DOS (PDOS) at the experimental volume. The
GGA PDOS is seen to differ significantly from SCAN, but for
U = 1.1eV the two Mn PDOSs becomes closer. These results
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FIG. 3. SCAN-based cohesive energies for various magnetic
structures of α-Mn discussed in the text. The dotted vertical line
corresponds to the GGA volume calculated with PBE [42] while
the solid vertical line marks the experimental Rws = 2.688 a.u. of
noncollinear α-Mn [13]. Ecoh of γ -Mn in SCAN is −3.27eV, see also
the SM [21]. The weakly ferrimagnetic (FIM) solution is compared
to the AFM (collinear and noncollinear) solutions.

are also consistent with the observation of Hubbard bands in
γ -Mn with angle-resolved photoemission spectroscopy [53].
In α-Mn, sublattices I, II, and IV are occupied by closepacked polyhedra although this is not the case for sublattice III [11,54]. This close packing results in shrinking of
the Wigner-Seitz radius to the experimental value [13] of
Rws = 2.688 a.u. Figure 3 shows the cohesive energy Ecoh
as a function of Rws for a collinear solution. Even with
this constraint SCAN significantly corrects the GGA volume. Moreover, the calculated bulk modulus of 131GPa is
in good agreement with the experimental value of 151GPa
[55]. The computed magnetic moment distribution follows
trends consistent with the experimental results given in Table
II of Ref. [2]. However, exact comparisons with theory are
difficult because the moments extracted from the experimental
data depend sensitively on the choice of the form factors
used [13,56–60]. Interestingly, our computations predict the
existence of an additional collinear (metastable) solution at a
higher volume with a bulk modulus of 68GPa. The magnetic
distribution for this solution becomes weakly ferrimagnetic
with an average moment of 0.11μB per Mn atom and the
corresponding charge distribution involves Mn atoms in six
different electronic configurations with charge differences
reaching 0.4 e/atom. When spin-orbit coupling (SOC) is
included in the calculations, a noncollinear magnetic structure develops to reduce frustration. We have performed two
different types of noncollinear calculations in this connection.
The first involved fully relaxed atomic positions with a fixed
cell shape [61], while the second achieved full structural
relaxation. The corresponding cohesive energies Ecoh as a
function of Rws are shown in Fig. 3.
In the GGA the structure remains collinear at the experimental volume [2] but in SCAN the moments rotate out of
their collinear orientations. [The SCAN-generated magnetic

FIG. 4. SCAN-based noncollinear magnetic structure of various
α-Mn sublattices: I (red), II (yellow), IIIa (blue), IIIb (light blue), IVa
(green), and IVb (light green). Only the atomic positions are relaxed
in (a), while both the atomic positions and cell shape are relaxed
in (b).

structure is noncollinear for both the calculations shown in
Fig. 4.] In contrast to GGA, SCAN thus predicts noncollinear
magnetic ordering at the experimental volume. In fact, as we
noted above, we obtain two distinct magnetic structures, both
with large collinear magnetic moments on Mn I sites, while
the moments on Mn II sites are slightly smaller and canted
away from the collinear direction. For the first solution, which
is based on the fully-relaxed structure, we obtain Rws = 2.781
a.u., and this solution might correspond to the strained αphase reported experimentally by Dedkov et al. [62]. The
second solution involves computations with a fixed cell shape.
Here the determination of the equilibrium volume is more
delicate since several degenerate solutions with different spin
structures can coexist as is the case in YBa2 Cu3 O7 [33]
cuprate high-Tc superconductor. We note, however, that since
SCAN tends to favor solutions with large magnetic moments,
the stabilization of the strained α phase we have found might
be due to the exaggerated corrections in SCAN [36,63]. Noncollinear magnetism in manganese nanostructures has been
reported also within the GGA [46].
The present noncollinear implementation of VASP [45,46]
neglects noncollinear correlation effects beyond the LSDA
[64,65], which could possibly be the reason that SCAN yields
solutions with too large equilibrium volume in α-Mn [66], see
Fig. 3. At the GGA level, a noncollinear spin structure stabilizes when the lattice is expanded beyond the experimental
volume. In fact, in order to converge towards a noncollinear
solution, Hobbs et al. [2] had to start their calculations with
a strongly expanded initial volume (Rws ≈ 2.96 a.u.), which
however was not the final converged volume. The preceding
results suggest that SCAN is a step in the right direction for
stabilizing noncollinear solutions.
Overmagnetization in 3d transition metals [28–30] has
been found in recent SCAN calculations. This issue has
been addressed with a deorbitalized potential [63]. A similar
problem is present in DFT+U , where the magnetic moment
changes considerably if one adopts either the fully-localized
limit or the mean-field approximation [67]. Here also a deorbitalized potential for states at the Fermi level has been
suggested as a possible cure [68].
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IV. SUMMARY AND CONCLUSIONS

Our results are relevant for smart materials such as the
shape-memory and magnetocaloric Mn-rich Heusler alloys
[69–71] because elemental Mn and the Mn-rich Heusler alloys
present phase diagrams with common features. For example,
BCC δ-Mn and FCC γ -Mn can be viewed as austenite and
martensite phases of Heusler alloys, respectively. Although
we have shown previously [36] that SCAN corrections beyond
the GGA are small for Mn-poor compounds, our results
here indicate that we can expect substantial differences between the GGA and SCAN in Mn-rich compounds such as
Ni2 Mn1+x (Ga, Sn)1−x . SCAN corrections should work particularly well for short Mn-Mn distances where antiferromagnetic coupling tends to suppress itinerant ferromagnetism
[72]. In fact, the presence of spin- and charge-density wave
like orderings in α-Mn could help rationalize the complex
phase diagrams of Heusler alloys and the associated phase
instabilities driven by Fermi-surface nestings [73–75]. Since
SCAN tends to promote complex solutions [33], future investigations of Mn-rich materials should consider large simulation cells to capture modulated phases, which could be more
stable than the simple martensitic [76] phase.
Our study provides a robust self-consistent scheme to
correct the overbinding in elemental Mn in LSDA and GGA.
The SCAN corrections for the equilibrium volume also yield
noncollinear antiferromagnetism with complex charge and
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Bi-based cuprate superconductors are important materials for both fundamental research and applications. As
in other cuprates, the superconducting phase in the Bi compounds lies close to an antiferromagnetic phase. Our
density functional theory calculations based on the strongly-constrained-and-appropriately-normed exchange
correlation functional in Bi2 Sr 2 CaCu2 O8+δ reveal the persistence of magnetic moments on the copper ions
for oxygen concentrations ranging from the pristine phase to the optimally hole-doped compound. We also
find the existence of ferrimagnetic solutions in the heavily doped compounds, which are expected to suppress
superconductivity.
DOI: 10.1103/PhysRevB.101.214523
I. INTRODUCTION

In 1986 superconductivity above 30 K was reported in
La2 CuO4 by Bednorz and Müller [1], initiating an intense effort to understand its microscopic origin and gain insight into
driving the Tc above the room temperature. The anomalous
nature of the cuprate superconductivity is believed to originate from the quasi-two-dimensional CuO2 planes wherein
a strong long-range antiferromagnetic (AFM) order is found
in the parent half-filled compound [2]. On doping, the AFM
order quickly disappears and gives way to a superconducting
dome. From this intimate connection between antiferromagnetism and superconductivity, the view that spin-fluctuations
play a central role in determining the physical properties
of the cuprates has been gaining increasing support [3–5].
However, there is still no universally accepted explanation for
high-temperature superconductivity.
Crucial to understanding the origin of superconductivity
in the cuprates is the process by which doped hole carriers
are introduced into the CuO2 planes. In simplified low-energy
effective models, such as the one-band Hubbard model, only
the Cu-d and O-p states are assumed to dominate. This
view of the cuprates has been successful in describing the
robust broken symmetry phases seen in experiments but it
does not account for the diversity of transition temperatures
at optimal doping. For example, the highest Tc obtained
in La2−x Sr x CuO4 is 40 K, whereas in the single-layer Hg
cuprate, HgBa2 CuO4 , the optimal Tc is almost 100 K, more
than twice that of La2−x Sr x CuO4 . These variations have been
accounted for by modifying the local crystal-field splittings in
*
†
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the CuO6 octahedra [6], which in turn alter fine features of the
Fermi surface [7]. However, these models ignore impurity and
structural effects derived from real dopants. Moreover, such
models do not account for interlayer coupling effects between
the CuO2 planes and the charge-reservoir layers. Therefore,
the doping process must be theoretically modeled in a holistic
manner by treating the CuO2 plane, the surrounding layers,
and the dopants on the same footing.
The bismuth-based cuprates Bi2 Sr 2 Can−1 Cun O2n+4+δ
(BSCCO) [8–12] are among the most extensively investigated
superconductors. Notably, the weak van der Waals-like
coupling between the layers, facilitates cleaving and makes
BSCCO amenable to accurate angle resolved photoemission
spectroscopy (ARPES) [13–21] and scanning-tunneling
microscopy/spectroscopy (STM/STS) [22–31] studies. The
two-layer compound (n = 2) is composed of a rock-salt
SrO-BiOδ -SrO charge reservoir layer stacked with two
CuO2 -Ca-CuO2 layers. Unlike the mercury- or yttrium-based
cuprates, the oxygen impurities in BSCCO can occupy at
least three distinct sites. These sites have been extensively
studied with STM, and the findings have been compared to
various models [32–34].
Initial theoretical studies of cuprates using the density
functional theory (DFT) missed important Coulomb
correlation effects [35]. In BSCCO, the local-spin-densityapproximation (LSDA) fails to produce the copper magnetic
moments [36–40]. The generalized-gradient-approximation
(GGA) produces only marginal corrections to the
LSDA [34,41–44]. Jarlborg has suggested applying
higher-order density gradient corrections to cuprates [45].
Additional studies beyond the GGA using schemes such as
DFT + U [46] and DFT + DMFT [47] have been performed
to stabilize the AFM ground state. However, these methods
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require the use of external parameters such as the Hubbard U ,
which limits the predictive power of the theory.
Recent progress on advanced DFT schemes offers new
pathways for describing the electronic structure of correlated
materials from first principles. In particular, the stronglyconstrained-and-appropriately-normed (SCAN) meta-GGA
exchange-correlation functional [48], which obeys all known
constraints applicable to meta-GGA, has been shown to
accurately predict many of the key properties of pristine and
doped La2 CuO4 [49–51] and YBa2 Cu3 O6 [52]. In La2 CuO4 ,
SCAN correctly captures the magnetic moment in magnitude
and orientation, the magnetic exchange coupling parameter,
and the magnetic form factor along with the electronic band
gap, all in accord with the corresponding experimental results.
Reference [51] compares SCAN with other meta-GGA and
hybrid functionals in cuprates and shows that SCAN gives the
best overall agreement with experiments. In a SCAN-based
study, Ref. [52] identifies a landscape of 26 competing uniform and stripe phases in near-optimally doped YBa2 Cu3 O7 .
In Ref. [52], the charge, spin and lattice degrees of freedom
are treated on an equal footing in a fully self-consistent manner to show how stable stripe phases can be obtained without
invoking any free parameters. These results indicate that
SCAN correctly captures many key features of the electronic
and magnetic structures of the cuprates and it thus provides a
next-generation baseline for incorporating the missing manybody effects such as the quasiparticle lifetimes and waterfall
features [53]. The applicability of SCAN to transition-metal
oxides, semiconductors, and atomically thin films beyond
graphene has been demonstrated in Refs. [54–62]. We note
that SCAN also contains overcorrections to the GGA in dealing with itinerant ferromagnetism [63,64], but the underlying
deficiencies responsible for these issues with SCAN have
been identified and possible fixes have been proposed [65,66].
There is no evidence that these issues with SCAN persist
outside of the ferromagnets, since SCAN clearly improves
GGA in the case of antiferromagnetic α-Mn [67].
In this article, we utilize the SCAN functional to explore the electronic, structural and magnetic properties of
Bi2 Sr 2 CaCu2 O8 (Bi2212) on a first-principles basis. A realistic description of the phase diagram of BSCCO requires also
an accurate treatment of the self-doping by the BiO layers
and a precise description of the oxygen interstitials, which
can occupy different sites. We will show that a robust copper
magnetic moment persists even when a substantial amount of
oxygen is added to the material, which is in agreement with
recent resonant inelastic x-ray spectroscopy (RIXS) experiments [68–71]. The appearance of the Cu magnetic moment
in SCAN continues to capture other good trends seen in the
LDA and GGA computations [40]. Finally, we find that SCAN
predicts ferrimagnetic solutions in overdoped BSCCO in
agreement with recent experiments by Kurashima et al. [72].
This paper is organized as follows. Section II discusses the
methodology, where Sec. II A describes the computational details and Sec. II B considers the structural models for BSCCO.
Section III presents the results of this study. Here, Sec. II A focuses on pristine Bi2212 while Secs. III B and III C present the
results for oxygen-doped BSCCO with O impurities located
at various positions in the lattice. Section IV summarizes our
conclusions and comments on future implications of our work.

II. METHODOLOGY
A. Computational details

Ab initio calculations were carried out using the projectoraugmented-wave method [73,74] as implemented in the Vienna ab initio simulation package [75,76]. The Kohn-Sham
orbitals [77] were expanded in a plane-wave basis set with
an energy cutoff of 550 eV. The exchange-correlation energy
is treated within the SCAN meta-GGA scheme [48]. Some
calculations were also carried out within the GGA scheme
of Perdew, Burke, and Ernzerhof [78] for reference. All sites
in the unit cell along with the unit cell dimensions were
relaxed using a quasi-Newton algorithm to minimize energy
with an atomic force tolerance of 0.001 eV/Å. A 9 × 9 × 2
(4 × 4 × 1 k-mesh was used to sample the Brillouin zone of
the bulk (slab) crystal structure and a denser 15 × 15 × 3
k-mesh was employed to calculate the density of states (DOS).
A total energy tolerance of 10−5 eV was used to determine
the self-consistent charge density. The band structure was
unfolded [79,80] from the supercell into the primitive cell
Brillouin zone using the PYPROCAR [81] code. Various siteresolved projections were analyzed with the PYMATGEN [82]
software package.

B. Structural model of BSCCO

An important characteristic of the cuprates is the presence of an intrinsic lattice mismatch between the various
layers [83]. In BSCCO, the substantial tensile stress in the
BiO layers leads to an incommensurate superlattice modulation [84] in which the CuO2 and BiO layers undergo warping
and rippling with an approximate period of five unit cells
along the b axis. The reported effects of this supermodulation
on the electronic properties have been mixed in that ARPES
finds no effect on Tc as a function of superstructure period [85], whereas STM finds the local doping level to be connected to the periodicity of the structural modulations [86].
A few theoretical studies have been performed within the
DFT [34,42] but clear conclusions have been difficult to obtain
due to the intrinsic limitations of the LSDA and GGA.
In this study, we neglect the superstructure modulation
and focus on the electronic and magnetic properties and their
evolution
√
√ with doping. In this connection, we consider a
2 × 2 orthorhombic supercell to accommodate the (π , π )
AFM order on the copper atomic sites (see Fig. 1). After
relaxing the atomic positions and unit-cell shape, we find
the a, b, and c lattice parameters to be 5.35 Å, 5.42 Å, and
31.08 Å, respectively, admitting a 1.1 % orthorhombicity in
the ab plane. These parameters are in good accord with
the corresponding experimental results [a = 5.399(2) Å, b =
5.414(1) Å, and c = 30.904(16) Å] [8]. Interestingly, in comparison to a freestanding BiO bilayer, our computations show
that the BiO bilayer in BSCCO is under a tensile strain of
9.3 % due to lattice mismatch [87]. Consequently, the Bi and
O ions rearrange themselves and exhibit stronger BiO bonding
along the a axis compared to the b axis, yielding zig-zag
BiO chains or Bi2 O2 quadrilaterals [42,88,89]. The chain
formation appears to be key for stabilizing the orthorhombic
ground state.
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√
√
FIG. 1. A schematic of the relaxed orthorhombic 2 × 2 supercell structure of Bi2212 and the zigzag chains of BiO bilayers.
This zigzag stacking configuration within the BiO bilayers yielded
the lowest energy. The vdW gap in the BiO layer (highlighted with
the gray plane) divides the structure into two slabs. Black lines mark
the computational unit cell.

In order to delineate effects of doping, we doubled the
unit cell in the ab plane. Since the bulk Bi2212 crystal
consists of two formula units stacked body-center-wise and
separated by a van der Waals (vdW) region with very little
kz dispersion [90], we followed previous computational studies [33,41,43] and considered only one formula unit. Using a
small vacuum region of 3.8 Å to separate the periodic images
of these slabs, we verified that the electronic properties of this
simplified model correspond well to those of the bulk.
III. RESULTS
A. Electronic structure of pristine Bi2212

Figure 2 compares band structures and site-resolved
partial-densities-of-states (PDOSs) of Bi2212 obtained within
the GGA and SCAN schemes. Consistent with previous
ab initio studies [40,43], GGA [Fig. 2(a)] yields a nonmagnetic metal, where the spin-degenerate Cu dx2 −y2 bands
cross the Fermi level with an overall bandwidth of 4.0 eV.
In contrast, SCAN [Fig. 2(b)] stabilizes the AFM order over
the copper sublattice and produces an indirect gap of 0.33 eV
in the half-filled dx2 −y2 -dominated band. At the X point, the
energy gap is 1.47 eV, while at the midpoint between M
and  [91], the gap is 1.24 eV. When the band structure is
projected onto the Cu ions with positive magnetic moments
[Fig. 2(c)], the spin-polarized nature of the Cu dx2 −y2 bands
become visible. The valence band (majority spin) is now
seen to be partially occupied, while the conduction band
(minority spin) is unoccupied, leading to local Cu magnetic
moments of ±0.425 μB . Around X , the valence bands exhibit
a bilayer splitting of 0.24 eV, which produces two van Hove
singularities visible in the PDOS at around −0.65 eV and
−0.88 eV. These singularities visually appear to be stronger
than logarithmic, in agreement with Nieminen et al. [27].
The Cu dz2 and t2g orbitals are spin-split due to the Hund’s
coupling [see Fig. 2(b)]. This splitting is substantial for the
dz2 orbitals but weak for the t2g orbitals; we find that the dz2
orbitals contribute mainly between −1.7 eV and −2.2 eV in
the spin up channel and between −2.7 eV and −3.2 eV in the
spin down channel. In contrast, the t2g majority and minority

FIG. 2. [(a) and (b)] Band structure and DOS projected onto Cu
d orbitals and BiO layers for GGA and SCAN. For SCAN, the Cu
projections refer only to Cu ions with positive magnetic moments in
order to highlight their spin polarization in PDOS (the total moment
over the unit cell is zero). However, the spin polarization is not
shown in the band structure plots for simplicity. (c): SCAN-based Cu
dx2 −y2 bands and DOS. Here, spin polarization of the band structure
is shown. Band structure
√been unfolded [79,80] into the primitive
√ has
cell from the AFM 2 × 2 supercell. X and M symmetry points
are given with respect to the Brillouin zone of the primitive cell.

spin states are nearly degenerate, with the weight of dxz/yz orbitals concentrated between −1.7 eV and −1.0 eV, and that of
dxy orbitals between −2.0 eV and −1.2 eV. Hund’s coupling
leads to similar orbital splitting behavior in La2 CuO4 , but with
different ordering of the d orbitals [49]. Here, the dz2 bands are
below the t2g bands, whereas in La2 CuO4 they are the highest
fully occupied bands. This difference between Bi2212 and
La2 CuO4 is a consequence of the larger separation between
the Cu ions and the apical oxygen atoms in Bi2212; 2.67 Å in
our relaxed structure compared to 2.45 Å in La2 CuO4 [49].
In order to estimate the value of on-site Hubbard potential
U and the Hund’s coupling JH , we follow the approach of
Lane et al. [49]. Using the PDOSs gμσ resolved by orbitals μ and spin σ , we determine the average spin-splitting
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E μσ of the dx2 −y2 and dz2 levels and then U and JH as
follows:

E μσ =
E gμσ (E ) dE ,
(1)
W

E dx2 −y2 ↑ − E dx2 −y2 ↓ = U (N↑ − N↓ ),

(2)

E μ=dx2 −y2 ↑ − E μ=dx2 −y2 ↓ = JH (N↑ − N↓ ),

(3)

where N↑ (N↓ ) is the occupation of the spin-up (down) dx2 −y2
orbital and the integration is over the full bandwidth W . In this
way, U and JH (μ = dz2 ) are found to be 4.7 eV and 1.35 eV,
respectively. These values are very similar to those found
for La2 CuO4 [49]. Also, this value of U is comparable to
that found in the three-band Hubbard models of cuprates, but
it is substantially larger than the U used in the single-band
Hubbard model, which can be estimated through a constrained
random phase approximation calculation [92] for Bi2212 [93]
and Bi2 Sr 2 CuO6 (Bi2201) [70]. This difference is due to the
over-simplified nature of the single-band model, where the
band is composed of Cu-dx2 −y2 and O-px , py characters. This
band thus essentially represents a CuO2 molecule instead of
a pure d state, so that the U estimated in this way involves
partial screening by the O ligands.
The nearest-neighbor superexchange coupling parameter J
is usually estimated by mapping to an effective Heisenberg
model [49]. However, this is not possible here because we
found that the ferromagnetic state in this case converges to
zero magnetic moment. For this reason, we have used J ≈
4t 2 /U − 24t 4 /U 3 , where t is the nearest-neighbor hopping
parameter, which can be estimated from the dx2 −y2 bandwidth
B to be t = B/8 ≈ 500 meV. We thus estimate J ≈ 200 meV,
which is in reasonable accord with the corresponding experimental value of ∼148 meV [70].
Unlike the other cuprates such as La2 CuO4 , pristine
BSCCO is weakly metallic due to self-doping [40]: Both the
BiO and Cu dx2 −y2 bands cross EF and lead to a semimetal
through the removal of some electrons from the CuO plane.
This self-doping effect may be the reason that it has been
difficult to stabilize a large magnetic gap in nominally pristine BSCCO without rare-earth substitution [94,95]. We have
also carried out computations on Bi2201 (see Supplementary
Materials [96,97] for comparison of Bi2201 with Bi2212).
Notably, the Cu magnetic moment in Bi2201 is found to be
0.395 μB , which is 0.030 μB less than in Bi2212. This reflects
the effect of stronger self-doping in Bi2201 where the Bi/Cu
ratio is twice as large as in Bi2212.
B. Doping of Bi2212

STM studies of Zeljkovic et al. [32,33] show that there are
two different types of interstitial oxygen dopants in BSCCO.
The “type B” dopants reside in the BiO layers, whereas the
“type A” oxygens lie close to the apical oxygen atoms and
the SrO layers and interact directly with the CuO2 planes.
We have modeled both types of these dopants and found
that the type A oxygen dopants explain most of the observed
hole-type doping. The B oxygen dopants are discussed further
in Sec. III C below. Our calculations
√
√for modeling doping
effects employed a 120-atom 2 2 × 2 2 supercell slab (see

FIG. 3. (a) Top and side views of the relaxed Bi2212 slab with an
type A-type O dopant. Oint is colored black. The Cu(1)/Cu(2) and
the Oapical (1)/Oapical (1) atoms are located below the Bi atoms labeled
1/2. (b) lm-decomposed PDOS of the Cu(1) ion [closest to Oint , see
panel (a)] in pristine (left) and doped (right) cases. (c) p-projected
PDOS of the Oapical (1) atom with and without doping. For the doped
case (right), the PDOS of the Oint is also presented. (d) PDOS
projected onto the BiO layers.

Sec. II for details) with a type A interstitial oxygen atom
Oint . This model corresponds to a doping level of δ = 1/8
(close to optimal doping), as illustrated in Fig. 3(a). In the
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relaxed structure the Oint atom is found to reside between
the SrO and BiO layers in agreement with the results of He
et al. [41,42] and Foyevtsova et al. [43] as well as with a recent
scanning-transmission-electron microscopy (STEM) study by
Song et al. [34].
In Fig. 3(b), we illustrate the effects of dopant on the electronic structure by comparing the pristine and doped PDOS on
Cu(1) site, which is the copper ion closest to the Oint . Doping
leads to addition of holes resulting into a downwards shift of
the Fermi level in the magnetic dx2 −y2 band, along with the
closing of the dx2 −y2 electronic gap. The doping leads to a
reduction in the average value of the Cu magnetic moment
(|M| = 0.347 μB ) by 0.078 μB . Values of |M| differ significantly between the two CuO2 planes. We will refer to the
CuO2 planes with/without the dopant as “doped/undoped”
planes. On the undoped plane, |M| = 0.363 μB , whereas on
the doped plane, the magnetic moments are on average
0.328 μB with significant variations on Cu sites (0.322 μB 
|M|  0.339 μB ). The on-site potential of about 4.8 eV, calculated from the Cu dx2 −y2 PDOS, is constant for all the Cu
sites and remains almost unchanged from the pristine case.
Note that the O dopant here resides between the apical
oxygen atoms Oapical (1) and Oapical (2) at distances of 2.61 Å
and 2.66 Å, respectively [see Fig. 3(a)]. The Oint interacts
with the Cu(1) dz2 orbitals primarily through Oapical (1). However, as discussed in Sec. III A, this interaction is suppressed
in BSCCO compared to other cuprates due to the larger
Cu–Oapical separation. Lack of hybridization in the pristine
case can be seen by comparing the Cu(1) dz2 and Oapical (1)
PDOSs on the left sides of Figs. 3(b) and 3(c). In the doped
case, the coupling between the Cu(1)/Cu(2) ions and the
Oapical (1)/Oapical (2) atoms is significantly enhanced because
of 0.18 Å reduction of their separations to 2.49 Å. Consequently, the Oapical (1) states are lifted from below −3 eV to the
energy interval of −3 eV to −1 eV, as shown in Fig. 3(c). This
modified Oapical (1) PDOS displays strong common features
with the Cu(1) dz2 states as illustrated in the right side of
Fig. 3(b). These results indicate substantial doping-induced
interactions between these atoms. On the Cu(1) ion, the effect
of these interactions is to lift the dz2 orbitals by ∼0.3 eV with
respect to the t2g orbitals, which can be seen by comparing
their average energies computed with Eq. (1). In addition, the
shape of the Cu(1) dz2 PDOS experiences significant modification. However, the estimated Hund’s splitting (1.38 eV) remains almost unchanged. The overall trends described above
are also present on the other Cu sites in a less pronounced
form.
The right side of Fig. 3(c) gives insight into the nature
of Oint PDOS. By comparing PDOSs of Oint and Oapical (1)
we see that both px/y and pz orbitals of Oint couple with
Oapical (1), with pz coupling around −1.4 eV and px/y around
−2.0 eV. The Oint pz PDOS is especially relevant for STM
experiments since the tunneling involves the pz orbital while
the px /py orbitals are orthogonal to the STM tip [98]. Indeed,
STM studies by Zeljkovic et al. [32,33] report a peak in
the scanning-tunneling spectrum at −1.5 eV for the type A
interstitial, which is close to the aforementioned Oint pz PDOS
peak at −1.4 eV.
Figure 3(d) shows the BiO-layer PDOS with and without
the dopants. Doping is seen to lift the BiO bands above EF in

accord with the study of Lin et al. [40] and Bi2223 study of
Camargo-Martínez et al. [44] where doping was done with
Pb instead of O. Note that BiO pockets are removed also
from BiO layer which does not lie close to the Oint although
effects of dopant on this “undoped” layer are relatively weak.
In contrast, the dopant induces substantial effects on the
electronic states from the “doped” BiO layer (i.e. the layer
close to Oint ) where the spectral weights associated with the
BiO states are lifted upwards by more than 1 eV and the BiO
bands now overlap the Cu d bands in energy.
We also investigated the heavily overdoped regime (δ =
1/4) by introducing a second type-A dopant that was placed in
the structure as far as possible from the first dopant. Compared
to δ = 1/8, the average value of |M| of the Cu ions in the overdoped case is lowered by 0.078 μB to 0.268 μB . Interestingly,
the higher doping also leads to the onset of ferrimagnetic
order with average spin up/down moments on Cu atoms
of 0.307 μB /−0.229 μB . Moreover, the oxygen atoms in the
CuO2 planes now develop a magnetic moment of +0.010 μB .
The total magnetization of the unit cell is 0.059 μB per copper.
Such magnetization has been predicted to destroy superconductivity in overdoped cuprates [72,99,100].

C. Type B oxygen dopants

Following the experimental results of Zeljkovic
et al. [32,33] and the computational study of He et al. [41],
we placed the-type B oxygen dopants in the middle of the
approximately square Bi network (position #2 of He et al.).
This location is quite close to one of the oxygen atoms in the
BiO layer and leads to the formation of an oxygen molecule
as shown in Fig. 4(a). We find the bond length of this oxygen
dimer to be 1.476 Å, which is close to the [O2 ]2− bond length
in BaO2 of 1.49 Å [101]. This Oint stabilizes into a position
slightly below the BiO layer, while the oxygen which it is
attached lies above the BiO layer, so that the dimer is tilted by
an angle of 33° from the c axis. The total energy of the type
B-doped compound was found to be 2.27 eV higher than that
of the type A-doped structure.
In contrast to our results for the type A interstitial O
atom, we found that the B interstitials produce only little
doping, with the Cu magnetic moments being decreased only
by 0.014 μB to 0.402 μB . The Cu dx2 −y2 state remains nearly
unchanged, as seen from the PDOS in Fig. 4(b), and the BiO
pocket is not lifted above EF , as illustrated in Fig. 4(d). In the
PDOS of the Oint , a clear peak appears at around −2.6 eV.
This feature is also reflected in the PDOS of the Oapical [see
Fig. 4(c)] and in the PDOS of the Cu dz2 [see Fig. 4(b)],
indicating that some interactions occur also between the type
B Oint and the CuO2 plane.
We also tested the interstitial oxygen position in the van
der Waals gap between the BiO layers. The energy of this
configuration was found to be between that of type A and B
oxygen atoms. To the best of our knowledge, this impurity
position has not been considered in the literature. A possible
explanation is that these oxygen atoms are very mobile and
therefore they disappear during the annealing of the material
or combine with existing oxygens in the BiO layer to become
type B oxygens. Additionally, they might be more sensitive to
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FIG. 4. (a) Structural model of a type B O-dopant in Bi2212. Oint is colored black. (b) PDOS of various d orbitals of a copper atom close
to the Oint . (c) PDOS of the p orbitals of the Oint and an apical oxygen atom close to the dopant. (d) PDOS projected onto the BiO layers with
and without the dopant.

the supermodulation distortions, which are not considered in
our structural model.
IV. SUMMARY AND CONCLUSIONS

We have discussed the electronic structure of BSCCO compounds using accurate first-principles computations based on
the SCAN functional, which does not require the introduction
of any arbitrary parameters (e.g., the Hubbard U ) to describe
Coulomb correlation effects. As in our previous investigations
of various cuprates, SCAN is found to greatly improve the
description of the electronic states in the BSCCO system.
In particular, our results yield accurate lattice geometries,
copper magnetic moments and band structures that are in
better agreement with experiments than GGA. The copper
magnetic moments exhibit an antiferromagnetic coupling with
and without oxygen dopants in accord with RIXS measurements, suggesting that superconductivity could be connected
with quasiparticles coupled to spin fluctuations [5]. Oxygen
dopants are shown to increase the coupling between the apical
oxygens and the CuO2 layers and modify especially the Cu dz2
states. We also find the appearance of a doping-induced ferrimagnetic order that could be responsible for the suppression
of superconductivity in the overdoped regime. The competition between superconductivity and ferrimagnetism hints that
further studies of overdoped BSCCO could clarify important
open questions such as the observation of a second dome of
higher temperature superconductivity in the cuprates [102].
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