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A systematic electronic structure study of A2CrB′O6 (A = Ca, Sr; B′ = W, Re, and Os) has been performed 
by employing the local spin-density approximation (LSDA) as well as the GGA and LSDA+U methods using 
the fully relativistic spin-polarized Dirac linear muffin-tin orbital band-structure method. We investigated the ef-
fects of the subtle interplay among the spin-orbit coupling, electron correlations, and lattice distortion on the 
electronic structure of the double perovskites. First principles calculations predict that Sr2CrOsO6 is (before con-
sidering spin-orbit coupling) actually a ferrimagnetic semimetal with precisely compensating spin moments, 
or spin-asymmetric compensated semimetallic ferrimagnet in which the electrons and holes are each fully polar-
ized and have opposite spin directions, in spite of a zero net moment and hence no macroscopic magnetic field. 
Spin-orbit coupling degrades this by giving a nonzero total moment, but the band structure is little changed. 
Therefore, the observed saturation moment of ferrimagnetic Sr2CrOsO6 is entirely due to spin-orbit coupling. 
The x-ray absorption spectra and x-ray magnetic circular dichroism at the W, Re, Os, and Cr L2,3, and Cr and 
O K edges were investigated theoretically from first principles. A qualitative explanation of the XMCD spectra 
shape is provided by the analysis of the corresponding selection rules, orbital character and occupation numbers 
of individual orbitals. The calculated results are in good agreement with experimental data. The complex fine 
structure of the Cr L2,3 XAS in Sr2CrWO6 and Sr2CrReO6 was found to be not compatible with a pure Cr3+ va-
lency state. The interpretation demands mixed valent states. We found that possible oxygen vacancies lead 
to a mixed valency at the Cr site, double peak structure at the Cr L2,3 edges and reduce the saturation magnetiza-
tion in Sr2CrWO6 and Sr2CrReO6. 

PACS: 75.50.Cc Other ferromagnetic metals and alloys; 
71.20.Lp Intermetallic compounds; 
71.15.Rf Relativistic effects. 
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1. Introduction

Double perovskites (DP) 2 6A BB O′  (A = alkaline earth 
or rare earth and BB′ are heterovalent transition metals 
such as B = Fe, Cr, Mn, Co, Ni; B′ = Mo, W, Re, Os) was 
established as new colossal magneto-resistance (CMR) 
materials at low magnetic field and room temperature 
[1,2]. They often demonstrate intrinsically complex mag-
netic structures and a wide variety of physical properties as 
a consequence of the strong interplay between structure, 
charge and spin ordering [3] (see Ref. 4 for a review article 
on these materials). The fact that the DP seem to be ferro-
magnetic metals with high Curie temperatures СT  and ap-
parently have highly spin polarized conduction band makes 
these materials interesting for applications in spintronic 

devices such as magnetic tunnel junctions or low-field 
magnetoresistive sensors [1,4,5]. However, the DP are also 
of fundamental interest since both their basic physics and 
materials aspects are not well understood. 

The series 2 6A CrB O′  (A = Ca, Sr) with B′ being W, Re, 
and Os ions is very promising due to their record high values 
of CT . Originally reported 44 years ago by Sleight et al. [6], 
the compound 2 6Sr CrOsO  has been revisited by Kronken-
berger et al. [7]. The motivation was that this member fol-
lows a series of half-metals 2 6Sr CrB O′ , B′ = W, Re, with very 
high magnetic ordering temperatures ( CT  = 500 and 635 K, 
respectively) [8,9]. The compound 2 6Sr CrOsO  is special, 
as it has a completely filled 5d  2gt  minority-spin orbital, 
while the majority-spin channel is still gaped. 2 6Sr CrOsO  
has an even higher ordering temperature CT  = 725 K [7], 
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the highest known in this class, and was reported to be 
insulating. Besides record high Curie temperatures 

2 6A CrB O′  DP show other interesting physical properties, 
such as, substantially large Kerr rotations [10] of about –2° 
to –2.5° for 2 6Sr CrWO  and 2 6Sr CrReO , a moderately large 
Faraday rotation of about 60.25·10−  deg/cm in insulating 

2 6Sr CrOsO  and relatively large magnetic coercivity and mag-
neto-crystalline anisotropy energies (MAE = 001 111E E−  = 
= 0.38 meV) in 2 6Sr CrReO  [11]. The former is unexpected 
considering the octahedral coordination and nearly cubic 
local environments in 2 6Sr CrReO . 

Despite of many experimental and theoretical research-
es of the electronic and magnetic structures of 2 6A CrB O′  
compounds, some controversies still remain from both the 
theoretical and the experimental point of views. From the 
theoretical side despite several important density function-
al theory (DFT) calculations of 2 6Sr CrOsO  [7,12–14], it is 
still no clear why 2 6Sr CrOsO  is an insulator. It is not a 
band insulator, since the bands are partially filled. It is not 
a Slater insulator, given the large moment observed on Cr. 
It is not a priory clear how it can be a Mott insulator either, 
given the weak correlations on Os relative to the large 
bandwidth of 5d  orbitals. Why is there a net moment, giv-
en that both Cr and Os are in 3d  configurations? The role 
of spin-orbit coupling (SOC) on Os should be significant: 
DFT calculations show zero net moment in the spin-polar-
ized calculations [14], but a net moment is appeared when 
SOC is included [12,14]. On the other hand, x-ray magnet-
ic circular dichroism experiments [7] show insignificant Os 
orbital moment. 

From the experimental point of view some papers 
on the basis of the measured electric, thermal, optical, and 
magnetic properties suggested that 2 6Sr CrReO  could be a 
metallic ferromagnet with CT  = 635 K [2,15]. Theoretical 
calculations support this observation producing a half-me-
tallic band structure in 2 6Sr CrReO  [10,11,16,17]. However, 
Hauser et al. [18] report growth of 2 6Sr CrReO  epitaxial 
films with 99% Cr/Re ordering and crystalline perfection 
comparable to those of high-quality semiconductor films. 
The samples show a smaller Curie temperature of 508 K 
and a saturation magnetization of 1.29 Bµ  per formula unit. 
Unexpectedly, electrical transport and optical absorption 
measurements indicate that 2 6Sr CrReO  epitaxial film might 
be a semiconductor with a band gap of 0.21 eV. 

The x-ray absorption spectroscopy (XAS) and x-ray 
magnetic circular dichroism (XMCD) measurements in the-
se compounds were carried out by several authors [7,19–22]. 
Majewski et al. [20] investigated the magnetic moment of 
the W ion in the ferrimagnetic double perovskites 2 6Sr CrWO  
and 2 6Ca CrWO  by x-ray magnetic circular dichroism at 
the W 2,3L  edges. In both compounds a finite negative spin 
and positive orbital magnetic moments were detected. The 
same authors [21] provide a similar investigation measur-
ing Re 5d spin and orbital magnetic moments in the fer-
rimagnetic double perovskite 2 6Sr CrReO  by x-ray mag-

netic circular dichroism at the Re 2,3L  edges. A large 5d  
spin magnetic moment of –0.68 Bµ  and a considerable 
orbital moment of +0.25 Bµ  have been detected. Krocken-
berger et al. [7] provide band-structure calculations for 

2 6Sr CrOsO  using the generalized gradient approximation 
including spin-orbit coupling (GGA+SO) and measured 
XAS and XMCD spectra at the Os 2,3L  edges in 

2 6Sr CrOsO . They found significant discrepancy between 
theoretically calculated and experimentally estimated spin 
and magnetic moments at the Os site. However, the theo-
retical spin magnetic moment at the Cr site was in good 
agreement with neutron measurements. 

The aim of this work is the detailed theoretical invest-
igations of the electronic structure and x-ray magnetic 
circular dichroism in 2 6A CrB O′  (A = Ca and Sr; B′ = W, 
Re, and Os) DP. Although a few DFT based studies [7,8, 
10–14,16,17,23] exist for some of these compounds, to the 
best of our knowledge, no comprehensive theoretical study 
exists to address the origin of the x-ray magnetic dichroism 
in the series. The energy band structure of 2 6A CrB O′  
compounds in this paper is calculated within the ab initio 
approach taking into account strong electron correlations 
by applying a local spin-density approximation to the density 
functional theory supplemented by a Hubbard U term [24]. 

The paper is organized as follows. The computational 
details are presented in Sec. 2. Section 3 presents the elec-
tronic structure of 2 6A CrB O′  compounds. Section 4 pre-
sents the XAS and XMCD spectra of 2 6A CrB O′  com-
pounds. Theoretical results are compared to experimental 
measurements. Finally, the results are summarized in Sec-
tion 5. 

2. Computational details 

2.1. Crystal structure 

Double ordered perovskites ( 2 6A BB O′ ) possess a mod-
ified perovskite structure (ABO3) where the BO6 and 

6B O′  octahedra are alternatively arranged in two fcc sub-
lattices. The A sites are occupied by alkaline or rare-earth 
ions, while the B and B′ sites correspond to transition met-
al ions. This cubic structure can be well described within 
the 3Fm m  space group. However, this structure is very 
often distorted as a consequence of the pressure or temper-
ature variations. 

At room temperature the crystal structure is cubic 
( 3Fm m; group number 225) for 2 6Sr CrWO , tetragonal 
( 4 /I m; group number 87) for 2 6Sr CrReO , and monoclinic 
( 12 /P n; group number 14) for 2 6Ca CrWO  [4] (see Fig. 1). 
The oxygen atoms surrounding the Cr and B′ sites provide 
the octahedral environment. The structural differences can 
be understood taking into account the tilting of the Cr/B′–O 
octahedra. While the A cation size is getting smaller, emp-
ty space shows up around it and needs to be filled up. 
The cubic structure is then replaced by the space groups 
exhibiting lower symmetry. Using Glazer’s terminology [25] 
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the 0 0a a c− octahedral tilt is responsible for the occurrence 
of the 4 /I m  space group, while the 12 /P n space group 
arises from the a b b+ − − tilt [26]. Basically, two different 
types of distortion are included in the monoclinic 12 /P n 
structure of 2 6Ca CrWO  oxide shown in lower panel of 
Fig. 1. One is a rotating the CrO6 and WO6 octahedra 
around the c axis and tilting them in alternating directions 
around the b axis so that the Cr–O–W angle changes from 
180° (GdFeO3-type distortion). The second type of crystal 
distortion in 2 6Ca CrWO  is the Jan–Teller distortion caused 
the deformation of the CrO6 and WO6 octahedra, thus 
creating different Cr(W)–O bond lengths. 

The low (2 K) temperature phase of 2 6Sr CrOsO  is 
a rhombohedral double perovskite structure with space 
group 3R  (Fig. 2), and returns to the cubic double perov-
skite structure ( 3Fm m) at higher temperatures (500 K) [7]. 

2.2. X-ray magnetic circular dichroism 

Magneto-optical (MO) effects refer to various changes 
in the polarization state of light upon interaction with ma-
terials possessing a net magnetic moment, including rota-
tion 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, or resonances, magneto-optical effects 
can be enhanced by transitions from well-defined atomic 
core levels to transition symmetry selected valence states. 

Within the one-particle approximation, the absorption 
coefficient ( )j

λµ ω  for incident x ray of polarization λ and 
photon energy ω  can be determined as the probability of 

Fig. 1. (Color online) Upper panel: schematic representation of 
3Fm m 2 6Sr CrWO  structure (gray lines show the primitive cell). 

Middle panel: schematic representation of 4 /I m 2 6Sr CrReO  
structure. Lower panel: the primitive cell of 12 /P n 2 6Ca CrWO  
structure. 

Fig. 2. (Color online) schematic representation of rhombohedral 
3R  2 6Sr CrOsO  structure. 
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electronic transitions from initial core states with the total 
angular momentum j  to final unoccupied Bloch states 

 2( ) = | | | | ( )j
n jm n jmj j

m nj

E Eλλµ ω 〈Ψ Π Ψ 〉 δ − − ω ×∑∑ k k
k

   

 ( ),n FE E× θ −k  (1) 

where jm j
Ψ  and jm j

E  are the wave function and the ener-
gy of a core state with the projection of the total angular 
momentum jm ; nΨ k  and nE k  are the wave function and 
the energy of a valence state in the nth band with the wave 
vector k; FE  is the Fermi energy. 

λΠ  is the electron-photon interaction operator in the 
dipole approximation 
 = ,eλ λΠ − αa  (2) 

where α are the Dirac matrices, λa  is the λ polarization 
unit vector of the photon vector potential, with 

= 1/ 2(1, ,0),a i± ±  = (0,0,1)a


. Here, +  and − denotes, 
respectively, left and right circular photon polarizations 
with respect to the magnetization direction in the solid. 
Then, x-ray magnetic circular and linear dichroisms are 
given by + −µ −µ  and ( ) / 2+ −µ − µ +µ



, respectively. More 
detailed expressions of the matrix elements in the electric 
dipole approximation may be found in Refs. 27–30. Matrix 
elements due to the magnetic dipole and electric quadru-
pole corrections are presented in Ref. 30. 

Concurrent with the development of the x-ray magnetic 
circular dichroism experiment, some important magneto-
optical sum rules have been derived [31–34]. 

For the 2,3L  edges the zl  sum rule can be written as [29] 

 3 2

3 2

( )
4= ,
3 ( )

L L
z h

L L

d
l n

d

+ −+

+ −+

ω µ −µ
〈 〉

ω µ +µ

∫
∫
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where hn  is the number of holes in the d  band = 10h dn n− , 
zl〈 〉  is the average of the magnetic quantum number of the 

orbital angular momentum. The integration is taken over 
the whole 2 p absorption region. The zs  sum rule can be 
written as 

 7 =
2z zs t〈 〉 + 〈 〉   

 3 2

3 2
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,
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where zt  is the z  component of the magnetic dipole opera-

tor 2= 3 ( )/ | |− ⋅t s r r s r  which accounts for the asphericity 

of the spin moment. The integration 
3L∫  

2L
 
 
 ∫  is taken 

only over the 2 3/2p  ( )1/22 p  absorption region. 

2.3. Calculation details 

The details of the computational method are described 
in our previous papers [35–37], and here we only mention 
some aspects specific to the present calculations. The cal-
culations presented in this work were performed using 
the spin-polarized fully relativistic linear-muffin-tin-orbital 
(LMTO) method [38–40] for the experimentally observed 
lattice constants [41]. The LSDA part of the calculations 
was based on the spin-density functional with the Perdew–
Wang [42] exchange-correlation potential. The exchange-
correlation functional of a GGA-type was also used in the 
version of Perdew, Burke and Ernzerhof [43,44]. The basis 
consisted of the s, p, and d  LMTO’s for Ca, Sr, and O 
sites and the s, p, d , and f  LMTO’s for W, Re, and Os 
sites. The k-space integrations were performed with the 
improved tetrahedron method [45] and the self-consistent 
charge density was obtained with 518, 413, 641, and 980 
irreducible k-points in 2 6Ca CrWO , 2 6Sr CrWO , 2 6Sr CrReO , 
and 2 6Sr CrOsO  compounds, respectively. 

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 level spectra 

2LΓ , 
3LΓ  and K  for Cr, W, Re, Os, and 

O were taken from Ref. 46. The finite apparative resolution 
of the spectrometer was accounted for by a Gaussian of 
width 0.6 eV. 

It is well known that the LSDA fails to describe the 
electronic structure and properties of the systems in which 
the interaction among the electrons is strong. More advanc-
ed methods of electronic structure determination such as 
LSDA plus self-interaction corrections [47], the LSDA+U  
method [24], GW approximation [48], and dynamical 
mean-field theory [49–51] have sought to remedy this 
problem and have shown considerable success. Among 
them, the LSDA+U  method is the simplest and most fre-
quently used. We used the “relativistic” generalization of 
the rotationally invariant version of LSDA+U  method [52] 
which takes into account SOC so that the occupation ma-
trix of localized electrons becomes nondiagonal in spin 
indexes. This method is described in detail in our previous 
paper [52] including the procedure to calculate the 
screened Coulomb U  and exchange J  integrals, as well as 
the Slater integrals 2F , 4F , and 6F . 

The screened Coulomb U  and exchange J  integrals en-
ter the LSDA+U  energy functional as external parameters 
and have to be determined independently. These parame-
ters can be determined from supercell LSDA calculations 
using Slater's transition state technique [53,54], from con-
strained LSDA calculations (cLSDA) [54–58] or the con-
strained random-phase approximation (cRPA) scheme [59]. 
Subsequently, a combined cLSDA and cRPA method was 
also proposed [60]. The cRPA method, however, is known 
to yield values of U  that are too small in some cases [61]. 
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On the other hand, the cLSDA method produces too large 
values of U  [62]. Therefore, in our calculations we treated 
the Hubbard U  as an external parameter and varied it from 
2 to 6 eV. We adjusted the value of U  to achieve the best 
agreement with the experimental spectra. The cLSDA cal-
culations produce J  = 0.9, 0.8, and 0.75 eV for W, Re, and 
Os sites, respectively, in 2 6A CrB O′ . In the case of 

eff = = 0U U J−  the effect of the LSDA+U  comes from 
nonspherical terms which are determined by 2F  and 4F  
Slater integrals. This approach is similar to the orbital po-
larization corrections [29,63–66]. For the LSDA+U  ap-
proach with =U J , eff = = 0U U J−  eV we use the nota-
tion LSDA+OP throughout the paper. 

3. Electronic structure 

3.1. Energy bands 

Generally in 3d  transition metal oxides (TMOs), the 
SOC is typically less than 0.05 eV. This is much smaller 
than the other important energies in 3d  TMOs, such as on-
site Coulomb interaction energy, U  (3–5 eV), and the crys-
tal-field splitting energy, ∆ (2–3 eV). Therefore the SOC is 
not dominant in determining the physical properties of 3d  
TMOs. On the other hand, in the 5d  TMOs, the SOC is 
approximately 0.3–0.5 eV [67], and therefore should be 
taken into account when describing the electronic structure 
of 5d  TMOs [68]. 

3.1.1. Sr2CrWO6 and Sr2CrReO6 

We start with a review of the basic electronic and mag-
netic properties of the compounds using the standard 
LSDA and GGA approximations. Figure 3 presents the 
energy band structures of 2 6Sr CrWO  and 2 6Sr CrReO  cal-

culated in the GGA approach (the LSDA approach produc-
es similar results). The GGA approach gives half-metallic 
states in 2 6Sr CrWO  and 2 6Sr CrReO  where the only contri-
bution around the Fermi level comes from the minority 
spins. There is an energy gap of 0.20 eV between the Cr ge  
and Re 2gt  states in the spin-up channel. The total spin 

Fig. 4. (Color online) The partial DOSs [in states/(atom·eV)] of 

2 6Sr CrWO  calculated in the GGA spin-polarized approximation. 

Fig. 3. (Color online) The energy band structure of 2 6Sr CrWO  
and 2 6Sr CrReO  calculated in the GGA spin-polarized approxi-
mation. 
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magnetic moment is equal to 3 Bµ  in spin-polarized calcu-
lations (without taking into account the SOC), which is 
consistent with the expected half-metallic nature of this 
compound. A similar conclusion was derived in previous 
theoretical calculations [10–12,16,17,23,69,70]. 

The spin-resolved DOSs are presented in Fig. 4. For the 
2 6Sr CrWO , the electronic energy bands between –20.0 and 

–18.3 eV are dominated by O 2s states. O 2p states are in 
the –8.8 to –3.0 eV energy interval. Sr empty 5d states 
occupy the energy interval from 2.5 to 8 eV above the 
Fermi level. Sr 5p states are located from 9 up to 15 eV. Sr 
4f states are situated at higher energy from 12 to 27 eV. 
The Fermi energy falls in an energy gap of about 0.7 eV in 
the majority spin channel, between the fully filled Cr 2gt  
and empty Re 2gt bands. Thus, the GGA calculation pro-
duces in 2 6Sr CrWO  a half-metallic ferrimagnet. 

3.1.2. Sr2CrOsO6 

Our band structure calculations are based on both cubic 
( 3Fm m , above 500 K) and rhombohedral ( 3R , at 2 K) 
structures. In the distorted structure, the change in volume 
is less than 1%, and O and Sr atoms are displaced by 0.015 

and 0.006 Å, respectively. For 2 6Sr CrOsO , we found that 
the 3R  distortion is energetically favored over the cubic 
structure by 145 meV, in agreement with observation. The 
distortions due to a size mismatch in the compound have 
negligible effect on the electronic structure, consistent with 
the fact that the ions have a filled 2gt  shell so that the band 
structure energy is not gained by the distortion. 

Figure 5 presents the energy band structure of 2 6Sr CrOsO  
for the rhombohedral ( 3R ) structure calculated in the GGA, 
GGA with SO included (GGA+SO), and the GGA+SO 
with orbital polarization correction (GGA+SO+OP) ap-
proximations. The partial DOSs for 2 6Sr CrOsO  in the 
GGA+SO+OP are presented in Fig. 6. The GGA band 
structure near FE  (without SO correction) of 2 6Sr CrOsO  

Fig. 5. (Color online) The energy band structure of 2 6Sr CrOsO  
for the rhombohedral ( 3R ) structure calculated in the GGA (upper 
panel: blue and red lines for the majority and minority channels, 
respectively), GGA+SO (middle panel), and GGA+SO+OP (lower 
panel) approximations. 

Fig. 6. (Color online) The partial DOSs [in states/(atom·eV)] of 

2 6Sr CrOsO  calculated in the GGA+SO+OP approximation. 
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(upper panel of Fig. 5) agrees well with that of 
Kronkenberger et al. [7] and Lee and Picket [14]. The fully 
occupied Os spin-down states and Cr spin-up majority 2gt  
manifolds each have identical width of 1.8 eV. A larger 
transition metal–O hybridization for a 5d  ion compared to 
that of a 3d  ion reduces the Os spin moment from 3 Bµ  by 
almost a factor of 2, even though both Cr and Os ions have 
occupied 2gt  states corresponding to 3 / 2S = . Each spin 
channel separately has a gap, 0.4 eV for the spin up and 
1 eV for spin down, between the Cr and Os 2gt manifolds. 
The majority and minority states show different hybridiza-
tions, resulting in differing crystal (ligand) field and ex-
change splittings on Cr and Os. The crystal field splittings 

cf∆  are (roughly) as follows: Cr, majority 2.5 eV, minority 
1 eV; Os: 2.5 eV for both directions. The exchange split-
ting in the Os ion (just over 1 eV) is half of that of Cr ion. 
The distinguishing feature of 2 6Sr CrOsO  is that the Os 2gt  
bandwidth is equal to its exchange splitting, such that a 
zero gap lies “between” the corresponding up and down 
bands. The Cr spin moment of 2.284 Bµ  is completely 
compensated with the Os spin moment of –1.645 Bµ , six O 
moments of –0.567 Bµ  and two Sr spin moments of 
–0.072 Bµ . Therefore first principles calculations predict 
that 2 6Sr CrOsO  is (before considering SOC) actually a fer-
rimagnetic semimetal with precisely compensating spin 
moments, or a spin-asymmetric compensated semimetallic 
ferrimagnet in which the electrons and holes are each fully 
polarized and have opposite spin directions, in spite of 
a zero net moment and hence no macroscopic magnetic 
field [14]. This is a peculiar state indeed. The SOC degrades 
this by giving a nonzero total moment, but the band struc-
ture is little changed. Upon including the SOC, the Cr mo-
ment (with its small SOC) is almost unchanged 2.289( ).Bµ  
The effect on Os is substantial; however, due to mixing 
with states of the opposite spin, the spin moment is re-
duced by 0.211 Bµ  and an orbital moment of –0.104 Bµ  is 
induced. The total net moment, 0.545 Bµ  reflecting both 
spin and orbital compensations, is reasonably close to the 
measured saturation moment of 0.75 Bµ  [7] and to the neu-
tron diffraction measurements (0.73 Bµ  at low tempera-
ture). (The unusual temperature dependence indicates non-
standard behavior of the magnetism in 2 6Sr CrOsO , so it 
may be premature to expect close agreement [14].) We can 
conclude that the observed saturation moment of ferrimag-
netic 2 6Sr CrOsO  is entirely due to the spin-orbit coupling, 
and without this coupling 2 6Sr CrOsO  would be spin com-
pensated (zero net moment). A similar conclusion was also 
drawn by Lee and Picket [14]. 

The band structure of 2 6Sr CrOsO  with the spin-orbit 
coupling in the GGA+SO approximation is presented in 
the middle panel of Fig. 5. The slightly negative gap is due 
to the crossing the conduction band along the k T−  sym-
metry direction. The optical gap is 


0.22 eV. The opening 

of the gap in 2 6Sr CrOsO  is not such as to produce a Mott 
insulator (it is a band insulator), but rather in the mold of 

a “energy gap correction” to the GGA. To address the re-
ported insulating character in 2 6Sr CrOsO  (versus the low 
DOS semimetal result obtained above), we applied intra-
atomic Coulomb repulsion U  on the Os ion using the 
LSDA+SO+OP method ( eff = = 0U U J−  eV). An insulat-
ing phase is obtained in the OP correction (see lower panel 
in Fig. 5). 

4. XMCD spectra 

4.1. W, Re, and Os 2,3L  XMCD spectra 

Figure 7 shows the calculated XAS and XMCD spectra 
at the Re (upper panel) and Os (lower panel) 2,3L  edges in 

2 6Sr CrReO  and 2 6Sr CrOsO  oxides, respectively, together 
with the experimental spectra. Figure 8 shows the calcu-
lated XAS and XMCD spectra at the W 2,3L  edges in 

2 6Ca CrWO  (upper panel) and Sr2CrW6 (lower panel) 
oxides together with the experimental spectra. The Re, Os, 
and W 3L  XAS spectra (2 3/2 3/2,5/25p d→  transitions) for 
these oxides have a strong resemblance to each other in a 
double peak structure. The energy splitting of these peaks 
is generally ascribed to the crystal field splitting of d  or-
bitals into 2gt  and ge  states [71]. The Re, Os, and W 2L  
x-ray absorption spectra also have a double peak structure. 
Theory correctly reproduces the energy position and rela-
tive behavior of intensity in the 3L  and 2L  XASs. 

Fig. 7. (Color online) Upper panel: the experimental x-ray ab-
sorption spectra and XMCD spectra [72] (open circles) at the Re 

2,3L  edges in 2 6Sr CrReO  compared with the theoretically calcu-
lated ones. Lower panel: the experimental x-ray absorption spec-
tra and XMCD spectra [7] (open circles) at the Os 2,3L  edges in 

2 6Sr CrOsO  compared with the theoretically calculated ones. 
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The experimentally measured dichroic 2L  line consists 
of a simple asymmetric negative peak with a high-energy 
shoulder in all the oxides under consideration. However, 
the XMCD spectra at the 3L  edge are significantly differ 
from each other for different compounds. The Re 3L  XMCD 
spectrum in 2 6Sr CrReO  has a four peak structure: two pos-
itive (high and low energy) and two negative peaks. The 
negative peaks appear in between the two positive peaks. 
The dichroism at the Os 3L  edge in 2 6Sr CrOsO  has only 
two positive peaks (Fig. 7). The W 3L  XMCD spectra in 

2 6Ca CrWO  and 2 6Sr CrWO  have four peak structures but 
with opposite sign: the highest low-energy peak is negative 
in 2 6Ca CrWO  and positive in 2 6Sr CrWO . The dichroism 
at the 3L  edge is significantly smaller than at the 2L  edge in 
all four compounds. 

A qualitative explanation of the XMCD spectra shape is 
provided by the analysis of the corresponding selection 
rules, orbital character and occupation numbers of individ-
ual 5d  orbitals. Table 1 presents the dipole allowed transi-
tions for x-ray absorption spectra at the 3L  and 2L  edges 
for left ( = 1λ + ) and right ( = 1λ − ) polarized x rays [73]. 

To go further, we need to discuss the character of the 5d 
empty DOS. From our band structure calculations we 
found that the Re 5 3/2d  states with = 3 / 2jm −  and 1/ 2−  
are occupied in the 2 6Sr CrReO  oxides. For the 5 5/2d  states 
the = 5 / 2jm , and 3 / 2 states are occupied. Therefore, for 
the Re 2L  XMCD spectrum the dipole allowed transitions 

are only 1/ 2 1/ 2− → +  and 1/ 2 3 / 2+ → +  for = 1λ +  (Ta-
ble 1). The 1/ 2 3 / 2− → −  and 1/ 2 1/ 2+ → −  transitions 
are forbidden for = 1λ −  because the 5 3/2d  states with 

= 3 / 2jm −  and 1/ 2−  are occupied. Thus the XMCD spec-
trum of Re at the 2L  edge ( =I − +µ −µ ) can be roughly 
approximated by the following sum of jm -projected partial 
densities of states: 3/2 3/2

1/2 3/2( )N N− + . Here we use the nota-
tion j

m j
N  for the density of states with the total momentum 

j  and its projection jm . As a result, the shape of the Re 2L  
XMCD spectrum contains an asymmetric negative peak. 

A rather different situation occurs in the case of the 3L  
XMCD spectrum. Analyzing the dipole selection rules and 
the character of the 5 5/2d  empty states we can show that 
the XMCD spectrum of Re at the 3L  edge can be roughly 
approximated by the following sum of jm -projected partial 
densities of states: 5/2 5/2 3/2

5/2 3/2 3/2( )N N N− −+ −  [73]. From this 
expression one would expect a more complex structure for 
the XMCD spectra at the 3L  edge. The energy positions 
and peak intensities and even the number of peaks are very 
sensitive to the relative energy positions and intensities of 
the partial 5 3/2d  and 5 5/2d  DOSs as well as the occupation 
numbers of the 5 3/2d  and 5 5/2d  states. It determines a wide 
difference in the shape and relative intensities of the Re, 
Os, and W XMCD spectra at the 3L  edge. Theory relative-
ly well describes the dichroism at the 2,3L  edges in the ox-
ides under consideration. 

4.2. Cr 2,3L  XMCD spectra 

In complex transition metal ionic compounds such as 
2 6Sr CrReO , the XAS and XMCD spectra at the 2,3L  ab-

sorption edges can be used as fingerprints of the ground 
state. Figure 9 (upper panel) displays the experimentally 
measured Cr 2,3L  absorption spectra of 2 6Sr CrReO  [72]. 
The Cr 3L  x-ray absorption spectrum exhibits a doublet 
structure at the white line position (peaks a and b ) and a 
weak high-energy shoulder c. The Cr 2L  XAS has a similar 
structure with double peaks d  and e and a shoulder f . 
Authors of Ref. 72 interpreted the double peak structures 
of Cr 2,3L  XASs as the signature of the crystal field split-

Fig. 8. (Color online) The experimental x-ray absorption spectra 
and XMCD spectra [20] (open circles) at the W 2,3L  edges in 

2 6Ca CrWO  (upper panel) and 2 6Sr CrWO  (lower panel) com-
pared with the theoretically calculated ones. 

Table 1. The dipole allowed transitions from core 2 1/2,3/2p  
levels to unoccupied 5 3/2,5/2d  valence states for left ( = 1λ + ) 
and right ( = 1λ − ) polarized x rays [73] 

Edge = 1λ +  = 1λ −  

3L  

3/2 5/22 5p d→  

3 / 2 1/ 2− → −  3 / 2 5 / 2− → −  
1 / 2 1/ 2− → +  1 / 2 3 / 2− → −  
1 / 2 3 / 2+ → +  1 / 2 1/ 2+ → −  

 3 / 2 5 / 2+ → +  3 / 2 1/ 2+ → +  

3L  

3/2 3/22 5p d→  

3 / 2 1/ 2− → −  1 / 2 3 / 2− → −  
1 / 2 1/ 2− → +  1 / 2 1/ 2+ → −  
1 / 2 3 / 2+ → +  3 / 2 1/ 2+ → +  

2L  

1/2 3/22 5p d→  
1 / 2 1/ 2− → +  1 / 2 3 / 2− → −  
1 / 2 3 / 2+ → +  1 / 2 1/ 2+ → −  
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ting of the 3d  band into 2gt  and ge  states. Peak a (d ) was 
associated with 2gt  states and peak b  (e) with ge  states in 
the 3L  ( 2L ) XAS. This assertion by Hauser et al. [72] is not 
correct. 

We found that the GGA (as well as LSDA) produces 
a half-metallic ground state self-consistent solution in 

2 6Sr CrReO  with trivalent Cr3+ ions. Figure 9 (upper panel) 
shows the experimentally measured Cr 2,3L  XAS together 
with the theoretically calculated Cr 3d  partial DOSs 

broaden to take into account the apparative resolution and 
finite lifetime of core 2,3L  levels. Although, the energy 
splitting between a and b  peaks in the 3L  XAS is close to 
the crystal field splitting of the 3d  band, the 2gt  states are 
much narrower than the ge  states (see upper panel of 
Fig. 10). Therefore, the peak b  is derived mostly from the 
2gt  states with some additional contribution from the ge  

states, the high-energy shoulder c is due to the ge  states 
(upper panel of Fig. 9). We can conclude that the complex 
fine structure of the Cr 2,3L  XAS is not compatible with 
a pure a Cr3+ valency state. The calculations for the ideal 
crystal structure with Cr3+ ground-state solution provide 
the x-ray absorption intensity only at the major peak b  and 
high-energy shoulder c and do not reproduce the low-
energy shoulder (peak a) as well as low-energy peak d  at 
the 2L  edge. 

The interpretation demands mixed valent states in 
2 6Sr CrReO . It is not clear yet the nature of Cr mixed va-

lency in 2 6Sr CrReO . One of the possible reason of mixed 
valent states in 2 6Sr CrReO  is lattice defects. We investi-
gated the influence of oxygen deficiency. We created an 
oxygen vacancy in a double super-cell of 2 6Sr CrReO  

62(Sr CrReO −δ, δ  = 0.5) in the first neighborhood of the 
second Cr2 atom at the 1.955 Å distance. The correspond-
ing distance between the Cr1 ion and oxygen vacancy is 
equal to 4.3655 Å. To investigate possible lattice distortion 
due to the oxygen vacancy we optimized the position of 

Fig. 9. (Color online) Upper panel: the experimental x-ray ab-
sorption spectra (open magenta circles) at the Cr 2,3L  edges in 

2 6Sr CrReO  [72] compared with the theoretically calculated 2gt  
and ge  partials DOSs (dashed red and dotted black lines, respec-
tively); middle panel: the experimental XAS spectra (open ma-
genta circles) at the Cr 2,3L  edges in 2 6Sr CrReO  [72] compared 
with the theoretically calculated ones (full black curve) with an 
oxygen vacancy (the contributions from the Cr3+ and Cr2+  ions 
are presented by full blue and dashed red curves, respectively); 
lower panel: the experimental XMCD spectra (open magenta 
circles) at the Cr 2,3L  edges in 2 6Sr CrReO  [72] compared with 
the theoretically calculated ones for Cr3+ and Cr2+  ions (full blue 
blue and dashed red curves, respectively) in 2 6Sr CrReO  with an 
oxygen vacancy. 

Fig. 10. (Color online) Upper panel: Cr 3d  partial DOSs for the 
ideal 2 6Sr CrReO  (SCRO) structure; lower panels: Cr 3d  partial 
DOSs for the 2 6Sr CrReO  with an oxygen vacancy. 
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neighbor atoms around the oxygen vacancy with fixed po-
sitions of the other atoms using the VASP-SGGA method 
[44,74,75]. We found that the existence of the oxygen va-
cancy shifts the valency of the nearest Cr ion towards 2+. 
Self-consistent calculations produce the valency equal to 
2.9+ and 2.4+ at the Cr1 and Cr2 sites, respectively. The 
oxygen vacancy also destroys the half-metallicity in 

2 6Sr CrReO  (see lower panel of Fig. 10). 
As can be seen from Fig. 9 (middle panel) the x-ray ab-

sorption from the Cr2
2
+  atoms with the oxygen vacancy 

(red dashed line) contributes to the low-energy peak a of 
the 3L  x-ray absorption and peak d  at the 2L  edge. The 
relative intensity of the a and b  peaks depends on the rela-
tive concentration of the Cr1 and Cr2 ions in 2 6Sr CrReO , 
in another words, the concentration of defects such as an 
oxygen vacancy. We found that the best agreement be-
tween the calculations and experimental data corresponds 
to a linear combination of 69% Cr3+ and 31% Cr2+  ions. 
A similar situation was observed in the Sr2FeMoO6 perov-
skite where a mixed valence state at the Fe site was occur-
ed with proportion of 66% Fe2+  and 34% Fe3+ states [76]. 

Figure 9 (lower panel) presents the experimental XMCD 
spectra at the Cr 2,3L  edges in 2 6Sr CrReO  [72] compared 
with the theoretically calculated ones for Cr3+ and Cr2+  
ions in 2 6Sr CrReO . The XMCD spectrum at the Cr 3L  
edge possesses a strong negative peak at around 577.3 eV 
and a high-energy positive shoulder. The Cr2+  ions con-
tribute to the lower energy fine structure at the 3L  edge 
around 576 eV and to the positive peak at the 2L  edge at 
587 eV. The major negative peak of the 3L  XMCD at 
577.3 eV and the negative peak at 585.5 eV of the 2L  
XMCD are mostly due to the Cr3+ ions. 

Hauser et al. [77] recently showed that the electrical re-
sistivity of 2 6Sr CrReO  films appears to be strongly modu-
lated by oxygen partial pressure within a narrow window 
of oxygen partial pressures ( O2

P  = 25 to 28.75 µTorr), 
likely due to changing levels of oxygen vacancies created 
by the growth environment. It would be highly desired to 
measure the XMCD spectra at the Cr 2,3L  edges with the 
oxygen partial pressure. 

Figure 11 (upper panel) presents the experimental x-ray 
absorption spectra [19] (open circles) at the Cr 2,3L  edges 
in 2 6Sr CrWO  compared with the theoretically calculated 
ones. The complex fine structure of the Cr 2,3L  XAS in 

2 6Sr CrWO  is not compatible with a pure Cr3+ valency 
state. The calculations for the ideal crystal structure with a 
Cr3+ ground-state solution provide the x-ray absorption 
intensity only at the major peak and high-energy shoulder 
and do not reproduce the low-energy shoulder as well as 
the low-energy peak at the 2L  edge. The interpretation de-
mands mixed valent states in 2 6Sr CrWO . The x-ray absorp-
tion from the Cr2

2
+  atoms with an oxygen vacancy (red line) 

contributes to the low-energy peaks of 3L  and 2L  x-ray 
absorption edges. 

4.3. Cr and O K XAS and XMCD spectra in Sr2CrWO6 

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

The XAS at the Cr K edge in the 2 6Sr CrWO  samples 
were measured by Chan et al. [78]. Figure 12 shows calcu-
lated Cr K XAS and XMCD spectra together with the ex-
perimental ones [78]. The Cr K XAS spectrum is quite 
structured, showing well defined features. The main traits 
of this spectrum are a strong resonance at the threshold, 
some low-energy pre-peak structures and a shoulder above 
the threshold. The major peak at 6006 eV and high-energy 
shoulder are ascribed to dipolar 1 4s p→  transitions whose 
shape and intensity are related to local geometrical charac-
teristics such as the scattering power of the Cr atom. Pre-
peak features are also ascribed to the dipolar transitions in 
our calculations. We found that the Cr K XAS spectra for 
the Cr3+ state (blue full curve in upper panel of Fig. 12) 
and Cr2+  states which appear with an oxygen vacancy (red 
dashed curve) have almost the same shapes. 

Fig. 11. (Color online) Upper panel: the experimental XAS spec-
tra (open magenta circles) at the Cr 2,3L  edges in 2 6Sr CrWO  [19] 
compared with the theoretically calculated ones (full black curve) 
with an oxygen vacancy (the contributions from the Cr3+ and 

2Cr + ions are presented by full blue and dashed red curves, re-
spectively); lower panel: the theoretically calculated XMCD 
spectra for Cr3+ and Cr2+  ions (full blue and dashed red curves, 
respectively) in 2 6Sr CrReO  with an oxygen vacancy. 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 5 733 



V.N. Antonov and L.V. Bekenov 

The lower panel of Fig. 12 shows the Cr K theoretically 
calculated XMCD spectra. The shape and relative intensi-
ties of the fine structures for Cr3+ and Cr2+  solutions are 
also very similar. The experimental measurements of the Cr 
K XMCD spectra is highly desired. 

Figure 13 presents the experimental O K x-ray absorption 
spectrum (open circles in upper panel) in 2 6Sr CrWO  [78] 
compared with the theoretically calculated ones. The O K  
XAS spectrum of 2 6Sr CrWO  oxide is spreaded up to 25 eV 
above the threshold and quite structured, showing well 
defined features. The main features of these spectra are a 
strong resonance at the threshold and some high-energy 
peaks followed after a low minimum. The spectral features 
just above the threshold are attributed mainly to the oxygen 
2p empty orbitals hybridized with the W 5d and Cr 3d or-
bitals. The fine structures situated between 5 and 15 eV are 
due to the O 2p orbitals hybridized with the Cr 4s and 4p 
and W 6s and 6p orbitals. 

The dichroism at the O K  edge (lower panel of Fig. 13) 
is significant only for the 2p states which strongly hybrid-
ize with the W 5d and Cr 3d states at the 0 to 4 eV energy 
interval. The spectral XMCD features between 5 and 15 eV 
which are due to the O 2p orbitals hybridized with the W 
and Cr s and p orbitals are extremely small. 

4.4. Magnetic moments 

In magnets, the spin sM  and orbital lM  magnetic mo-
ments are basic quantities and their separate determination 
is therefore important. Methods of their experimental de-
termination include traditional gyromagnetic ratio meas-
urements [79], magnetic form factor measurements using 

neutron scattering [80], and magnetic x-ray scattering [81]. 
In addition to these, the x-ray magnetic circular dichroism 
combined with several sum rules [32,33] has attracted much 
attention as a method of site- and symmetry-selective de-
termination of Ms and Ml. Table 2 presents the comparison 
between calculated and experimental magnetic moments at 
the W, Re, and Os sites in 2 6Sr CrWO , 2 6Sr CrReO , and 

2 6Sr CrOsO , respectively. Table 3 presents the comparison 
between calculated and experimental magnetic moments at 
the Cr site in 2 6Sr CrWO , 2 6Sr CrReO , and 2 6Sr CrOsO . 

Fig. 12. (Color online) The experimentally measured x-ray ab-
sorption spectrum at the Cr K edge in 2 6Sr CrWO  [78] compared 
with the theoretically calculated ones. 

Fig. 13. (Color online) The experimentally measured x-ray ab-
sorption spectrum at the O K edge in 2 6Sr CrWO  [78] compared 
with the theoretically calculated ones for ideal structure (blue full 
curves) and with an oxygen vacancy (red dashed curves). 

Table 2. The theoretically calculated and experimentally 
measured spin sM  and orbital lM  magnetic moments (in Bµ ) at 
the W, Re, and Os sites in 2 6Sr CrWO , 2 6Sr CrReO , and 

2 6Sr CrOsO , respectively 

Method W Re Os 

 sM  lM  sM  lM  sM  lM  

GGA+SO –0.332 0.085 –1.087 0.286 –1.434 0.104 
Sum rules –0.295 0.068 –1.063 0.255 –1.236 0.103 

Exp. [20] (XMCD) –0.33 0.12 – – – – 
Exp. [21] (XMCD) – – –0.68 0.25 – – 

Theory [14] – – – – –1.312 0.173 
Theory [17] –0.31 0.10 –0.85 0.18 – – 
Theory [7] – – – – –1.214 0.122 
Theory [22] – – –0.78 0.20 – – 
Theory [10] –0.30 0.07 –0.87 0.17 –1.32 0.11 
Theory [82] – – –1.31 0.69 – – 
Theory [23] –0.27 0.10 – – – – 
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The Cr, W, Re, and Os spin and orbital moments are 
antiparallel in the oxides under consideration, in accord-
ance with the Hunds third rule. The GGA W spin moment 
of –0.332 Bµ  as well as orbital moment 0.085 Bµ  are in 
good agreement with the previous calculations [10,17,23] 
of 2 6Sr CrWO . However, our Re spin magnetic moment in 

2 6Sr CrReO  is slightly larger than the results of Refs. 10, 
17, 22, as well as the experimental data [21], but still smaller 
than the data of Wang et al. [82]. Our spin and orbital mag-
netic moments at the Cr site are in reasonably good agree-
ment with the results obtained by other authors (Table 3). 
The results from different calculations may vary somewhat 
since the calculated moments depend on the details of the 
calculations and especially on the sizes of the muffin-tin 
spheres which usually differ from each other for different 
calculations. 

Tables 2 and 3 also present the Cr, W, Re, and Os mag-
netic moments obtained from the XMCD experiments. In 
these experiments spin and orbital magnetic moments ob-
tained by using the sum rules [32,33] which relate the inte-
grated signals over the spin-orbit split core edges of the 
circular dichroism to ground-state orbital and spin magnet-
ic moments. The XMCD sum rules are derived within an 
ionic model using a number of approximations [83]. It is 
well known than the application of the sum rules some-
times results in an error up to 50% [36]. However, we 
found relatively good agreement between the theoretically 
calculated magnetic moment and derived from the experi-
mental XAS and XMCD spectra, especially in the case of 
the spin magnetic moment at the W and Os sites, as well as 
the orbital magnetic moment at the Re site (Table 2). 

To investigate the possible error of the sum rules we 
compare the spin and orbital moments obtained from the 
theoretically calculated XAS and XMCD spectra through 
the sum rules with directly calculated GGA values in order 
to avoid additional experimental problems. The sum rules 
[Eqs. (3) and (4)] reproduce the spin magnetic moments 

within 11%, 2%, and 13% and the orbital moments within 
20%, 11% and 1% at the W, Re, and Os sites, respectively 
(Table 2). The spin magnetic moments at the Cr site are re-
produced within 16%, 16%, and 15% and the orbital mo-
ments within 7%, 20% and 22% in 2 6Sr CrWO , 2 6Sr CrReO , 
and 2 6Sr CrOsO , respectively (Table 3). 

Finally, our calculations produce induced spin and or-
bital magnetic moments at the oxygen site in 2 6Sr CrWO  of 
about 0.011 and 0.002 Bµ , respectively. Two nonequiva-

lent oxygen atoms in 2 6Sr CrReO  have O1sM  = –0.017 Bµ , 
O2 – 0.031s BM = µ , O1 .020 2 BlM = µ , and O2 –0.005 l BM = µ . 

The magnetic moments in 2 6Sr CrOsO  at the oxygen site 
are equal to  – 0.084s BM = µ  and –0.005l BM = µ . 

5. Conclusions 

A systematic electronic structure study of 2 6A CrB O′  
(A = Ca, Sr; B′ = W, Re, and Os) has been performed by 
employing the local spin density approximation (LSDA) as 
well as the GGA and GGA+U  methods using the fully re-
lativistic spin-polarized Dirac linear muffin-tin orbital band-
structure method. We investigated the effects of the subtle 
interplay among the spin-orbit coupling, electron correla-
tions, and lattice distortion on the electronic structure of 
the double perovskites. 

First principles calculations predict that 2 6Sr CrOsO  is 
(before considering SOC) actually a ferrimagnetic semime-
tal with precisely compensating spin moments, or a spin-
asymmetric compensated semimetallic ferrimagnet in which 
the electrons and holes are each fully polarized and have 
opposite spin directions, in spite of a zero net moment and 
hence no macroscopic magnetic field. The SOC degrades 
this by giving a nonzero total moment, but the band struc-
ture is little changed. Therefore, the observed saturation 
moment of ferrimagnetic 2 6Sr CrOsO  is entirely due to 
spin-orbit coupling. 

The x-ray absorption spectra and x-ray magnetic circu-
lar dichroism at the Cr, W, Re, and Os 2,3L  edges in 

2 6A CrB O′  (A = Ca, Sr; B′ = W, Re, and Os) oxides and Cr 
and O K edges in Sr2CrW6 were investigated theoretically 
in the frame of the fully relativistic LMTO method. The 
theory relatively well describes the shape and relative in-
tensities of the x-ray absorption and XMCD spectra in 
the double oxides. The experimentally measured dichroic 
W, Re, and Os 2L  lines consist of an intensive asymmetric 
negative peak in all the compounds. The XMCD at the 3L  
edges have more complex structure with two (in 2 6Sr CrOsO ) 
or four peaks (in other compouds). A qualitative explana-
tion of the 2,3L  XMCD spectra is provided by the analysis 
of the corresponding selection rules, orbital character and 
occupation numbers of individual 5d  orbitals. The XMCD 
spectra at the Re 2L  edge can be roughly approximated by 
the following sum of jm -projected partial densities of 

Table 3. The theoretically calculated and experimentally 
measured spin sM  and orbital lM  magnetic moments (in Bµ ) at 
the Cr site in 2 6Sr CrWO , 2 6Sr CrReO , and 2 6Sr CrOsO  

Method 2 6Sr CrWO  2 6Sr CrReO  2 6Sr CrOsO  

 sM  lM  sM  lM  sM  lM  

GGA+SO 2.289 –0.030 2.399 –0.038 2.289 –0.031 
Sum rules 1.916 –0.032 2.016 –0.048 1.939 –0.024 

Theory [14] – – – – 2.194 0.142 
Theory [17] – – 2.02 –0.29 – – 
Theory [22] – – 2.02 –0.029 – – 
Theory [10] 2.15 –0.02 2.17 –0.03 2.21 –0.02 
Theory [82] – – 2.52 –0.04 – – 
Theory [23] 2.20 –0.017 – – – – 
Theory [7] – – – – 2.216 –0.024 
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states: 3/2 3/2
1/2 3/2( )N N− + . As a result, the shape of the Re (as 

well as W and Os) 2L  XMCD spectra contains an asym-
metric negative peak. The 3L  XMCD spectra possess more 
complex structures. The energy position and peak intensi-
ties and even the number of the peaks of the 3L  XMCD 
spectra are very sensitive to the relative energy positions 
and intensities of the partial 5 3/2d  and 5 5/2d  DOSs as well 
as the occupation numbers of the 5 3/2d  and 5 5/2d  states. 
Theory relativelly well describes the dichroism at the 2,3L  
edges in the oxides under consideration. 

The complex fine structure of the Cr 2,3L  XAS in 
2 6Sr CrWO  and 2 6Sr CrReO  is not compatible with a pure 

Cr3+ valency state. The calculations for the ideal crystal 
structure with a Cr3+ ground state solution provide the x-
ray absorption intensity only at the major peak and high 
energy shoulder and do not reproduce the low-energy 
shoulder as well as the low-energy peak at the 2L  edge. 
The interpretation demands mixed valent states in 

2 6Sr CrWO  and 2 6Sr CrReO . The x-ray absorption from the 
Cr2

2
+  atoms with an oxygen vacancy contributes to the 

low-energy peaks of the 3L  and 2L  x-ray absorption edges. 
We can conclude that possible oxygen vacancies lead to 
a mixed valency at the Cr site, double peak structure at the 
Cr 2,3L  edges and reduce the saturation magnetization in 

2 6Sr CrWO  and 2 6Sr CrReO . 
The dichroism at the O K  edge in 2 6Sr CrWO  is signifi-

cant only for the 2p states which strongly hybridize with 
the W 5d and Cr 3d states at the 0 to 4 eV energy interval. 
The spectral XMCD features between the 5 and 15 eV 
which are due to the O 2p orbitals hybridized with the W 
and Cr s and p orbitals are extremely small. 
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