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Electronic structure and x-ray magnetic circular dichroism in ferroelectric CaMnTi2O6
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We study the electronic and magnetic properties of ferroelectric CaMnTi2O6 within density functional theory
using the generalized gradient approximation (GGA) with the consideration of strong Coulomb correlations
(GGA + U ) in the framework of the fully relativistic spin-polarized Dirac linear muffin-tin orbital band structure
method. The x-ray absorption spectra (XAS) and x-ray magnetic circular dichroism (XMCD) at the Mn, Ti
L2,3, and O K edges have been investigated theoretically. The calculated results are in good agreement with
experimental data. The core-hole effect in the final state as well as the effect of the electric quadrupole E2 and
magnetic dipole M1 transitions have been investigated. The core-hole effect has improved the agreement with
the experimental XAS and XMCD spectra at the Ti and Mn L2,3 edges.
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I. INTRODUCTION

Multiferroics (MFs) are compounds where long-range
magnetic and electric dipolar orders coexist [1]. There is
plenty of fascinating physics in these materials, owing to
the strong entanglement of spin-charge-orbital degrees of
freedom [2,3], and they have great potential for technological
applications in energy-efficient information processing and
storage [4–6]. For widespread implementation of new tech-
nology, the coexistence of long-range magnetic and electric
orders at room temperature will be required; at present, there
is only one material, BiFeO3, known to exhibit ferroelectric
and antiferromagnetic (AFM) orders above room temperature
[7]. Recently, several manganese and iron oxides have been
shown to be strong-coupling materials promising for realizing
room-temperature multiferroics. However, ferroelectricity in
these materials is rather weak [8].

So far, room-temperature ferroelectric materials are gener-
ally associated with single perovskites based on second-order
Jahn-Teller (SOJT) active cations with d0 (Ti4+, Zr4+, Nb5+)
or s2 (Pb2+, Bi3+) valence band electron configurations. These
SOJT active cations are prone to anisotropic covalent bonding
with ligands inducing structural distortions that may eventu-
ally lead to the appearance of a collective polar mode and a
macroscopic electric dipolar moment P, whenever the relevant
distortions do not array generating antiparallel effects [9].
Recently, Aimi et al. [10] synthesized a new tetragonal double
perovskite ferroelectric CaMnTi2O6 with less common A-site
order and proved that A-site ordering and SOJT distortions
can couple to enable ferroelectricity. Gou et al. [11] iden-
tified the origin of the ferroelectricity in CaMnTi2O6 using
first-principles calculations combined with detailed symmetry
analyses. They explored the properties of CaMnTi2O6 includ-
ing its ferroelectric polarization, dielectric and piezoelectric
responses, magnetic order, electronic structure, and optical
absorption coefficient. It was found that CaMnTi2O6 exhibits

room-temperature-stable ferroelectricity and moderate piezo-
electric responses. Soft x-ray absorption and magnetic circular
dichroism in CaMnTi2O6 were measured recently by Herrero-
Martin et al. [9]. CaMnTi2O6 presents a new class of ferro-
electric perovskites for potential applications in ferroelectric
photovoltaic solar cells.

The aim of this paper is the theoretical study from
first principles of the electronic and magnetic structures
and x-ray magnetic circular dichroism in the ferroelectric
CaMnTi2O6 compound. The energy band structure of ferro-
electric CaMnTi2O6 is calculated within the ab initio approach
taking into account strong electron correlations by applying
a local spin-density approximation (LSDA) to density func-
tional theory supplemented by a Hubbard U term [generalized
gradient approximation (GGA) + U ] [12].

The paper is organized as follows. The computational de-
tails are presented in Sec. II. Section III presents the electronic
structure, x-ray absorption spectra (XAS), and x-ray magnetic
circular dichroism (XMCD) of ferroelectric CaMnTi2O6 at
the Mn, Ti L2,3, and O K edges calculated in the GGA + U
approximation. Theoretical results are compared to the exper-
imental measurements. Finally, the results are summarized in
Sec. IV.

II. CRYSTAL STRUCTURE
AND COMPUTATIONAL DETAILS

A. X-ray magnetic circular dichroism

Magneto-optical (MO) effects refer to various changes in
the polarization state of light upon interaction with materials
possessing a net magnetic moment, including rotation of the
plane of linearly polarized light (Faraday, Kerr rotation) and
the complementary differential absorption of left and right
circularly polarized light (circular dichroism). In the near-
visible spectral range these effects result from excitation of
electrons in the conduction band. Near x-ray absorption edges,
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or resonances, magneto-optical effects can be enhanced by
transitions from well-defined atomic core levels to empty
valence or conduction states.

Within the one-particle approximation, the absorption co-
efficient μλ

j (ω) for incident x-ray polarization λ and photon
energy h̄ω can be determined as the probability of electronic
transitions from initial core states with the total angular mo-
mentum j to final unoccupied Bloch states,

μλ
j (ω) =

∑

mj

∑

nk

|〈�nk|�λ|� jm j 〉|2δ
(
Enk − Ejmj − h̄ω

)

× θ (Enk − EF ), (1)

where � jm j and Ejmj are the wave function and the energy of a
core state with the projection of the total angular momentum
mj , �nk and Enk are the wave function and the energy of a
valence state in the nth band with the wave vector k, and EF

is the Fermi energy.
�λ is the electron-photon interaction operator in the dipole

approximation

�λ = −eαaλ, (2)

where α are the Dirac matrices and aλ is the λ polariza-
tion unit vector of the photon vector potential, with a± =
1/

√
2(1,±i, 0), a‖ = (0, 0, 1). Here, + and − denote, respec-

tively, left and right circular photon polarizations with respect
to the magnetization direction in the solid. Then, x-ray mag-
netic circular and linear dichroism are given by μ+ − μ− and
μ‖ − (μ+ + μ−)/2, respectively. More detailed expressions
of the matrix elements in the electric dipole approximation
may be found in Refs. [13–15]. The matrix elements due
to magnetic dipole and electric quadrupole corrections are
presented in Ref. [15].

Concurrent with the development of the x-ray magnetic cir-
cular dichroism experiment, some important magneto-optical
sum rules have been derived [16–19].

For the L2,3 edges the lz sum rule can be written as [14]

〈lz〉 = nh

4
∫

L3+L2
dω(μ+ − μ−)

3
∫

L3+L2
dω(μ+ + μ−)

, (3)

where nh is the number of holes in the d band nh = 10 − nd ,
and 〈lz〉 is the average of the magnetic quantum number of the
orbital angular momentum. The integration is taken over the
whole 2p absorption region. The sz sum rule can be written as

〈sz〉 + 7

2
〈tz〉 = nh

∫
L3

dω(μ+ − μ−) − 2
∫

L2
dω(μ+ − μ−)

∫
L3+L2

dω(μ+ + μ−)
,

(4)

where tz is the z component of the magnetic dipole operator
t = s − 3r(r · s)/|r|2 which accounts for the asphericity of
the spin moment. The integration

∫
L3

(
∫

L2
) is taken only over

the 2p3/2 (2p1/2) absorption region.

B. Crystal structure

It was revealed by Aimi et al. [10] that CaMnTi2O6

possesses the noncentrosymmetric space group P42mc (No.
105), which is a subgroup of P42/mmc. To the best of our
knowledge, this compound is the first example of an oxide

x y

z

Ca
Mn1
Mn2
Ti
O1
O2
O3
O4
O5

FIG. 1. Crystal structure of ferroelectric CaMnTi2O6 (the space
group is P42mc, No. 105). Red and magenta spheres represent Mn
atoms, blue and green spheres show Ca and Ti atoms, respectively.

adopting the space group P42mc. The crystal structure of
CaMnTi2O6 is shown in Fig. 1. This tetragonal structure has
two Mn2+ sites, two Ca2+ sites, one Ti4+ site, and five O2−
sites. The crystal parameters of CaMnTi2O6 are presented in
Table I.

The octahedral B positions are occupied by Ti4+ ions. In
the A site, Ca2+ ions alternate with Mn2+ along the a and b
axes forming a columnar ordered structure. In addition, the
two Mn positions exhibit different coordination: tetrahedral at
Mn1 sites and pseudosquare planar at Mn2 (Fig. 1). In contrast
to the centrosymmetric double perovskite structure adopted
by CaFeTi2O6 (P42/nmc) [20], Ti4+ ions in CaMnTi2O6 are
shifted from the basal plane of the octahedron along the c
axis, losing spatial inversion [10]. These distortions result in a
polar structure. Similar to that of CaFeTi2O6, the structure of
CaMnTi2O6 is based on a framework of corner-sharing TiO6

octahedra with the a+a+c− tilting in Glazer’s notation [21]
and the Mn2+ and Ca2+ ions are ordered into columns directed
along the c axis. For their part, the Mn2+ ions with square-
planar coordination suffer a similar displacement (see the shift
of Mn2 atoms along the z direction in Fig. 1). Indeed, the
reduced crystal field energy provided by their d5 valence band
configuration allows high coordination symmetry freedom. As

TABLE I. Atomic positions of CaMnTi2O6 (space group P42mc,
No. 105) at room temperature (lattice constant a = 7.5376 Å and
c = 7.6002 Å [9]).

Atom Site x y z

Ca1 2a 0 0 0
Ca2 2b 0.5 0.5 0.0385
Mn1 2c 0 0.5 0.5162
Mn2 2c 0 0.5 0.0557
Ti 8 f 0.255 0.2461 0.270
O1 4e 0.291 0.5 0.289
O2 4d 0.294 0 0.820
O3 4d 0.202 0 0.227
O4 4e 0.210 0.5 0.717
O5 8 f 0.1976 0.2805 0.013
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a consequence, a remnant polarization of 3.5 mC/cm2 gets
measured at room temperature [9].

C. Calculation details

The details of the computational method are described
in our previous papers [22–25] and here we only mention
several aspects. The band structure calculations were per-
formed using the fully relativistic linear muffin-tin orbital
(LMTO) method [14,26], which uses four-component basis
functions constructed by solving the Dirac equation inside an
atomic sphere [27]. The exchange-correlation functional of
a GGA type was used in the version of Perdew, Burke, and
Ernzerhof (PBE) [28]. The Brillouin zone (BZ) integration
was performed using the improved tetrahedron method [29]
and the self-consistent charge density was obtained with 4096
k points in the BZ. After achievement of the convergency
the XAS and XMCD spectra were calculated on the mesh of
13 824 k points in the BZ. The basis consisted of Ca, Mn, and
Ti s, p, d , and f and O s, p, and d LMTOs.

We found that the agreement between the theoretically
calculated and experimentally measured XAS and XMCD
spectra became much better with taking into account strong
Coulomb correlations. To include the electron-electron corre-
lations into the consideration we used the “relativistic” gener-
alization of the rotationally invariant version of the LSDA +
U method [30], which takes into account SO coupling so
that the occupation matrix of localized electrons becomes
nondiagonal in spin indexes. This method is described in
detail in our previous paper [30] including the procedure to
calculate the screened Coulomb U and exchange J integrals,
as well as the Slater integrals F 2, F 4, and F 6.

The screened Coulomb U and exchange Hund coupling JH

integrals enter the LSDA + U energy functional as external
parameters and have to be determined independently. These
parameters can be determined from supercell LSDA calcu-
lations using the Slater’s transition state technique [31,32],
from constrained LSDA calculations (cLSDA) [32–36], or
from the constrained random-phase approximation (cRPA)
scheme [37]. Subsequently, a combined cLSDA and cRPA
method was also proposed [38]. The cLSDA calculations
produce JH = 0.9 eV and 0.85 eV for the Mn and Ti sites in
CaMnTi2O6, respectively. It is known that the cRPA method
underestimates the values of U in some cases [39]. On the
other hand, the cLSDA method produces too large values of
U [40]. Therefore, in our calculations we treated the Hubbard
U as an external parameter and varied it from 3.0 to 7.0 eV.
We adjusted the value of U to achieve the best agreement with
the experiment. We found that the values of Ueff = U − JH =
3.1 eV and 3.15 eV for Mn and Ti, respectively, give the best
agreement between the calculated and experimental XMCD
spectra in CaMnTi2O6. Our calculations can be considered as
calculations from first principles with one additional parame-
ter Ueff .

The x-ray absorption and dichroism spectra were calcu-
lated taking into account the exchange splitting of core levels.
The finite lifetime of a core hole was accounted for by folding
the spectra with a Lorentzian. The widths of core levels �L2,3

for Mn and Ti and �K for O were taken from Ref. [41].
The finite experimental resolution of the spectrometer was

accounted for by a Gaussian of 0.6 eV (the s coefficient of
the Gaussian function).

In the x-ray absorption process an electron is promoted
from a core level to an unoccupied state, leaving a core
hole. As a result, the electronic structure at this state differs
from that of the ground state. In order to reproduce the
experimental spectrum the self-consistent calculations should
be carried out including a core hole. In this study the core-
hole effect was fully taken into account in the self-consistent
iterations by removing an electron at the core orbital using
the supercell approximation. The core state of the target
atom in the ground state provides the initial state |i〉 for the
spectral calculation. The final states | f 〉 are the conduction
band states obtained separately by the calculations in which
one of the core electrons of the target atom is placed at the
lowest conduction band. The interaction and the screening
of the electron-hole pair are fully accounted for by the self-
consistent iterations of the final-state Kohn-Sham equations.
This procedure simulates the experimental situation, in which
the sample can easily supply an electron to screen a localized
charge produced by the core hole. Such an approach considers
the symmetry breaking of the system in a natural way, and
self-consistently describes the charge redistribution induced
by the core hole. A similar approximation has been used by
several authors [42–48] for the interpretation of the x-ray ab-
sorption. However, the effect of the electron-hole interaction
in the final state on the XMCD spectra has been investigated
to a much lesser extent in the literature. One should mention
that the effect of the electron-hole interaction in the final
state is different for different edges and systems with different
localization of the electronic states. For example, Ikeno and
Mizoguchi [48] show that the proper introduction of the core-
hole effect improves the agreement between the calculated
and experimentally measured XAS spectra at the oxygen
K edge in MgO. Mo and Ching [44] obtained excellent
agreements with experimental XAS spectra for Si K , Si L2,3,
and O K edges in α-SiO2. The usual interpretation using
the orbital-resolved local density of states in the conduction
band was unsatisfactory. The final-state interaction improves
the agreement between theory and experiment for the XMCD
spectra at the Gd M4,5 and N K edges in GdN; however, it has
a minor influence on the shape of the Gd L2,3 XMCD spectra
[23]. We should mention also that the size of the supercell
is important, and it should be large enough to inhibit the
interaction between excited atoms in neighboring supercells.
In our calculations we used a 2 × 2 × 2 supercell. At one
of the Ti (or Mn) atoms we created a hole at the 2p1/2

or 2p3/2 levels separately for the self-consistent GGA + U
calculations of the L2 and L3 spectra, respectively.

III. ELECTRONIC STRUCTURE OF CaMnTi2O6

Band structure and DOSs of CaMnTi2O6

Usually ferroelectric oxides, such as BaTiO3 and KNbO3,
are wide-gap (Eg > 3.0 eV) insulators. On the other hand,
multiferroics BiFeO3 (Eg = 2.7 eV) and Bi2FeCrO6 (Eg =
1.4 eV) have lower band gaps suitable for absorption of visible
light [11]. The self-consistent calculations reveal a semicon-
ducting electronic structure in the AFM-ordered CaMnTi2O6

with the energy gap of 2.52 eV in the � symmetry point;
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FIG. 2. Partial density of states [in states/(atom eV)] of
CaMnTi2O6 in the GGA + U approximation.

therefore, CaMnTi2O6 can be used for solar energy conver-
sion. It should be mentioned that Gou et al. [11] obtained a
slightly larger energy gap of 2.88 eV for the C-type AFM
ordering in CaMnTi2O6 using the Vienna Ab initio Simulation
Package (VASP) code [49–51].

Figure 2 presents the partial density of states (PDOS) for
CaMnTi2O6. The O 2s states are located mostly between
−15.7 and −18.2 eV below the valence band maximum
(VBM). The very narrow oxygen peak situated apart from

the major 2p PDOS at −15.7 eV belongs to the O1 site.
The 2p states of the oxygen are situated from −5.9 eV to
−0.3 eV; however, a small number of empty 2p oxygen states
appears between 3 and 16 eV above the VBM due to their
hybridization with the 3d transition metal states. The spin
splitting of the oxygen 2p states is quite small (around 0.1 eV).
The Ti 3d states are situated from −5.8 eV to −0.4 eV below
the VBM and from 2.8 eV to 9 eV above the VBM. The Ca
3d empty states occupy the 6.8–9.2 eV energy interval, Ca 4p
empty states are between 12 and 16 eV, and Ca 4 f states are
between 17.5 and 40 eV above the VBM.

The Mn 3d states occupy the energy interval between
−5.7 eV and 0.0 eV and between 3.0 and 5.0 eV. They hy-
bridize strongly with the oxygen 2p states. Our self-consistent
calculations reveal an antiferromagnetic arrangement of the
Mn magnetic moments. The two Mn positions exhibit differ-
ent coordination (see Fig. 1): tetrahedral (two O2 and two O4

oxygen types) at the Mn1 site and pseudosquare planar at the
Mn2 site (four O5 oxygen types). Due to the different types of
the oxygen atoms that surround the Mn ions and different Mn-
O intersite distances the Mn1 and Mn2 ions possess different
valency and different magnetic moments.

In atomic spheres (AS) approximation based calculations,
partial charges are defined as integrals of electron density over
the volume of the AS surrounding the atom. We found that
the calculated occupation numbers from a charge integration
inside a sphere surrounding the Mn ions are equal to 5.34
and 5.90 for the Mn1 and Mn2 sites, respectively. They are
significantly larger than one would expect for a Mn ion with a
d5 configuration. From Fig. 2 one can notice, however, that
apart from the Mn 3d DOSs in the energy range between
−5.7 and 0 eV there is a significant O 2p contribution to
the total DOS which shows an energy dependence similar to
that of the Mn 3d DOS. Because of the large spatial extent
of the oxygen 2p wave function the increase of the part of
3d-electron density at the Mn sites is apparently caused by
the so-called “tails” of O 2p states which are a result of the
decomposition of the O 2p wave function centered at O atoms
inside Mn atomic spheres.

The orbital character and occupation of the localized Mn
3d states can be determined more precisely by diagonalization
of the 3d occupation matrix of the GGA + U method as de-
scribed in Ref. [30]. We found that the sum of the occupation
numbers is equal to 4.85 and 5.25 for the Mn1 and Mn2 sites,
respectively. This corresponds to a valency of Mn+1.85

1 and
Mn+2.25

2 . The excessive 3d charge of 0.49 and 0.65 electrons
for the Mn1 and Mn2 sites, respectively, comes mainly from
the “tails” of O 2p electrons distributed over the energy range
from −5.7 to 0 eV.

The spin magnetic moments are equal to 4.525 μB and
−4.632 μB for Mn1 and Mn2, respectively (Table II). The
shapes of the 3d partial DOSs also differ from each other.
There is a small energy gap of 0.25 eV between the occupied
3d PDOS and the VBM energy for the Mn1 site. On the other
hand, there is a strong peak at −0.1 eV in the 3d PDOS
without an energy gap at the Mn2 site. Besides, the Mn2

empty 3d PDOS possesses a strong narrow peak at 5 eV above
the VBM, which is absent at the Mn1 site. Similar peaks at
−0.1 and 5 eV can be found in the oxygen 2p PDOS at O5.
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TABLE II. The theoretically calculated spin Ms, orbital Ml , and
total magnetic moments (in μB) of CaMnTi2O6.

Atom Ms Ml Mtotal

Ca1 −0.0021 0.0000 −0.0021
Ca2 0.0022 0.0000 0.0022
Mn1 4.5251 −0.0012 4.5239
Mn2 −4.6322 −0.0010 −4.6332
Ti 0.0143 −0.0006 0.0137
O1 0.010 −0.00022 0.0010
O2 0.013 −0.00002 0.013
O3 0.005 0.00006 0.004
O4 0.015 0.00013 0.015
O5 −0.017 −0.00018 −0.019

Therefore, such features in the 3d PDOS at the Mn2 site can
be explained by a strong hybridization between the Mn2 3d
states and the oxygen 2p states of O5 near-neighbors.

IV. X-RAY ABSORPTION AND XMCD SPECTRA
IN CaMnTi2O6

A. Ti L2,3 XAS and XMCD spectra

Figure 4 (upper panel) shows the x-ray absorption spectra
(open circles) at the Ti L2,3 edges in CaMnTi2O6 measured at
5 K [9] with a 6 T magnetic field applied along the c axis
in comparison with the theoretically calculated ones in the
GGA + U approximation. The Ti4+ cation is in octahedral
coordination with oxygen where the local octahedron gets
elongated along the c axis in CaMnTi2O6. The experimentally
measured Ti L2,3 XAS consists of four major peaks in the
range of 457–469 eV. The two peaks with the lower energy
are the Ti L3 edge while the two peaks with the higher energy
are Ti L2 edges. It is well known that when a Ti ion is
octahedrally coordinated, two Ti L3 and L2 peaks split into two
main separate peaks eg and t2g [52]. The separation between
these two main peaks is associated with the crystal-field
splitting modified by the exchange interaction. Because the
SO splitting of the core Ti 2p level (
ESO = 5.74 eV) and the
crystal-field splitting of the Ti 3d states modified by the ex-
change interaction (
ECF = 3.3 eV) are of the same order of
magnitude the L3 and L2 x-ray absorption spectra are strongly
overlapped. The four experimentally observed intense peaks
from 457 to 469 eV can be, to a first approximation, assigned
to the 2p3/2 → eg, 2p3/2 → t2g, 2p1/2 → eg, and 2p1/2 →
t2g transitions, respectively. However, the 2p1/2 → eg and
2p1/2 → t2g transitions (L2 spectrum) contribute also to the
two low-energy peaks. The theory reproduces the energy
position of all the fine structures quite well; however, the
theoretically calculated spectra are much wider than the ex-
perimentally measured ones. This is clearly seen first of all
for the major peaks at 458.5 eV and 461 eV. The theory also
does not reproduce the experimentally observed L3/L2 x-ray
absorption ratio. It is well known that the L2 and L3 absorption
channels in early 3d transition metals with nearly empty d
bands are strongly coupled through the photoelectron-core-
hole Coulomb and exchange interactions [53–56]. This leads
to a branching ratio close to 1:1, far from the statistical ratio
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FIG. 3. Ti 3d partial density of states [in states/(atom eV)]
of CaMnTi2O6 in the GGA + U approximation with taking into
account the core-hole effect (upper panel) and without core-hole
(lower panel) at the Ti 2p3/2 core level.

2:1, which is obtained in the single-particle theory, unless the
SO interaction in the final 3d band is considered. From our
band structure calculations we obtained the L3/L2 branching
ratio equal to 1.65 which is far from what is experimentally
observed.

We investigated the core-hole effect in the final state
using the supercell approximation where the excited atom
is formally treated as an impurity. We found that the core-
hole interaction strongly influences Ti empty 3d states: they
become much more narrow and shift downward by ∼4 eV
(see Fig. 3).

The core-hole interaction significantly improves the agree-
ment between theoretically calculated and experimentally
measured Ti L2,3 XAS spectra in CaMnTi2O6 (the upper panel
in Fig. 4). The theory well reproduces the widths of all four
major peaks in the x-ray absorption. After taking into account
the core-hole effect we obtained the L3/L2 branching ratio
equal to 1.2, which is in much better agreement with the
experiment.

In spite of the nominally nonmagnetic character of Ti4+

(d0), there are induced spin and orbital magnetic moments at
the Ti sites due to the hybridization between the Ti d states
and Mn d states in CaMnTi2O6 (see Table II). The experi-
mental measurements recorded a tiny XMCD signal under the
application of a large magnetic field [9]. The XMCD spectra
at the Ti L3 and L2 edges show quite complicated shapes with
several negative and positive peaks. The GGA + U approach
with taking into account the core-hole effect reasonably well
reproduces the shape of the two major peaks at the L3 edge
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in the 457–459 eV energy interval as well as at the L2 at
464.5 eV. Other features are reproduced with less accuracy;
however, it is hard to achieve ideal agreement with the ex-
perimental measurements with such a tiny XMCD signal. The
calculations without taking into account the core-hole effect
visibly overestimate the dichroism in the 460–468 eV energy
range.

B. Mn L2,3 XAS and XMCD spectra

Figure 5 (upper panel) shows the x-ray absorption spectra
(open circles) at the Mn L2,3 edges in CaMnTi2O6 measured
at 5 K [9] with a 6 T magnetic field applied along the c
axis in comparison with the theoretically calculated ones (full
blue line) in the GGA + U approximation. The Mn L3 x-ray
absorption spectrum possesses three fine structures: a major
peak at 640 eV, a tiny low-energy shoulder at 637.8 eV, and
two high-energy peaks at 641.4 eV and 644 eV. The theory
reproduces the energy position and intensity of the major peak
and shoulder at 637.8 eV quite well but fails to describe the
high-energy peak at 644 eV, which probably has a satellite
nature.

It is well known that XAS spectra at the transition metal
L2,3 edge are highly sensitive to the valence state: an increase
of the valence state of the metal ion by 1 results in a shift of
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FIG. 5. Top panel: The x-ray absorption spectra (open circles)
at the Mn L2,3 edges in CaMnTi2O6 measured at 5 K [9] with a
6 T magnetic field in comparison with the theoretically calculated
ones with (full blue line) and without (dashed red curve) taking into
account the core-hole effect; middle panel: the XMCD experimental
spectra (open circles) of CaMnTi2O6 at the Mn L2,3 edges and the
theoretically calculated ones with (full blue line) and without the
core-hole effect (dashed red line) spectra; lower panel: the XMCD
experimental spectra (open circles) of CaMnTi2O6 at the Mn L2,3

edges and the theoretically calculated ones with taking into account
the core-hole effect for the Mn1 site (full black line) and for the Mn2

site (dashed green line).

the L2,3 XAS spectra by 1 or more eV toward higher energies,
as shown by XAS studies on many oxides [57–62]. This shift
is due to a final-state effect in the x-ray absorption process
[63]. The energy difference between a dn and a dn−1 con-
figuration is approximately 
E = E (2p6dn−1 → 2p5dn) −
E (2p6dn → 2p6dn+1) = Upd − Udd ∼ 1–2 eV, where Udd is
the Coulomb repulsion energy between two d electrons and
Upd is the one between a d electron and the 2p core hole.
The Mn1 and Mn2 ions possess valency of 1.85+ and 2.25+,
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respectively. The increase of the valence state results in a
shift of the Mn2 L3 XAS spectrum toward higher energies
in comparison with the Mn1 L3 XAS one. Although the L3

XAS spectra of Mn1 and Mn2 have the same weights they
have slightly different peak intensities due to the difference in
the corresponding bandwidths.

We found that the core-hole interaction strongly influences
Mn empty 3d states. They shift downward by ∼4 eV and
become much more narrow (not shown). The latter fact signif-
icantly improves the agreement with the experiment in x-ray
absorption (compare the blue and red curves in the upper
panel of Fig. 5). The agreement with the experiment is also
better for the Mn L3 XMCD spectrum (the middle and lower
panels of Fig. 5) with respect to the width of the negative
peak at 640 eV and in the shape of the local minimum at
642 eV. The theory with taking into account the core-hole
effect reproduces even the tiny low-energy peak at 639.5 eV
which is absent in the calculations without this effect.

The major peaks at 640 eV and 641.4 eV in the XMCD
spectra at the L3 edge are from AFM-arranged Mn1 and
Mn2 atoms, respectively. The theory with or without the
core-hole effect overestimates the intensity of the positive
peak at 641.4 eV. These disagreements can be explained by
the fact that the calculations presented in Fig. 5 have been
performed for the ideal crystal structure without possible
lattice imperfections and without an external magnetic field.
The external magnetic field (6 T in Ref. [9]) might change the
spin orientation of some Mn2 ions, and as a result, the XMCD
signal from the Mn2 sites might be reduced. This is consistent
with the strong imbalance of the spin magnetic moments of
nonequivalent Mn1 and Mn2 sites observed experimentally [9]
(see Table II).

C. O K XAS and XMCD spectra

The XAS and XMCD spectra in metals and alloys at the K
edge when the 1s core electrons are excited to empty p states
through the dipole transitions are quite important. They are
sensitive to the electronic states at neighboring sites because
of the delocalized nature of p states.

Figure 6 presents the theoretically calculated x-ray absorp-
tion spectrum at the O K edge in CaMnTi2O6 (the red dashed
curve at the top panel) and the theoretically calculated O K
XMCD spectrum (the lower panel). The O K XAS spectrum
extends over more then 40 eV and has the fine structures
typical for the oxygen K absorption in various transition metal
oxides [14].

The exchange splitting of the initial 1s core state is ex-
tremely small [64]; therefore only the exchange and spin-
orbit splitting of the final 2p states is responsible for the
observed dichroism at the oxygen K edge. For this reason
the dichroism is found to be very small. The O K XMCD
spectrum possesses a quite complicated structure with several
minima and maxima. We found that the largest contribution
comes from the first neighbors of the Mn2 ions, namely, O5

ions which possess the largest spin and orbital moments. The
Mn1 ions are surrounded by two O2 and two O4 ions (see
Fig. 1). The induced spin magnetic moments at the O2 and
O4 sites are aligned opposite to the O5 spin moments (see
Table II). As a result, the XMCD signal from the O2 and O4
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FIG. 6. Top panel: The theoretically calculated x-ray absorption
spectrum at the O K edge in CaMnTi2O6 with (full blue line)
and without (dashed red curve) taking into account the core-hole
effect; lower panel: the theoretically calculated XMCD spectra of
CaMnTi2O6 at the O K edge with (full blue line) and without (dashed
red curve) taking into account the core-hole effect.

sites has an opposite sign to the O5 one reducing significantly
the x-ray dichroism at the O K edge.

We investigated also the core-hole effect in the final state
using the supercell approximation where the excited atom is
formally treated as an impurity. Figure 7 presents the 2p par-
tial density of states for different oxygen sites of CaMnTi2O6

for the valence states (left column) and conduction states
(right column) with (full blue lines) and without (dashed red
lines) taking into account the core-hole effect at the O K
edges. The core-hole effect strongly influences the oxygen
valence states: they become much more narrow and shift
downward by 5 to 8 eV for different sites (see the left column
of Fig. 7). The occupation numbers of the oxygen 2p states
also increase. The conduction states (the right column of
Fig. 7) are changed to a lesser extent. But still they shift
downward by around 2 eV and also become more narrow.

We found that the core-hole interactions significantly alter
the theoretically calculated O K XAS spectra in CaMnTi2O6

mostly in the low-energy part of the spectrum at 2–4 eV above
the edge (the upper panel in Fig. 6). The core-hole effect
affects the oxide K XMCD spectrum in the 2 to 10 eV energy
range (the lower panel in Fig. 6), and in the 2 to 4 eV energy
interval the dichroism even changes the sign.

We investigate also the effect of the electric quadrupole E2

and magnetic dipole M1 transitions on the XAS and XMCD
spectra at the oxygen K edge. We found that the M1 transitions
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and without (dashed red lines) taking into account the core-hole
effect at the O K edges. Dotted curves present the integrated valence
partial DOSs.

are extremely small in comparison with the E2 transitions
and can be neglected. The E2 transitions indeed contribute
to the high-energy XAS and XMCD spectra, although the
quadrupolar E2 transitions are more than two orders of mag-
nitude smaller than the electric dipole transitions E1.

The experimental measurement of the XAS and XMCD
spectra at the oxygen K edge in CaMnTi2O6 is highly
desirable.

D. Magnetic moments

Our band structure calculations yield the magnetic mo-
ments for the Mn1 ion of Ms = 4.5251 μB, Ml = −0.0012 μB,
and for the Mn2 ion of Ms = −4.6322 μB and Ml = −0.0010
μB. The Mn spin moments are in good agreement with the
results of the VASP calculations by Gou et al. [11] (4.57 μB).

The sum rules yield much smaller Mn spin moments of
Ms = 0.733μB at 5 K and Ms = 0.558 μB at 25 K (above
TN ) [9]. One should mention that the XMCD technique is
not able to measure the contributions from different Mn sites
separately. Therefore, the sum rules provide an averaged Mn
spin magnetic moment. For the AFM ordering and equivalent
Mn sites one would expect zero averaged Mn spin magnetic
moment. The imbalance in the Mn spin magnetic moments
might be from several reasons, such as crystal imperfections
(mostly due to the oxygen vacancies), the nonequivalence
of the Mn1 and Mn2 sites due to different coordinations
(tetrahedral at Mn1 sites and pseudosquare planar at Mn2), or
the influence of the external magnetic field used in the exper-
imental measurements (6 T) [9]. Our theoretical calculations
produce a smaller magnetic imbalance of 0.1071 μB because

we take into account only the nonequivalence of the Mn1 and
Mn2 sites.

The experimentally estimated Mn orbital moment Ml was
found to be equal to 0.026 μB at 5 K and 0.003 μB at 25 K.
Both of these values are larger than the theoretical results
(Table II). This discrepancy is due to the imperfection of the
sum rules. The application of the sum rules to the theoretically
calculated XAS and XMCD spectra produces much larger
orbital magnetic moments of 0.031 μB as averaged by the Mn1

and Mn2 sites (with taking into account the core-hole effect)
with better agreement with the experimental data.

Herrero-Martin et al. [9] estimated the values of the orbital
magnetic moments in CaMnTi2O6 at the Ti site as Ml =
−0.013 μB using the sum rules and experimental XAS and
XMCD spectra measured at 5 K and an external magnetic
field of 6 T. Our band structure calculations yield the magnetic
moments for the Ti atoms of Ml = −0.0006 μB (see Table II).
The explanation of such a disagreement is in the nature of
the sum rules. The applying of the sum rules [Eq. (3)] for
the theoretically calculated XAS and XMCD spectra produces
the orbital magnetic moment of Ml = −0.015 μB at the Ti
site (with taking into account the core-hole effect) with much
better agreement with the experimental estimations.

The induced spin magnetic moments at the O1 to O4 sites
are aligned along the c axis and equal to 0.005 μB and
0.015 μB for the O3 and O4, respectively. The spin magnetic
moments at the O5 sites (which are the first neighbors for the
Mn2 ions) are AFM-ordered to other oxygens and have the
largest spin magnetic moments of −0.017 μB.

The orbital magnetic moments were found to be equal to
−0.00022μB, −0.00002 μB, 0.00006 μB, 0.00013 μB, and
−0.00018μB for the O1, O2, O3, O4, and O5 sites, respectively.
The averaged oxygen orbital magnetic moment, therefore, is
equal to −0.00023 μB from the self-consistent band structure
calculations. The orbital sum rule applied to the theoretically
calculated XAS and XMCD spectra at the oxygen K edge in
the electric-dipole approximation gives the value of the orbital
moment MO

l = −0.00030 μB.

V. SUMMARY

The electronic and magnetic structures as well as x-ray
magnetic circular dichroism of the ferroelectric CaMnTi2O6

have been investigated theoretically within a DFT-GGA +
U approach in the framework of the fully relativistic spin-
polarized Dirac LMTO band structure method.

The Ca cations in CaMnTi2O6 exhibit a 10-coordinate
polyhedral environment and the Mn cations display alternat-
ing tetrahedral and square-planar MnO4 coordination. More-
over, A-site Mn2+ ions with high-spin states (3d5) exhibit
long-range AFM order in CaMnTi2O6. Due to different types
of the oxygen atoms surrounding the Mn ions and different
Mn-O intersite distances, Mn1 and Mn2 possess different
valences (1.85+ and 2.25+ for the Mn1 and Mn2 ions,
respectively) and different magnetic moments (4.527 μB and
−4.628 μB for Mn1 and Mn2, respectively).

We have studied the x-ray magnetic circular dichroism
at the Mn and Ti L2,3 and oxygen K edges. The calcula-
tions show good agreement with the experimental measure-
ments. Due to the AFM ordering and different coordinations
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(tetrahedral at Mn1 sites and pseudosquare planar at Mn2)
the XMCD spectra at the Mn L3 edge have opposite signs
and are shifted to each other producing the spectrum with
a major peak at 640 eV and two high-energy shoulders at
641.4 eV and 644 eV. The theory overestimates the intensity
of the high-energy peak at 641.4 eV. It can be explained by
the fact that the calculations have been performed for the
ideal crystal structure without possible lattice imperfections
and without an external magnetic field. The external magnetic
field might change the spin orientation of some Mn2 ions,
and as a result, the XMCD signal from the Mn2 sites might
be reduced. The third high-energy shoulder at 644 eV in the
XAS and XMCD spectra at the Mn L3 edge probably has
a satellite nature and cannot be reproduced in a one-particle
approximation.

We found that the core-hole interaction strongly influences
Ti and Mn empty 3d as well as oxygen 2p states: they become
much more narrow and shift downward by several eV. The
core-hole effect significantly improves the agreement between
the theory and experiment at the Ti and Mn L2,3 edges.

The past decade has witnessed dramatic progress in the
fundamental physics of multiferroics and magnetoelectrics.
The challenge and opportunity for solid-state physicists is to

identify mechanisms that provide large, robust, and coupled
magnetization and polarization, combined with large suscep-
tibilities at low electric or magnetic fields, all at room tem-
perature. Multiferroics continue to reveal novel, unanticipated
physics, and the potential applications now stretch far beyond
electrical control of ferromagnetism. We hope that the recent
progress on the basic materials physics aspects will stimulate
the physics community to dream up entirely new device
paradigms that exploit the novel and unique functionalities of
multiferroics.
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