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Comparative study of pure and Co-doped BaFe2As2
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We present a comparative calculation of the electronic structure of the high critical temperature superconductor
Co-doped BaFe2As2 and its parent compound at the electron correlation level by the embedded cluster
method; the electron correlation is calculated through the second-order Møller-Plesset perturbation theory.
The superconducting doped material is represented by the Ba4CoFe4As8 cluster. The analysis of the orbital
populations in this cluster reveals the formation of an antiferromagnetic order in the Fe plane with a spin-density
increase on the central Co atom with respect to the spin density of the central Fe atom of the undoped case.
This increase is associated with an increase of the dz2 orbital population of the central atom. However, the
formation mechanism of the local magnetic moment implies also a spin transfer from the nearest-neighbor
Fe atoms and from the next-nearest-neighbor As atoms to the central Co atom, and it corresponds to a J1-J2

antiferromagnetic Heisenberg model. Some particular features of dyz and dx2−y2 orbitals in the triplet and in the
singlet cluster states are interpreted to correspond to a spinless fermion. This result, as well as the result relative to
the formation mechanism of the magnetic moments, can be connected with a model of resonating-valence-bond
(RVB) superconductors suggested recently by Poilblanc et al. [Phys. Rev. B 89, 241106 (2014)] and based on
the Anderson RVB theory.
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I. INTRODUCTION

Iron pnictides are the latest family of high critical temper-
ature superconductors discovered [1,2]. If iron chalcogenides
are included, we have six groups of iron-based compounds
that present superconductivity with a high critical temperature:
(i) 1111 materials such as RFeAsO (where R is a rare earth)
superconducting (SC) under electron doping; (ii) 122 materials
such as AFe2As2 (with A = Ca, Sr, Ba, or Eu) SC under hole
doping in the plane of A atoms or under substitution of Fe
by Co or Ni (electron doping); (iii) 111 material AFeAs (A =
Li,Na); (iv) 11 materials such as FeTe or Fe(Se1−xTex); (v)
122∗ defective compounds AxFe2−ySe2 (A = K,Rb,Cs,Tl),
and (vi) the 2131 family Sr2MO3FePn, with M = Sc and
Pn = As or M = V and Pn = P (see Ref. [3]).

The most studied of these groups is the Ba-based 122 system
for the availability of large and high-quality single crystals
suitable for experiments and for the possibility to produce
SC materials on a variety of chemical doping. The undoped
material is a paramagnetic semimetal at room temperature that
undergoes structural and magnetic transitions at 140 K [4];
the tetragonal-to-orthorhombic transition is associated with
the onset of antiferromagnetic (AFM) order [5,6]. The study
of magnetic excitations through inelastic neutron scattering
allows to determine a fluctuating magnetic moment, 〈m2〉 =
3.2μ2

B [7]. The substitution of either the alkaline-earth (Ba),
the transition metal (Fe), or the pnictogen (As) atom with dif-
ferent elements produces generally a superconducting phase.
However, the SC phase is sensitive to the particular choice
of ion substituent. In 122-type materials, superconductivity,
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first shown to occur by Co substitution of Fe in SrFe2As2

[8] and BaFe2As2 [9], it is stabilized also by several types of
d-metal substitution. This includes the use of any elements in
the Ni, Co, and Fe column (except, so far, Os) (see Ref. [10]
and references therein), but it excludes Cr [11], Mo [12],
Mn [13], and Cu [14,15], which act to suppress magnetism
without stabilizing the high-TC SC phase. It is not clear yet
why Co and Ni located on the electron-doping side of Fe
produce a SC state, while Mn, Cr, and Mo located on the
hole-doping side do not. Isovalent doping (substitution of Fe
by Ru [16]) also gives rise to superconductivity; a distinc-
tion has to be made between charge doping and chemical
substitution (Ru).

Soon after the discovery of the Fe SC, density-functional-
theory (DFT) calculations revealed the main features of the
electronic structure of doped and undoped BaFe2As2. It was
shown that they have a quite complicated band structure and
several disconnected Fermi surfaces (FSs) [17,18]. All five
3d orbitals of Fe are involved in the electronic structure
of FSs. There are two types of FSs: three-hole FSs are
located in the center of the Brillouin zone, and two-electron
FSs are located at the corner. In theoretical studies [18–20],
the magnetic nature of superconductivity in FeSCs was
suggested.

While transport experiments [21], optical spectrosc-
opy [22], Raman spectroscopy [23], neutron-diffraction exper-
iments [24], and angle-resolved photoelectron spectroscopy
(ARPES) [25–29] are qualitatively in agreement with these
theoretical results, quantitative discrepancies exist between
experimental and theoretical results. For instance, in AFe2As2

(A = Ba,Ca,Sr), the magnetic moments estimated from neu-
tron scattering experiments [6,30,31] on Fe to be in the range of
0.8–1.0 μB , whereas DFT calculations give 1.6–1.9 μB [32].
This kind of discrepancy is not particular to 122 compounds,
but it is common to other ferropnictides such as LaFeAsO [32].
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At present in many theoretical studies (see, for exam-
ple, [18,19] and the reviews [20,33,34]), it is accepted that
Fe SCs possess nonconventional superconductivity with an
electron-pairing mechanism that has not been realized yet.
Calculations of magnetic susceptibility [18] showed that
these new superconducting materials have a tendency to
form AFM order, and the wave vectors associated with the
spatial periodicity of the magnetic moments coincide with
those connecting the centers of the electron and hole FSs.
Based on this, Mazin et al. [18] proposed that AF spin
fluctuations can induce s-wave pairing with sign reversal of
the order parameter between electron- and holelike FSs; this
kind of pairing is denoted as s±. The latter was obtained
also in Ref. [19], while the authors [19] did not exclude the
d-wave pairing as a possible candidate. The tendency toward
magnetism existing at zero doping is suppressed by AF spin
fluctuations.

In most theoretical studies (see [35–37]), it follows that
Fe SCs can be considered as doped Mott insulators with
effective nearest-neighbor (nn) and next-nearest-neighbor
(nnn) antiferromagnetic exchange interaction. In this model,
antiferromagnetism [35,36] and s± pairing [36,37] are also
revealed. It should be mentioned that, as discussed in Ref. [38],
the Anderson resonating valence bond (RVB) state of high-
temperature superconductivity can be naturally applied in the
Mott insulator model. Anderson [39] proposed his RVB model
for high-temperature superconductors just after the discovery
of copper superconductors. According to Anderson, in the
RVB state the antiferromagnetic (Néel) lattice will be melted
into a spin-liquid phase consisting of singlet pairs. Upon carrier
doping, these singlets would become charged, resulting in
the SC state. Basing on the so-called “separation of charge
and spin,” the electronic excitation spectra in the RVB state
can be presented as two separated branches: charge spinless
holons and chargeless spinons [40,41]; see also the discussion
between Anderson and Schrieffer in Ref. [42].

Recently, Anderson’s RVB ideas were applied by Poilblanc
et al. [43] to construct a family of fermionic projected
entangled pair states on a square lattice. They showed that
under doping, the insulating RVB spin liquid evolves into a
superconducting state with mixed d + ıs pairing symmetry,
where the relative weight between s and d components is
controlled by a variational parameter c. Optimizing the hole
kinetic energy with respect to c, Poilblanc et al. [43] obtained
a sufficiently good description of the frustrated spin-1/2
J1-J2 AFM Heisenberg model proposed earlier for iron
pnictide superconductors [44,45]. The orbital symmetry of
the optimized RVB superconductor has predominant d-wave
character.

However, the results of an analysis of photoinduced tran-
sient changes of the mid-infrared conductivity in the SDW state
and in the normal state (slightly above TSDW), obtained through
pump-probe spectroscopy of BaFe2As2, attest to a pronounced
spin-phonon coupling that may play a role in the formation
mechanism of SDW and in the superconducting states of
pnictides [46]. The spin-phonon coupling is in accord with the
existence of a strong magnetoelastic effect revealed by high-
resolution x-ray-diffraction measurements in BaFe2−xCoxAs2

[47,48]. Nevertheless, the evolution with temperature and
pressure of the optical conductivity of the parent compound

and its comparison with that found upon doping indicate
that the lattice modifications cannot be recognized as the
only parameter determining the electrodynamics in these
compounds [49].

Indeed, optical conductivity obtained in an infrared optical
study of these compounds is related to electronic correlation.
From an analysis of the spectral weight transfer in these mod-
erately strong correlated electron materials, Hund’s coupling is
assumed to be the primary mechanism responsible for electron
correlation [50]. Accordingly, iron-based superconductors
are considered as Hund’s correlated metals [51]. Electron
correlation in iron-based superconductors is discussed in a
review [52]. From this study, it follows that the ratio of the
experimental kinetic energy and the kinetic energy from band
theory [local density approximation (LDA)] has a value below
unity for correlated metals and almost equal to unity for
conventional metals (in the case of BaFe2As2, this value is
about 0.3 [52]). As pointed out by the authors of [52], the
central point of electron correlation is the interplay between the
itinerancy of electrons in solids and localizing effects generally
rooted in electron-electron repulsion.

Furthermore, undoped BaFe2As2 exhibits a single struc-
tural/magnetic transition [53] that splits into two distinct
phase transitions, both of which are suppressed when the
Co concentration increases. The SC phase appears when the
Co concentration is greater than a critical concentration at
about x � 0.038 [53,54]. At this low Co concentration x, the
AFM phase and the SC phase coexist. However, at higher con-
centration, a magnetic transition occurs and a nematic phase
appears [55], but the crystal is still SC with an orthorhombic
structure [56,57]. The nematic electronic liquid crystal state is
one of the consequences of strong electron correlation. The two
transition lines – magnetic and nematic – penetrate separately
in the superconducting dome. Deep in the superconducting
dome (T = 0 K), these two lines merge in a quantum phase
transition [58]. Beyond x = 0.06, the tetragonal/orthorhombic
transition as well as the nematic/paramagnetic transition
are completed, and the SC critical temperature reaches its
maximum (23 K) at the Co concentration x = 0.074 [53]. See
Fig. 1 of this paper (taken from [57]) and Fig. 1 of Ref. [58]
for the part of the phase diagram at low temperature where
there is no experimental data.

In this paper, we present a comparative study of the
electronic structure of pure and Co-doped BaFe2As2 oriented
to contribute to the discussion of some of the points described
above. We study pure BaFe2As2 and then the Co-doped
material at low Co concentration in the orthorhombic phase
when it is SC with AFM order and when it becomes SC
in the absence of magnetism but still in the orthorhombic
phase; there is an experimental ARPES study of this transition
known as a Lifshitz transition [27]. We have employed the
electron-correlated embedded cluster method (ECM − MP2)
developed by our group [59–62]. In this method, the selected
cluster is embedded in the Madelung field of the crystal.
The orbital population is first calculated at the Hartree-Fock
(HF) level. Then, the correlation correction to the HF result
is calculated through the second-order Møller-Plesset (MP2)
perturbation theory (PT); see the presentation of this PT and
its relation with HF calculations in Appendix 3 of Ref. [63],
or the alternative presentation from the viewpoint of a
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FIG. 1. (Color online) Phase diagram of the Ba(Fe1−xCox)2As2

superconductor showing paramagnetic tetragonal (T ), paramagnetic
orthorhombic (O), AFM ordered orthorhombic (AFM O), and
superconducting (SC) phases (from Ref. [57]).

many-body perturbation theory in the context of molecular
cluster computations [64].

II. METHODOLOGY

The ECM-MP2 methodology includes two parts: (i) a
method for a quantum-mechanical calculation of the electronic
structure of the cluster that takes into account electron
correlation; and (ii) an embedding scheme to couple the cluster
to its environment, which represents an infinite crystal. Details
of the methodology are given in Refs. [59–62]. The purpose of
the embedding scheme is to reproduce the Madelung potential
of the infinite crystal on each site of the cluster of atoms
that represents the material under study. This is achieved by
adjusting the external charges of a finite array of point charges
that embeds the cluster. The determination of the cluster charge
as well as the background charges depend on the bonding that
characterizes the material under study. For metals, the simple
ionic charges or those obtained from DFT calculations are
usually used.

As BaFe2As2 is a semimetal, the cluster charge is
given from the Löwdin charges obtained from a calcu-
lation of the electronic structure within DFT using the
QUANTUM ESPRESSO package [65]. The plane-wave DFT
calculations [66] were performed at the local spin density
approximation (LSDA), then the exchange-correlation po-
tential of Perdew-Burke-Ernzerhof (PBE) was applied. To
model the electronic interactions with inner shells, we used
the ultrasoft pseudopotentials As.pbe-n-rrkjuspsl.0.2.UPF ,
Ba.pbe-nsp-van.UPF , and Fe.pbe-nd-rrkjus.UPF from
http://www.quantum-espresso.org. The structural information
on the system under investigation is taken from Ref. [4]; the
spin-polarized calculation was started with a magnetization of
−0.2μB on the central Fe and 0.7μB on Fe in the other plane;
the cutoff energy for wave functions is 50 eV, while that for
charge density and potential is 250 eV. The wave functions
obtained in the previous DFT calculations are projected onto

FIG. 2. Cluster Fe5As8Ba4 (units of Å).

the orthogonalized orbitals of the pseudopotentials to obtain
the Löwdin charges and the magnetic moments on each Fe
atom. They were found to be equal to −2.19μB for the central
Fe and 2.22μB for the other Fe atoms. The Löwdin charges
for Ba, Fe, Fe (central), and As are, respectively, −0.45, 0.52,
0.49, and −0.16.

These charges are not consistent with a neutral unit cell
and with the fact that we require an odd integer cluster
charge to simulate a magnetic structure in our calculation
of the pure BaFe2As2 represented by the cluster Fe5As8Ba4

(Fig. 2). Therefore, they were readjusted to fulfill the two
above-mentioned requirements. The new charges are −0.61,
0.33, and −0.023 for Ba, Fe, and As, respectively; they give
a cluster charge q = −1. These charges are the initial charges
of an iterative calculation to obtain background charges that
produce convergent set of charges.

The cluster Ba4Fe5As8 with its charge q = −1, chosen to
represent the ternary iron arsenide BaFe2As2 in the present
work, is appropriated to study the modifications of the
electronic structure upon substitution of the central Fe by
another transition metal (Co). Indeed, it is associated with
a magnetic structure, and its symmetry properties are also
adequate. They are given by the point group D2, a subgroup
of the space group Fmmm (D23

2h) of the BaFe2As2 crystal that
belongs to the orthorhombic system. We take into account the
experimental crystallographic data of the structure given in
Ref. [4].

With respect to the background charges, we have to solve
the following problem: the background charges derived from
the cluster ion charges obtained after a quantum-mechanical
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calculation are different from the previous background
charges. However, consistency between two sets of back-
ground charges is obtained after a series of quantum calcu-
lations in which the cluster charges obtained from a previous
calculation are taken to calculate a new set of background
charges; this process also makes the sets of cluster charges
(calculated quantum mechanically) consistent. At each step of
the iteration procedure, the unit cell neutrality and the cluster
charge are preserved (see Ref. [60] for a detail description of
the procedure). In our case, the final background charges are
0.0138, 0.333, and −0.3402 for Ba, Fe, and As, respectively,
starting from the charges given above.

The ab initio quantum cluster calculations were performed
with the GAUSSIAN-09 program [67]. The background charges
are introduced in the quantum calculation through the keyword
CHARGE. For Fe and As, all electrons were taken into account
with the standard triply split valence basis sets 6-311G(d)
for Fe and 6-311G for As. For the Ba atoms, the core
electrons were included in the Wood-Boring pseudopotential
(MWB46), and the associated basis set was used for the
valence electrons. In these conditions, the natural bond orbital
(NBO) analysis could be used to calculate the charges on
atoms and the orbital populations. The correlation correction
to the HF result calculated at the MP2 level takes into account
all molecular orbitals (GAUSSIAN09 keyword MP2Full). This
approach avoids a failure of the MP2 calculation due to an
excessive mixing of frozen core orbitals and valence orbitals.
This approach differs from the (Default) MP2 calculations that
freeze the core molecular orbitals.

III. RESULTS AND DISCUSSION

In the nonrelativistic approximation, the Hamiltonian does
not depend on the spin. In this approximation for clusters of
atoms, as for polyatomic molecules, the operator for the square
of the total spin angular momentum (S2) commutes with the
electronic Hamiltonian. Therefore, the electronic terms of the
cluster are classified according to the multiplicity. In our case,
the Fe5As8Ba4 cluster with charge q = −1 has an odd number
of electrons, so we report in Table I(a) the cluster energies for
states with one, three, five, or seven unpaired electrons with
multiplicity M = 2, 4, 6, or 8, respectively. The cluster energy
is obtained when the self-energy of the background charges
is subtracted from the energy of the charge array (cluster plus

TABLE I. Cluster energy calculated by the ECM-MP2 method.

Multiplicity Energy (a.u.) S2 (�2)

(a) Fe5As8Ba4

2 −24293.26215 2.10 (1.97)
4 −24293.25282 3.87 (3.75)
6 −24293.26702 8.98 (8.76)
8 −24293.21967 15.92 (15.76)

(b) CoFe4As8Ba4

1 −24412.3754643 0.0
3 −24412.2964173 3.31 (2.71)
5 −24412.2963723 6.13 (6.00)
7 −24412.2872351 12.19 (12.00)

background charges); both are given by the Gaussian program.
We report the eigenvalues of the S2 operator before the first
annihilation of the spin contaminant; the values when the spin
contaminant is removed are indicated in parentheses. Thus, we
can appreciate that the spin states are well-defined.

The ground state of the undoped cluster corresponds to a
spin state with multiplicity M = 6. In the doublet state there
is a very high spin contamination (we obtain a spin value
S = 1 instead of S = 1/2). This unsatisfactory result is not
taken into account because it is not related to the ground state.
For the Co-doped cluster, we report four states: the first one
(the singlet state) allows us to study the nonmagnetic structure
of doped-BaFe2As2, while the second one (the triplet state)
allows us to study the AFM and SC structure. The background
charges are the same as those used to obtain the cluster charges
for the undoped material. In both cases, the cluster charge is
q = −1, and the electron number of the doped cluster is thus
even.

A. The undoped cluster

In this section, we present the results obtained for the
undoped cluster in the ground state (the sextet state), which
characterizes the electronic structure of the pure BaFe2As2

material. This is the reference state that will be used to give
evidence of the effects of doping by Co atoms.

The charge on atoms and the valence orbital population
obtained at the MP2 level for pure BaFe2As2 are presented
in Table II. Only the central atom of the cluster, its nearest
neighbor (n.n.) Fe, and its next-nearest neighbor (n.n.n.) As
are considered; the results relative to the external As and Ba
atoms of the cluster, which are in an environment of symmetry
different from D2, are not reported. The small populated
excited orbitals corresponding to Rydberg states as well as
the populations of 4p(Fe) atoms, which are always small, are
not reported, but their population is taken into account in the
final values of atomic charges (second column of Table II).

The results show an overall symmetry consistent with
the D2 point group. With respect to the orbital population
of the free atoms, the valence orbital population in crystal
shows a strong population decrease on the 4s(Fe) orbitals and
a corresponding increase of the 4p(As) orbital population;
there is also an increase of the 3d(Fe) orbital population
of 0.6e for the central Fe and the Fe atoms along the a

axis of the crystal structure (denoted Fe-a). For the Fe ions
along the b axis (Fe-b), this increase is smaller (only 0.48e)
and the decrease of their 4s orbital is also less. Some 3d(Fe)
orbitals are completely filled; they are doubly occupied and the
resulting spin density is zero. This is the case for the 3dxy,3dxz,
and 3dyz orbitals of the central Fe and for the 3dxy and 3dz2

orbitals of Fe-a. The other 3d orbitals are partially filled.
In respect to spin density, 3dz2 (Fe) contributes mainly to

the spin density on the central Fe; the contribution of the
3d orbitals to the spin density on Fe-b comes mainly from
the electron of the 3dyz orbital (its charge density is equal to
1e). The other contribution to the spin density on Fe-b comes
from the 4s orbital. The sum of the contributions of the 4s

and 3d orbitals to the spin density of Fe-a is practically zero;
we note only a small contribution of opposite sign from 3dyz

and 3dx2−y2 . The 4p population of the “insulating” As atoms
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TABLE II. Charge and spin distribution at the MP2 level (NBO analysis) in a pure Fe5As8Ba4 cluster (S = 5/2).

Charge Valence orbital Detailed charge and spin population
spin population on 3d(Fe) and 4p(As) orbitals

(a) charge distribution
Fe 0.82 4s0.463d6.61 d1.91

xy + d1.95
xz + d1.87

yz + d0.39
x2−y2 + d0.48

z2

Fe(n.n.)-a 0.76 4s0.493d6.65 d1.72
xy + d0.68

xz + d0.67
yz + d1.67

x2−y2 + d1.91
z2

Fe(n.n.)-b 0.51 4s0.913d6.48 d0.89
xy + d1.49

xz + d1.02
yz + d1.61

x2−y2 + d1.47
z2

As(n.n.n.) −1.13 4s1.744p4.34 p1.41
x + p1.56

y + p1.37
z

As(n.n.n.) −1.13 4s1.744p4.34 p1.41
x + p1.56

y + p1.37
z

(b) (α-β) spin distribution

Fe 0.31 4s0.013d0.30 d−0.02
xy + d0.00

xz + d0.08
yz + d−0.02

x2−y2 + d0.27
z2

Fe(n.n.)-a 0.08 4s0.003d0.08 d0.00
xy + d0.02

xz + d0.11
yz + d−0.09

x2−y2 + d0.04
z2

Fe(n.n.)-b 0.41 4s0.233d0.18 d0.10
xy + d−0.10

xz + d0.25
yz + d−0.05

x2−y2 + d−0.02
z2

As(n.n.n.) 0.11 4s0.024p0.09 p0.08
x + p−0.03

y + p0.04
z

As(n.n.n.) 0.11 4s0.024p0.09 p0.08
x + p−0.03

y + p0.04
z

increases by 1.34e, but their 4s orbitals lose 0.26e, and the
spin density on these orbitals is small.

Therefore, we have magnetic moments along the b axis
of the crystal. This is not in contradiction with the AFM
order observed in this material in the c direction, because
we have only one Fe plane. The ferromagnetic alignment
along the b axis and the AFM order along the c axis are also
observed in the experimental work of Huang et al. [5]. They
measured a magnetic moment of 0.87μB on Fe similar to our
calculated moment 0.51–0.82 μB . On the other hand, in our
calculation there is no AFM order along the a axis as detected
experimentally in Ref. [6].

We want to point out an asymmetry in our results: the
orbital occupation of 3dxz and 3dyz on the b axis is greater
than the occupation of the same orbitals on the a axis.
From this unequal occupation of 3dxz and 3dyz, a so-called
orbital order occurs [68–71]. This orbital order is assumed
to be the underlying cause of anisotropies observed in
many experiments, including optical [72,73], resistivity, and
magnetoresistance measurements [74,75], and a variety of
spectroscopic measurements, such as ARPES [76,77]. The
in-plane electronic asymmetry is not connected in particular
to BaFe2As2, but it is common to underdoped 122-Fe arsenide
superconductors; see Ref. [78].

Our results reinforce the hypothesis that the anisotropy
observed in 122 iron pnictides results from orbital ordering.
On the other hand, our method cannot give any information
relative to the alternative hypothesis: namely, the dopant-
induced transport anisotropy in 122 iron pnictides is due to
the formation of magnetic unidirectional nematogens, which
are formed by the impurity, and exhibit a dimer structure whose
length is about 10 lattice constants [79,80]. The size of this
structure is greater than our cluster size, so it cannot be detected
using our method.

B. The Co-doped cluster in the triplet state

The properties of the Co-doped Fe5As8Ba4 cluster in the
triplet state are expected to provide relevant information
on orthorhombic BaFe2As2 characterized by an AFM order

and superconductivity at low temperature. As follows from
Table I(b), the magnetic ground state for the Co-doped cluster
with multiplicities 3 and 5 is practically degenerated.

The atomic charge densities in the Co-doped material
are not very different from those in the pure material (see
Table III). The Co atom occupies the central position; it keeps
its additional electron (with respect to the Fe atom) and attracts
an additional electron density of 0.35e. This small additional
density comes from the neighboring Fe atoms; therefore, their
individual charge densities are practically unchanged. There
is also a small increase (∼0.1e) of the 4px(As) and 4pz(As)
orbital population that increases the anionic charge of As.

If the charge densities are not notably affected by the Co
doping, we note on the contrary a strong modification of the
spin distribution. The spin density on the Co atom is now
almost unity (more than three times the spin density of the
central Fe in the case of the pure material); the sign of the
spin density on Fe-b and As is reversed, and its magnitude
is diminished on the Fe and As atoms. Thus, there is a spin
transfer to the central Co atom from its neighbors. It is known
from NMR experiments that Co doping clearly modifies the
magnetic ordering of BaFe2As2 [81].

We can get more insight into these effects by looking at
the spin orbital populations. The doubly occupied orbitals of
the pure material keep their double occupancy with a null spin
density, and the modification consists in a redistribution of the
spin density among the partially filled orbitals. The spin of
the Co atom is attributed to the single electron of the 3dz2 (Co)
orbital; its charge density is practically 1e and its spin density
practically unity. The negative spin density on the Fe-b ion
is associated with the 4s(Fe-b) orbital spin density, which is
now −0.21 instead of 0.23 in the pure state. The contribution
of the 3d(Fe-b) orbital population becomes practically zero
(−0.06), while it was equal to 0.18 in the pure state. From
these two facts, AFM order results along the b axis of the
crystal structure. The 3d(Fe-a) orbitals produce nearly null
spin densities that explain the decrease of the spin density on
Fe-a. The Co impurity acts in a similar way on the 4s(As)
orbitals. The spin direction is opposite to that of the pure
material, and the spin density is also diminished; there is no
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TABLE III. Charge and spin distribution at the MP2 level (NBO analysis) in Co-doped Fe5As8Ba4 cluster (S = 1).

Charge Valence orbital Detailed charge and spin population
spin population on 3d(Fe) and 4p(As) orbitals

(a) charge distribution
Co 1.03 4s0.483d7.35 d1.94

xy + d1.95
xz + d1.96

yz + d0.33
x2−y2 + d1.18

z2

Fe(n.n.)-a 0.80 4s0.473d6.62 d1.92
xy + d0.43

xz + d0.82
yz + d1.56

x2−y2 + d1.89
z2

Fe(n.n.)-b 0.49 4s0.933d6.48 d1.03
xy + d1.56

xz + d0.96
yz + d1.41

x2−y2 + d1.53
z2

As(n.n.n.) −1.35 4s1.744p4.74 p1.51
x + p1.56

y + p1.49
z

As(n.n.n.) −1.35 4s1.744p4.74 p1.51
x + p1.56

y + p1.49
z

(b) (α-β) spin distribution

Co 0.98 4s0.013d0.96 d0.02
xy + d0.00

xz + d0.00
yz + d0.01

x2−y2 + d0.93
z2

Fe(n.n.)-a 0.01 4s0.003d0.02 d0.03
xy + d−0.01

xz + d−0.01
yz + d0.01

x2−y2 + d0.00
z2

Fe(n.n.)-b −0.28 4s−0.213d−0.06 d−0.11
xy + d−0.06

xz + d0.03
yz + d0.00

x2−y2 + d0.08
z2

As(n.n.n.) −0.02 4s−0.024p0.00 p0.02
x + p−0.01

y + p−0.01
z

As(n.n.n.) −0.02 4s−0.024p0.00 p0.02
x + p−0.01

y + p−0.01
z

spin density on the 4p(As) orbitals. The Co doping induces
n.n. and n.n.n. spin transfer and the formation of AFM order.
Therefore, the formation mechanism of the magnetic moments
seems to be related to a J1-J2 AFM Heisenberg model. This
model was proposed in [44,45] and used by Poilblanc et al. [43]
in their study of RVB superconductors; see the discussion in
the Introduction.

The superconductor considered in Ref. [43] is characterized
by fermionic doped RVB states built of projected singlet pair
states on the square lattice. Vacant sites correspond to doped
holes (or spinless holons). Let us stress that according to our
results presented in Table III, the charge density on the 3dyz

orbital of Fe-a and Fe-b corresponds to a single electron with
practically zero spin density, that is, this electron is spinless.
The spin transfer revealed in our study results in the formation
of spinless fermions, and it is based on the separability
of charge and spin in the nonrelativistic calculations. It is
worthwhile to note that the charged spinless holons and
chargeless spinons in Anderson’s RVB state (see [40–42]) are
also based on the separation of charge and spin.

C. The Co-doped cluster in the singlet state

This cluster in the singlet state corresponds to nonmagnetic
orthorhombic Co-doped BaFe2As2, which is SC at low
temperature. In this case, we have a restricted calculation;
in the two previous cases, the calculations were unrestricted

and the spin density was not necessarily the same for each spin
direction.

In Table IV, we note an increase of the 3d orbital population
on the Co atom with respect to the charge observed in the
triplet state (see Table III). So, the charge of the Co atom in
the nonmagnetic state is less than that in the magnetic-doped
material, and it is similar to the charge of the central Fe of
the undoped cluster. With respect to the undoped material
(Table II), we note an increase of the charge of the Fe atoms
and a decrease of the As charges, showing that the Co impurity
induces a charge transfer from its Fe neighbors to the As n.n.n.

As in the two previous cases, we find the same group of
doubly occupied 3d(Fe) orbitals associated with a pair of
spins of opposite direction, thus with null spin density. We
note that for the Co atom, the charge density on the 3dx2−y2

orbital is practically zero. Therefore, this orbital is associated
with a vacant electronic state (hole). The other 3d(Fe) orbitals
are partially filled, which means that some of them may
correspond to the partially filled 3d bands at the Fermi level,
as predicted by DFT calculations [17,18] and observed in
ARPES experiments [25–27]. The As orbital populations in
the singlet state of the Co-doped Fe5As8Ba4 cluster present a
small decrease with respect to that obtained in the triplet state.

It is worthwhile to note that the charge density of the 3dyz

orbital of Fe-a and Fe-b and of the 3dx2−y2 orbital of Fe-b
corresponds to a single electron, while in the considered singlet
state case the spin density on these orbitals (on other orbitals as

TABLE IV. Charge distribution at the MP2 level (NBO analysis) of a Co-doped Fe5As8Ba4 cluster (S = 0).

Atomic Valence orbital Detailed charge population
charge population on 3d and 4p orbitals

Co 0.85 4s0.473d7.53 d1.85
xy + d1.73

xz + d1.91
yz + d0.01

x2−y2 + d2.02
z2

Fe(n.n.)-a 0.82 4s0.483d6.60 d2.00
xy + d0.31

xz + d0.92
yz + d1.50

x2−y2 + d1.85
z2

Fe(n.n.)-b 0.60 4s0.803d6.51 d1.31
xy + d1.67

xz + d0.9
yz + d1.13

x2−y2 + d1.50
z2

As(n.n.n.) −1.21 4s1.744p4.41 p1.49
x + p1.51

y + p1.40
z

As(n.n.n.) −1.21 4s1.744p4.41 p1.49
x + p1.51

y + p1.41
z
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well) is zero. Thus, the null spin density is associated with this
electron, and as in the triplet case we have a spinless fermion;
see the discussion at the end of the previous subsection.

IV. CONCLUSIONS

Using different multiplicities of the Fe5As8Ba4 cluster cal-
culated by the embedded cluster method allowed us to describe
several physical situations: pure orthorhombic BaFe2As2, the
high critical temperature SC Co-doped BaFe2As2 with AFM
order or with no magnetism (paramagnetic crystal). In the
undoped cluster, the anisotropy in the occupation of 3dxz and
3dyz orbitals was revealed. This result supports the conception
of orbital order that explains anisotropies observed in many
experiments.

In the SC case with AFM order, the analysis of orbital
population in doped material reveals a spin density increase
on the central Co atom with respect to the spin density
of the central Fe atom of the undoped case. This increase
corresponds mainly to an increase in the 3dz2 orbital population
of the central atom. The Co doping induces modifications
in the spin distribution of the n.n. Fe and n.n.n. As. Therefore,
the formation mechanism of the magnetic moment implies
n.n. and n.n.n. spin transfer. The formation mechanism of
the magnetic moments seems to correspond to a J1-J2 AFM
Heisenberg model. In nonmagnetic SC material, the magnetic

moment on the Co impurity observed in the study of the cluster
in the triplet state disappears due to full occupancy of the dz2

orbital; in this case, the Co impurity induces a charge transfer
from its n.n. Fe atoms to the n.n.n. As atoms.

It is important to note that some features of the 3dyz orbital
in the triplet and singlet states of the Co-doped cluster and
the 3dx2−y2 orbital in the singlet state of the same cluster
can be interpreted as orbitals occupied by a spinless fermion.
This result resembles the spinless holon in the Anderson
RVB model. Although from this does not follow, a direct
applicability of the Anderson RVB theory to our studied iron
pnictides; however, there may be some connection between
our spinless fermion on some d orbitals of Fe and the “holon”
in the fermionic model of the RVB superconductors developed
by Poilblanc et al. [43]. The possibility of such a connection
deserves special study.
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