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Microscopic description of orbital-selective spin ordering in BaMn2As2
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Using generalized gradient approximation+dynamical mean-field theory, we provide a microscopic description
of orbital-selective spin ordering in the tetragonal manganese pnictide BaMn2As2. We demonstrate the coexistence
of local moments and small band-gap electronic states in the parent compound. We also explore the role played
by electron/hole doping, showing that the Mott insulating state is rather robust to small removal of electron
charge carriers similar to cuprate oxide superconductors. Good qualitative accord between theory and angle-
resolved photoemission as well as electrical transport provides support to our view of orbital-selective spin
ordering in BaMn2As2. Our proposal is expected to be an important step to understanding the emergent correlated
electronic structure of materials with persisting ordered localized moments coexisting with Coulomb reconstructed
nonmagnetic electronic states.
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I. INTRODUCTION

Superconductivity with high transition temperatures (high-
Tc), observed layered cuprates [1], and various classes (in-
cluding 11, 122 chacogenides and 122, 1111 pnictides) [2]
of iron-based superconductors highlights the importance of
electron correlation effects in unconventional (non-BCS) su-
perconductors. Both superconducting families share common
planar building blocks of stacked square layers of transition-
metal ions. However, the parent compounds of Cu-based
superconductors are known to be Mott insulators with strong
Coulomb correlations [3], while the parent iron-based super-
conductors are either metallic, semiconducting, or pseudo-
gapped electronic systems in their normal state [2,4]. La2CuO4,
for example, is a local magnetic moment antiferromagnetic
(AFM) insulator while BaFe2As2 is metallic with an AFM
ordering characterized as a spin-density wave arising from
mobile carriers. Moreover, in contrast to the cuprates, iron-
based superconductors are multiorbital (MO) systems with
the whole 3d6 manifold being relevant to intrinsic electronic
and magnetic properties [5]. As a result of changing the
band filling upon electron/hole doping, the two families share
low coherence energy scales but they differ on the degree of
electron correlation effects.

In view of the fact that superconductivity in both fam-
ilies arises from quantum many-particle fluctuations in the
normal state, the importance of understanding the physical
properties of parent compounds to rationalize the different
mechanisms responsible for the superconducting state has been
recognized. Based on this, in recent years there has been a
growing interest to characterize materials which share similar
properties which might provide a bridge to understanding
the unconventional Cooper pairing phenomena in non-Fermi
liquids in its broad sense. With this in mind, in this paper we
investigate the electronic and magnetic properties of pure and
doped BaMn2As2, which is isostructural to the iron-based su-
perconducting compound BaFe2As2. However, different from

this iron arsenide, the Mn2+ shell hosts five electrons instead of
six Fe electrons in the five active 3d orbitals crossing the Fermi
energy. It is noteworthy here that electron-electron interactions
are expected to reach maximum at half-filling and to decrease
away from this configuration [6]. In the case of tetragonal,
transition-metal arsenides, this behavior is consistent with
the observation by angle-resolved photoemission spectroscopy
(ARPES) of reduced electronic correlations in BaCo2As2 as
compared to BaFe2As2 [7], evidence which was inferred from
a smaller renormalization of the correlated electronic structure
in the former case. However, how MO interactions, expected
to be larger for the half-filled (3d5) shell of BaMn2As2,
affect the electronic reconstruction in the magnetically ordered
state has not been completely understood theoretically. Here
we report a generalized gradient approximation+dynamical
mean-field theory (GGA+DMFT) study of BaMn2As2 in view
of describing how the interplay between MO electron-electron
interactions and the half-filled Mn-3d manyfold promotes
narrow-gap Mott physics and the formation of strongly lo-
calized moments within the magnetically ordered state of pure
and doped BaMn2As2.

Apart from the 3d-band filling, BaMn2As2 is closely related
to the parent compounds of the iron-arsenide superconduc-
tors and it also shows local moment AFM order, similar
to parent cuprate superconductors. For both the 122 iron-
pnictides and high-Tc copper oxides, superconductivity usually
arises upon suppression of the long-range AFM order via
chemical substitution or pressure effects [2,4,8,9]. Thus, since
BaMn2As2 shares characteristics of both high-Tc supercon-
ducting families, it is expected to represent an important bridge
between them and might shed new light on the nature of
superconductivity in these and related compounds [10]. Elec-
trical resistivity and specific-heat measurements on BaMn2As2

single crystals revealed that this compound is a small-band-gap
(Egap ≈ 0.05 eV ) insulator [11]. Below the Néel tempera-
ture (TN = 625 K), BaMn2As2 shows a collinear (G-type)
AFM structure, where nearest-neighbor Mn moments in the
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FIG. 1. GGA orbital-resolved (main panel) and total (inset) den-
sity of states (DOS) of paramagnetic BaMn2As2. Notice the multi-
orbital anisotropies in the bare electronic structure, a characteristic
shared with all tetragonal iron-based superconductors.

tetragonal basal plane are antiparallel with an ordered moment
of 3.88(4)μB /Mn aligned along the c axis [10]. While no
superconducting state has been found conclusively in spite of
a sharp fall in resistivity at low temperatures in pressurized
and K-doped BaMn2As2 [12,13], the manganese pnictides still
show fascinating physical properties such as coexistence of
AFM-ordered localized Mn spins and conduction carries in
K-doped samples [14], half-metallic itinerant ferromagnetism
with local-moment antiferromagnetism [12] as well the pres-
ence of robust AFM spin waves across the metal-insulator
transition in hole-doped samples [15]. Finally, efforts to induce
metallicity by pressure or doping the Mn parent compound
have been successful [12,13,16–18], providing a route to
explore novel physical properties in this class of strongly
correlated d-band materials.

II. THEORY AND RESULTS

Extant theoretical understanding of tetragonal BaMn2As2

is based on ab initio local density approximation (LDA)
and GGA calculations, [17,19,20], LDA+Gutzwiller
method with electron density self-consistency [21], and
GGA+DMFT [22,23] for both the paramagnetic and
magnetically ordered state. Specifically, and similar
to iron-based superconducting materials, ab initio
density-functional calculations for paramagnetic BaMn2As2

demonstrate that the As-4p states lie well below the Fermi
energy (EF ) and are weakly hybridized with Mn 3d states [23].
Hence, the most relevant electronic states near EF derive
from Mn2+ shell with almost direct Mn-Mn hopping. To
confirm this scenario, we undertook GGA calculations [24]
for the nonmagnetic parent compound using realistic lattice
structural parameters [10]. The corresponding orbital-resolved
GGA density of states (DOS) is shown in the main panel
of Fig. 1. In good agreement with previous one-electron
band structure calculations [23], our results (see inset of
Fig. 1) confirm that the active electronic states involve the

Mn 3d carriers. The MO anisotropies in the GGA band
structure are also clearly manifested in Fig. 1. As common
to all Fe-based superconductors, the 3z2 − r2,xy orbitals
exhibit the bonding/antibonding splitting characteristic of the
tetragonal unit cell. In contrast to these orbitals, which are
almost band gapped, the x2 − y2 band shows dominant
electronic contribution near EF , suggesting enhanced
electronic localization within the paramagnetic normal state
(not shown). Needless to say, a proper microscopic description
of delocalization-localization transition with increasing the
on-site Coulomb interaction U and the possibility of finding
an orbital-selective insulating regime within the AFM-ordered
state of BaMn2As2 is important for understanding the role
played by dynamical correlations in the low-energy electronic
excitations of iron-based superconductors and analogs [29].
In this paper, we provide microscopic new insights to the
problem of MO electron-electron interactions in AFM
BaMn2As2, revealing the emergence of orbital-selective
magnetism [30,31] and its possible implications to Mott-like
physics with coexisting strongly localized moments and
narrow-gapped electronic states.

The MO Hamiltonian relevant for BaMn2As2 [22,23] is
H = H0 + Hint with H0 = ∑

kaσ εa(k)c†kaσ ckaσ , and Hint =
U

∑
ia nia↑nia↓ + ∑

ia �=b U ′nianib − JH

∑
ia �=b Sia · Sib.

Here, a = x2 − y2,3z2 − r2,xz,yz,xy label the diagonalized
3d orbitals of BaMn2As2 and εa(k) is the one-electron band
dispersion, which encodes details of the one-electron (GGA)
band structure. U ′ ≡ U − 2JH , with U,U ′ being the intra-
and interorbital Coulomb repulsion and JH is the Hund’s rule
coupling. We evaluate the many-particle Green’s functions
of the Hamiltonian above for the AFM-ordered state within
GGA+DMFT [32], using MO iterated perturbation theory
as the impurity solver [33]. The DMFT solution involves
replacing the lattice model by a self-consistently embedded
MO-Anderson impurity model, and the self-consistency
condition requiring the local impurity Green’s function to be
equal to the local Green’s function for the lattice. The full set
of equations for the MO case can be found in Ref. [33], so we
do not repeat the equations here.

Since the dependence of electron-electron interactions in
the excitation spectrum of magnetically ordered MO systems
is quite subtle and not yet fully understood, in Fig. 2 we display
the excitation spectrum that emerges from dynamical MO
electron-electron interactions in AFM BaM2As2. To proceed,
we follow the strategy used earlier [20,23], where calculations
of the electronic band structure were performed within the
G-type AFM magnetic order observed experimentally [10].
Moreover, to derive this ordered state, we use the GGA DOS
shown in Fig. 1 as input to the GGA+DMFT calculations [34].
It is noteworthy, however, that due to the G-type ordering, the
magnetic unit cell is doubled in the z direction in BaMn2As2.
This implies that in the AFM phase, the period of the unit
cell of the lattice is doubled due to the reduced translational
symmetry. Consequently, the volume of the magnetic Brillouin
zone is reduced to one-half of the volume in the paramagnetic
state [35]. These changes in the symmetries across the mag-
netic phase transition can be taken into account by introduction
of an AB-sublattice structure and reformulating the theory for
the paramagnetic state [5] on an enlarged unit cell containing
two sublattices, A and B, for all orbitals with components
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FIG. 2. GGA+DMFT orbital- and spin-resolved DOS of
BaMn2As2. Notice the electronic reconstruction within the planar
x2 − y2,xy orbitals with increasing the on-site Coulomb interaction
U (and fixed JH = 0.7 eV). Particularly interesting is the formation
of strongly localized moments within the 3z2 − r2,xz,yz orbitals
and their dynamical downshift toward high-binding energies with
increasing U . The negative value of the DOS for the 3z2 − r2,xz,yz

orbitals refers to the opposite spin.

pointing along the z direction. Therefore, in the search for
a G-type ordered phase in pure and doped BaMn2As2, one
needs to extend the bipartite Green’s function formalism
for the one- and three-band Hubbard models [35,36] to the
corresponding MO case, assuming the 3z2 − r2,xz,yz orbitals
to be magnetically ordered in BaMn2As2. In this regime, the
retarded, one-particle Green’s function at site A or B(A/B),
orbital α = 3z2 − r2,xz,yz, and spin σ reads [34]

GA/B
ασ =

∫ ∞

−∞
dερGGA

α (ε)
ξ

B/A
ασ (ω)

ξA
ασ (ω)ξB

ασ (ω) − ε2
.

Here ξ
A/B
ασ (ω) = ω + μ − 	

A/B
ασ (ω), with ρGGA

α (ε) and 	α(ω)
being, respectively, the GGA DOS (see Fig. 1) and the self-
energy of orbital α, and μ the chemical potential of the system.
For the sake of simplicity, in the AFM state it is sufficient to
perform calculations for the A-sublattice due to the additional
symmetry GA

ασ = GB
ασ̄ of the bipartite lattice [35], and the

planar x2 − y2,xy orbitals are assumed by construction to be
non-spin-polarized.

We now discuss our results for the G-type Néel ordered state
of BaMn2As2, focusing our attention on the one-particle MO
spectrum of the A-sublattice [ρα,σ (ω) ≡ − 1

π
ImGA

ασ (ω)]. To
begin with, let us first describe the electronic reconstruction
with increasing the on-site Coulomb interaction U of the
non-spin-polarized (x2 − y2,xy) orbitals in Fig. 2. Our results
in these orbital sectors for three different U values and fixed
JH = 0.7 eV (our choice for JH is consistent with values
used in earlier studies for BaMn2As2 [22,23] and iron-based
superconductors [5]), reveal the formation of a Mott-Hubbard
gap at low energies with concomitant appearance of lower

-5.0 -2.5 0.0 2.5
ω (eV)

0.0

0.4

0.8

ρ x2 -y
2 ,σ

(ω
)

n=4.8
n=5.0
n=5.2

0.0

0.3

0.6

0.9

ρ 3z
2 -r

2 ,↑
(ω

)

-5.0 -2.5 0.0 2.5 5.0
ω (eV)

0.0

0.3

0.6

0.9

ρ xy
,σ

(ω
)

0.0

0.3

0.6

0.9

ρ xz
,y

z,↑
(ω

)

-0.8

-0.4

0.0

ρ 3z
2 -r

2 ,↓
(ω

)

-0.8

-0.4

0.0

ρ xz
,y

z,↓
(ω

)

FIG. 3. Effect of electron and hole doping on the GGA+DMFT
(U = 5.0 eV and JH = 0.7 eV) orbital- and spin-resolved DOS
of BaMn2As2. Notice the large transfer of spectral weight and
the appearance of lower and upper Hubbard bands of the planar
x2 − y2,xy bands at different energies. A particularly interesting
feature to be seen is the coexistence of insulating (x2 − y2) and
metallic (xy) states in electron-doped BaMn2As2. As in Fig. 2, the
negative value of DOS refers to the opposite spin.

and upper Hubbard bands at high energies. As seen, electron-
electron interactions strongly modify the GGA spectral func-
tions: MO dynamical correlations arising from U,U ′ and JH

lead to spectral weight redistribution over large energy scales.
Noticeable differences in the spectral weight transfer are seen
between the x2 − y2 and xy channels. While the x2 − y2

orbital is Mott localized for U = 3.5 eV, the xy band displays
an incoherent, pseudogaplike metallic state with residual DOS
at EF up to U = 4.5 eV. This orbital-selective behavior is
expected to be seen in MO systems close to Mott localization.
However, more interesting is the electronic reconstruction
within the spin-polarized electronic states where the spectral
functions show sharp localized moments in the majority (spin-
↑) channels and the emergent orbital differentiation of the
minority (spin-↓) channels with increasing U .

This spin-polarized electronic scenario is robust upon in-
creasing the on-site Coulomb repulsion to 5.0 eV, as shown in
Fig. 3. Interestingly, however, is the appearance of an insulating
electronic state with distinct band gaps near EF in the planar
bands. While the 3x2 − y2 orbital display pronounced Mott
localization, the xy orbital shows a narrow V -shaped electronic
band gap at EF for BaMn2As2 parent compound, n = 5. Based
on our results in Figs. 2 and 3, we thus predict that strong orbital
reconstruction occurs at the correlation-induced Mott metal-
insulator transition of BaMn2As2. Our GGA+DMFT results in
Fig. 3 are consistent with extant ARPES, [20], suggesting large
rearrangement of electronic states at low and high energies.
Particularly interesting is the peak in the electronic DOS that
develops around 3.0 eV, which, according to our theory, arises
from the electronic structure of the nonmagnetically ordered
x2 − y2,xy orbitals. Additionally relevant in Ref. [20] is the
observation of two hole bands with distinct one-band gaps in
accord with our GGA+DMFT result for n = 5. Consistent
with this ARPES data, the narrow band gap found in the xy
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FIG. 4. Effect of electron/hole doping on the electrical resistivity
(ρdc) of theU = 5.0 eV antiferromagnetic ordered state of BaMn2As2.
Notice the semiconductinglike resistivity in the hole-doped regime
and the appearance of a Kondo-like resistivity upturn for n = 5.2.
Inset shows our results for ln(σdc) versus inverse temperature (1/T ),
consistent with extant experimental data [10].

channel also clarifies why BaMn2As2 parent compound has
a metalliclike in-plane resistivity above a sample dependent
temperature between 50 K to 100 K [10,19], providing further
support to our GGA+DMFT description of orbital-selective
spin ordering in BaMn2As2.

To gain insights on the interplay between electron-electron
interactions and electron/hole doping on the multiple structure
of the AFM-ordered state of BaMn2As2, in Fig. 3 we also
display our GGA+DMFT (U = 5.0 eV and JH = 0.7 eV)
for two distinct values of the d-shell occupancy, n. Large
spectral weight transfer is visible upon addition/removal of
charge carries in the magnetically ordered state of BaMn2As2.
Particularly interesting is the Mott insulating state within the
x2 − y2 sector, which is robust against small electron/hole
doping. Also relevant is the shoulder in the conduction band
states of the xy orbital, which crosses EF at n = 5.2. This in
turn induces band metallicity in this in-plane orbital channel.
Thus, our results suggest the coexistence of distinct electronic
degrees of freedom at low energies in doped BaMn2As2.
This behavior is expected in MO Mott systems close to
electronic delocalization, where strong orbital and spin fluc-
tuations prevent the metallic Fermi liquid fixed point. Our
work calls for future ARPES and polarized optical studies
on electron-doped BaMn2As2. These studies will constitute
a proof to anisotropic electronic delocalization and nonglobal
electron-frozen antiferromagnetism as well as the importance
of treating dynamical correlations adequately to reveal a
variety of unexplored responses in correlated narrow-band
materials close to metal-insulator instabilities.

Let us now discuss the implications of our results to
electrical transport experiments [10,19]. Here we recall that
the electrical resistivity (ρdc) is directly computable from the
MO GGA+DMFT propagators [37]. As a result, in Fig. 4
we show the T -dependence of ρdc(T ) for different band
fillings. A semiconducting behavior with small activation
energy [10] is obtained for n = 5.0, as expected from our
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FIG. 5. Effect of on-site Coulomb interaction U on the non-spin-
polarized electronic states of BaMn2As2 parent compound. Notice
the large transfer of spectral weight yielding orbital-differentiated lo-
calization effects in these two planar bands. A particularly interesting
feature to be seen in future XAS experiments on strained BaMn2As2

is the low-energy electronic reconsctrucition of the xy conduction
band states, where the narrow peak at ω ≈ 0.45 eV is split into two
with increasing U .

result for U = 5.0 eV in Fig. 3. Similar to cuprate oxide
superconductors [38], the insulating behavior persists at small
hole-doping concentrations in BaMn2As2. Interesting as well
is the saturated low-T regime with decreasing n, which is
caused by residual electronic states close to EF in the xy

orbital, as shown in Fig. 3. On the other hand, the localized
Mott state gives away with increasing temperature and a
crossover to metallic behavior characterized by a positive
coefficient in ρdc(T ) is found for n � 4.9, a behavior, which
is also seen in experiments [10,19]. However, due to strong
electronic reconstruction at low energies in electron-doped
BaMn2As2, where the conduction band shoulder in the xy

orbital spans the Fermi energy, this crossover scale, which
is marked by the minimum of ρdc(T ) with increasing T is
found to be near to 20 K for n = 5.2. Albeit, no experimental
evidence exists to date; our results suggest that electron-doped
BaMn2As2 hosts a Kondo-like insulating behavior [39] with
a resistivity upturn [40] below a characteristic energy scale,
and future experiments on electron-doped samples are called
for to put our prediction on solid ground. Finally, in the
inset of Fig. 4 we make contact with an experiment on
BaMn2As2 [10], showing qualitative good agreement with
calculations for ln(σdc) versus 1/T , with σdc(T ) being the
electrical conductivity. Particular features to be seen in our
results are the smooth 1/T -dependence for n = 4.9 and the
changes in slope for n = 5.0 which are, respectively, seen
in BaMn2As2 grown samples using MnAs and Sn flux. Also
relevant is the behavior at low 1/T values where the maximum
in ln(σdc) is found to be in good accord with experimental
data. This, together with the positive temperature coefficien,t
supports the view that BaMn2As2 is a bad metal [10] above
a characteristic (sample dependent) temperature with rather
small mean free paths for the conduction carriers due to
intrinsically narrow-band-gapped xy electronic states.
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In view of the above and on previous GGA+DMFT studies
on strained graphene systems, [34,41] we now attempt to
predict features of the physical responses owing to the orbital-
dependent behavior of the non-spin-polarized electronic state
of strained BaMn2As2. We recall here that the bare one-particle
bandwidth W is expected to reduce when the Mn ions are
pulled far apart under strong negative pressure conditions. This
in turn will increase the U/W ratio or the effective on-site
Coulomb interaction, inducing enhanced electron correlation
effects in the system. With this in mind, in Fig. 5, we
show the changes in the x2 − y2,xy spectral functions of
BaMn2As2 parent compound with increasing U . An orbital
differentiation phenomenon [42] is clearly visible in Fig. 5,
whereby Mott localization is stronger on the x2 − y2 orbital
as compared to the xy orbital yielding large spectral weight
transfer from low to high energies. We propose that future
polarized photoemission and x-ray absorption spectroscopy
(XAS) experiments, which probe one-electron subtraction and
addition spectra, could directly see these features in strained
BaMn2As2 samples. In particular, the low-energy electronic
reconstruction within the xy orbital, where the localized peak
found at ω ≈ 0.45 eV for U = 5.0 eV splits into two with
concomitant appearance of a broad incoherent peak just above
EF at large U values, U � 6.0 eV. Taken together with our
results in Fig. 3, the most salient feature to be seen in Fig. 5
is the changes in the xy conduction band states above EF . We
predict that room temperature polarized XAS and/or resonant
x-ray diffraction measurements would show up in an electronic
reconstruction in strained BaMn2As2 as in Fig. 5. This could
be tested in future experimental works.

III. CONCLUSION

In conclusion, we have performed GGA+DMFT calcula-
tions for the MO Hubbard model to provide a microscopic
description of the excitation spectrum which emerges in the
G-type AFM-ordered state of BaMn2As2. We show how MO
electron-electron interactions induce an electronic state char-
acterized by coexisting ordered magnetic moments and Mott-
localized electronic states. Since BaMn2As2 is an insulator
at low temperatures, our results demonstrate that antiferro-
magnetism arises from ordering of local Mn moments instead
of from itinerant carriers as commonly attributed to metallic
iron-based superconductors. Additionally, we have explored
the role played by electron/hole doping the parent compound,
showing that the Mott insulating state is robust against small
hole doping similar to cuprate superconductors [43]. The good
qualitative accord between our theoretical results with extant
angle-resolved photoemission and electrical transport provides
support to our proposal of orbital-selective spin ordering in
BaMn2As2, suggesting that a similar mechanism could be
found in the AFM-ordered state of iron-based superconductors.
Our microscopic description of coupled MO Hubbard interac-
tions is expected to be generally applicable to understanding
orbital-selective magnetism [30,31] in strongly correlated elec-
tron systems and the underlying electronic state which might
emerge in magnetically ordered superconductors [44].
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