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Abstract: The crystal structure of Mg and Zr- substituted 
strontium-hexagallate/-aluminate Sr(Ga 12−x Al x )O 19 single 
crystals is investigated by combining single crystal diffrac-
tion and quantum mechanical modeling based on density 
functional theory (DFT). The crystal structure is solved 
within the magnetoplumbite structure type (space group 
P6 3 /mmc, Z = 2). Moreover, a refinement is carried out to 
determine the Wyckoff sites occupied by the substituent 
atoms Mg and Zr, as well as the shared occupancy of Ga and 
Al in the Sr(Ga 12−x Al x )O 19 solid solution. Through DFT cal-
culations, the formation energies for the introduction of Mg, 
Zr and Al into the structure are determined, thus revealing 
the energetically most preferred sites for these cations. Both 
methods show results which are in good agreement, thus

corroborating each other and providing the basis for a 
deepened understanding of the material in question.

Keywords: single crystal diffraction; density functional 
theory; structural modeling; crystal structure determina-
tion; magnetoplumbite structure type

The precise control of the lattice parameters of epitaxially 
grown materials is required both for the realization of 
nearly defect-free structures as well as for tuning material 
properties via strain engineering. Unfortunately, one ma-
jor issue in materials engineering is the limited availability 
of substrates for the lattice matched growth of thin films and 
nanostructures. 1–4 The substrate shortage is particularly 
severe in the case of materials crystallizing in the hexagonal 
magnetoplumbite structure (Space group: P6 3 /mmc), which 
includes, among others, different hexaferrites with 
appealing ferrimagnetic and potentially ferroelectric prop-
erties (through strain engineering). 5–10

In this context, magnetoplumbite crystalline type sub-
strates with lattice parameters adjustable by chemical substi-
tution (the so called next-generation substrates) are very 
valuable. Among these compounds, strontium-aluminum hex-
agallate Sr(Ga 12−x Al x )O 19 is a solid solution with lattice param-
eters that decrease with increasing Al content. 11 Moreover, 
substituting Ga with different transition metals such as Zr and 
Mg can be used to further tune the structural parameters, 
providing a further opportunity for active strain engineering. 12

Thus, while the commercial unavailability of iso-
structural substrates has been a fundamental limitation for 
the growth of high-quality epitaxial films of hexaferrites, 13 

Sr(Ga 12−x Al x )O 19 has been recently used for the growth of 
multiferroic barium hexaferrite (BaFe 12 O 19 ) films. 14 In this 
case, the chemical substitution of Ga by Al was used to 
reduce the lattice parameters and induce in-plane 
compressive strain in the BaFe 12 O 19 thin films. The struc-
tural strain in the grown films enhances the displacement of 
the Fe ions from the high-symmetry position and is thus used 
to tune the magnitude of the ferroelectric polarization. 9,14
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Although the crystal structure of strontium hexagallate 
is known and it is generally accepted that Mg and Zr sub-
stitute Ga ions in SrGa 12 O 19 , no conclusive structural model 
for Mg, Zr substituted crystals is available from experi-
mental or theoretical studies, and the exact lattice position of 
said substituents is not determined. Similarly, the site oc-
cupancy of Al in a Sr(Ga 12−x Al x )O 19 solid solutions with 
varying Al concentrations have not yet been systematically 
investigated.

The study at hand attempts to close this knowledge gap. 
To elucidate the structure of Mg and Zr-substituted 
Sr(Ga 12−x Al x )O 19 -crystals, we combine the results of single 
crystal diffraction-based experiments and first-principles 
atomistic calculations. The lattice positions of the sub-
stituents derived from the diffraction experiments corre-
spond to the minima of the defect formation energy as 
predicted by DFT. This allows a structural model to be pro-
posed, including the positions of the Mg, Zr and Al ions in the 
structure of the solid solutions.

1 Crystallographic details

The Sr(Ga 12−x Al x )O 19 solid solution crystallizes in the hex-
agonal space group P6 3 /mmc (magnetoplumbite structure) 
depicted in Figure 1. The lattice parameters of the end-

members SrGa 12 O 19 and SrAl 12 O 19 are a 
→

= 5.7929(1) Å and

c 
→

= 22.8123(7) Å 15 and a 
→

= 5.5718 Å and c 
→

= 22.012 Å, 16

respectively. The Al and Ga-atoms of the end-members of the 
Sr(Ga 12−x Al x )O 19 solid solution are distributed over a total of 
five non-equivalent Wyckoff sites within the magneto-
plumbite structure, whereas Sr only occupies one lattice site. 
The Wyckoff sites and their corresponding occupancies are 
reported in Table 1. Solid solutions obtained by substituting 
Mg and Zr for Ga in strontium hexagallate are referred to as 
SGMZ, substituting Mg and Zr for Ga in the solid solution 
(Sr(Ga 12−x Al x )O 19 ) are referred to as SGAMZ.

2 Single-crystal growth

The growth of all SGMZ crystals was conducted as demon-
strated in Ref. 17, following the procedure outlined by Ref. 18. 
As for SGAMZ, the preparation of the precursor materials 
was followed the same procedure as SGMZ. The crystal was 
grown under a flowing CO 2 -atmosphere (Flow: 6 L/h) at a 
pulling rate of 0.35 mm/h and rotational speed of 10 rpm. 
Instead of using a seed crystal, crystallization was induced 
by contacting the melt with an Ir-rod. The grown crystals

represented a multicrystalline aggregate comprised of a 
number of monocrystalline grains of different size.

3 Sample preparation and 
experimental details

A chemical pre-characterization of the grown crystals was 
conducted by ICP-OES. The obtained chemical information 
was used for fitting the obtained single crystal XRD data. For 
the XRD measurements, samples were prepared from single 
crystalline pieces from SGMZ and SGAMZ crystals. These 
were broken apart using an agate mortar. Suitable samples 
were selected under an optical microscope and mounted on 
polymer loops (Jena Biocience, 100 μm and 50 μm diameter) 
for measurement.

Single crystal X-ray diffraction (SCXRD) experiments 
were performed on two different D8 Venture systems 
(Bruker AXS GmbH, Karlsruhe, Germany). The apparatuses 
feature a KAPPA four-circle goniometer, a PHOTON 100 
CMOS detector (100 cm 2 active area), and a curved graphite 
crystal TRIUMPH monochromator. Both employ Mo Kα radi-
ation (λ Kα1 = 70.93171(4) pm, λ Kα2 = 71.3607(12) pm). The

Figure 1: Graphic representation of the unit cell of general 
magnetoplumbite structure.

Table : Wyckoff positions with the respective occupancy for both 
SrGa  O  and SrAl  O  . The coordination number CN indicates the 
number of neighboring oxygen atoms.

Element Wyckoff site CN Point symmetry

Sr d  m
Al/Ga a  m
Al/Ga b  m
Al/Ga f   m
Al/Ga f   m
Al/Ga k  m
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machine used to measure the presented data pertaining 
SGAMZ is equipped with a Incoatec IμS Microsource tube. A 
complete data set was collected at room temperature, with a 
maximum resolution of 50 pm and a frame width of 0.5°. The 
SAINT software (Bruker AXS GmbH, Karlsruhe, Germany) 
was used for frame integration, and the intensities were 
corrected for absorption using a numerical method. The 
space group was determined by systematically examining 
absent reflections with the Xprep software as P6 3 /mmc. 19 

Structure solution and refinement were carried out using 
the SHELX software suite 19 implemented in OLEX2, 20 incor-
porating anisotropic displacement parameters for all sites, 
extinction, and the recommended weighting scheme during 
the final refinement steps.

4 HAXPES

To investigate the Zr:Mg-ratio of a (Mg,Zr):SrGa 12 O 19 (SGMZ) 
single crystal, we carried out hard X-ray photoelectron 
spectroscopy (HAXPES) measurements at the P22 beamline 
of PETRA III (DESY, Hamburg). 21 Core level spectra of Zr, Mg, 
Sr, O and Ga were recorded at a photon energy of 2.8 keV, 
providing an information depth of about 13 nm. HAXPES is 
therefore more depth sensitive than conventional labora-
tory XPS (AlK α or MgK α ), which is typically in the range of a 
few nanometers. 22 An SPECS PHOIBOS 225HV electron 
analyzer was used at an emission angle of 5° and a pass 
energy of 30 eV, resulting in an overall energy resolution of 
approximately 300 meV. 22

5 Density functional theory

5.1 Convergence tests and computational 
procedure

The Vienna Ab initio Simulation Package (VASP) version 
6.4.3, 23,24 employing the projector-augmented-wave (PAW) 
formalism, 25,26 was used for all calculations. The starting 
point of all calculations is the experimental structure of 
SrGa 12 O 19 , for which the equilibrium structure is calculated 
after converging the computational parameters. Both the 
cutoff energy and the k-points were optimized with respect 
to the total energy in a series of convergence tests. Plane 
waves up to a kinetic energy of 700 eV are considered in the 
basis set for the expansion of the electronic wave functions. 
The high value likely reflects the highly localized electrons of 
the fourth shell of Sr ions, necessitating an approach that 
uses high frequency plane waves. Due to the cell symmetry, a

homogeneous k-point sampling can be obtained using a 
Monkhorst-Pack (4 × 4 × 1) ⋅ n k-point mesh. 27 As for values of 
n ≥ 2 the total energy varies less than 10 −3 meV, all calcula-
tions are performed with a 8 × 8 × 2 k-point mesh. The atomic 
positions are determined minimizing the Hellmann-
Feynman forces 28 below a threshold of 0.005 eV/Å. As an 
accurate description of the lattice parameters is crucial in 
the present investigation, different calculations performed 
describing the electron exchange and correlation interac-
tion by the local density approximation (LDA) as parame-
trized by Perdew and Zunger 29 as well as the generalized 
gradient approximations (GGA) as parametrized by Perdew, 
Burke, and Ernzerhof (PBE), 30 by Perdew et al. (PBEsol) 31 are 
performed in the present work.

The structural parameters determined for SrGa 12 O 19 
within the different XC-functionals by fitting the Murnaghan 
state equation 32 are reported in Table 2, along with the de-
viation from the experimental values measured in this work. 
As usual, the LDA functional overestimates the strength of 
the atomic bonds, thus underestimating the lattice parame-
ters. Vice versa, GGA based functional underestimate the 
bond strength and overestimate the lattice parameters. As 
LDA delivers the most accurate description of the experi-
mental values, all the following calculations are performed 
within LDA.

5.2 Calculation of defect formation energies

The formation energies of the investigated defects are 
calculated within the dilute limit and the supercell approach 
as described in Ref. 33 according to

E f [χ q ] = E tot [χ q ] − E tot [Bulk] − ∑ 
i
n i μ i + q[E F + E v + ΔV ]. (1)

Table : Lattice parameters and volumes of SrGa  O  calculated within 
DFT using different XC-functionals. The deviation is given with respect the 
lattice parameters of SrGa  O  presented in Ref. .

PBE LDA PBEsol

V  [Å  ] . . .
V  deviation [%] +. −. +.
a
→ ¼ b

→
[Å] . . .

a
→ ¼ b

→
deviation [%] +. −. +.

c 
→ 

[Å] . . .

c
→

deviation [%] +. −. +.
c
→
= a
→

ratio . . .

c
→
= a
→

deviation [%] . . .

Angle ∠ð a →
; b 
→
Þ ° ° °
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Thereby E tot [χ q ] is the total energy of a supercell con-
taining the defect χ in the charge state q, E tot [Bulk] is the total 
energy of an equivalent supercell of SrGa 12 O 19 bulk. n i is the 
number of species i that have been removed from (n i < 0) or 
added to (n i > 0) in the supercell to create the defect. μ i is the 
chemical potentials of species i and represents the thermo-
dynamical growth conditions. E F is the Fermi level, which is 
given with respect to the valence-band maximum E v . ΔV is a 
correction needed to align the potential in the supercell with 
the defect and in the bulk.

For the calculation of E tot [χ q ], a supercell consisting of 
two strontium hexagallate unit cells along the shorter

a 
→
-vectors and one unit cell along the c 

→
-vector are created to 

decouple the periodic images of the defects. Accordingly, the 
k-point sampling is reduced to (4 × 4 × 2). Subsequently, the 
substitutional defects involving Mg, Al or Zr were placed. 
This results in large supercells consisting of 256 atoms in 
which the defects are separated by more than 11 Å. Although 
a larger distance would be desirable to model the dilute 
limit, the chosen geometry represents a good compromise 
between accuracy and computational demand. As the rela-
tive formation energy of the same substitutional defect on 
different lattice sites and not the accurate estimate of their 
value is in the focus of the investigation, finite-size correc-
tions for charged-defect supercell calculations 33,34 are not 
considered.

A series of structures was constructed, each incorpo-
rating a single substitutional defect within one supercell. 
These configurations included either the replacement of the 
Sr atom at the A site by Mg, Al, or Zr, or the substitution of 
one Ga atom at one of the five trivalent crystallographically 
non-equivalent sites listed in Table 1 by the same set of 
substituent elements. This results in a total of 18 distinct 
defect configurations. According to the experimental evi-
dence, only isovalent substitutions of the Sr 2+ and Ga 3+ ions 
leading to the observed dopant charge state Al 3+ , Mg 2+ and 
Zr 4+ ) were considered.

Equation (1) shows that the defect formation energy 
depends both on the value of the chemical potentials and on 
the position of the Fermi energy. The chemical potential 
can assume different values within a stability range 
depending on the growth conditions. An upper bound is 
given by the metallic phase of the considered species (e.g.,
μ Ga = μ Ga [Bulk]), while a lower bound is given by oxygen rich 
conditions. Values of μ i beyond these bounds will lead to the 
precipitation of the metallic phases or the formation of the 
respective oxides and not to the doped solid solutions 
considered in this work.

According to the experimental growth conditions, in 
which the crystals are pulled from a melt created by the 
oxidic phases, we chose oxygen-rich conditions as a refer-
ence for the calculation of the defect formation energy. The 
chemical potentials of the various elements are therefore 
calculated from their respective oxidic phase as listed in 
Table 3. Each considered compound is modeled within its 
unit cell after converging the computational parameter. The 
employed values are also reported in Table 3.

The position of the Fermi energy within the funda-
mental bandgap influences the absolute value of the defect 
formation energy. As it is experimentally known that the 
Fermi energy in all grown samples is roughly in the middle 
of the fundamental gap, the results that follow are calculated 
for a position of the Fermi energy arbitrarily chosen at 1 eV 
above the valence band maximum. A different choice will 
shift the calculated values of the formation energy of equally 
charged defects upwards or downwards. However, it will not 
affect their relative position and thus stability of the distinct 
lattice sites, whose estimate is the goal of the investigation. 
As no experimental evidence of dopants in different charge 
states than the investigated Al 3+ , Mg 2+ and Zr 4+ exists, charge 
transition levels are not investigated in this work.

6 Results and discussion

6.1 Density functional theory

We start the presentation of our results with the theoretical 
predictions, which are later compared with the experi-
mental results. Table 4 lists the formation energies of the 
considered defect centers calculated under oxygen-rich

Table : Oxidic reference phases used in the thermodynamical frame-
work for the calculations of the chemical potentials within DFT. Compu-
tational parameters employed for the simulation of the compounds and 
calculated values of chemical potentials for oxygen rich conditions
are given.

Element Oxide Atoms/UC E cut [eV] k-points μ i [eV]

Sr SrO  ( Sr +  O)  (  ) −.
Ga Ga  O   ( Ga +  O)  (  ) −.
Al Al  O   ( Al +  O)  (  ) −.
Mg MgO  ( Mg +  O)  (  ) −.
Zr ZrO   ( Zr +  O)  (  ) −.
O O  (  ) −.
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conditions and midgap Fermi energy for the individual 
Wyckoff positions of the magnetoplumbite structure. 

It is evident that Al, Mg, and Zr substitutional defects at 
the Sr lattice site are characterized by formation energies 
higher than those of substitutional defects at the Ga lattice 
site and are thus unlikely to occur. This fact can be traced 
back to the significantly larger Pauling ionic radius and 
lower Pauling electronegativity of Sr 2+ (113 pm, 0.95 PU) 
compared to Mg 2+ (65 pm, 1.31 PU), Al 3+ (50 pm, 1.61 PU), and 
Zr 4+ (80 pm, 1.33 PU). 35 These differences contribute to the 
consistently unfavorable defect formation energies 
observed for Sr substitution of all considered substituents. 
Interestingly, these considerations also hold for magnesium, 
despite its vicinity to strontium in the periodic table. 

All investigated substituent atoms prefer the Ga lattice
sites. Aluminum prefers the 2a site followed by the 4f 2 and
12k sites, which correspond to the octahedral coordination.
In contrast, substitutions at the 2b and 4f 1 sites (trigonal and
tetrahedral coordination) are less favorable. The corre-
sponding lattice sites are likely to be occupied only at high Al 
concentrations during growth. As a general rule, the sub-
stitution of gallium by aluminum results in relatively low 
formation energies of a few electronvolts, which is consis-
tent with their chemical similarity (Ga 3+ has a Pauling 
ionic radius of 62 pm and an electronegativity of 1.81 PU) 
though mirroring non-vanishing differences in size and 
electronegativity.

Substitution of Ga by Mg yields higher formation en-
ergies than substitutions by Al, in agreement with the 
greater disparity in size and electronegativity between Ga
and Mg. For Magnesium, the 4f 1 site with tetrahedral coor-
dination has the lowest defect formation energy. Except for 
2a, the E f of the remaining sites is notably higher.

The calculations for E f Zr yield somewhat lower values in
comparison to those obtained for the other two substituents.
The 4f 1 site shows to be the energetically most stable for Zr
with the other sites [with the exception of 2b] showing 
significantly higher energies by at least 1 eV.

6.2 Stoichiometry of a (Mg,Zr):SrGa 12 O 19
single crystal

Core levels of every element were recorded by HAXPES to 
determine the chemical composition of the single crystal. 
Figure 2 displays the background corrected (a) Zr 3d core 
level and (b) Mg 2s core level measured at a photon energy of 
2.8 keV. The core levels Zr 3d and Mg 2s were selected to 
determine the intensity ratio Zr:Mg, because they do not 
overlap with other elements or spectral features. Ideally, 
two or more core level per element are used to average over 
the intensity ratio. The stoichiometry was calculated from 

the Zr:Mg peak intensity ratio of Zr 3d and Mg 2s weighted by 
the respective photoionization cross sections 36,37 and results 
to a Zr:Mg ratio of 1:1.075 ± 0.15. Further details on the an-
alytic model for stoichiometry determination can be found 
in Refs. 38,39. Although the amounts of Zr and Mg should be 
equal, the measurements reveal that the Mg content is 
slightly larger than the Zr content.

6.3 Single crystal diffraction

The crystal structure of both SGMZ and SGAMZ was deter-
mined from SCXRD-data. Based on the space group obtained 
during the processing of the measured data using XPREP, the 
structure was solved using SHLEXT whereas the successive 
refinement was carried out using SHELXL. 19 The obtained 
atomic parameters for both phases and the corresponding 
reliability factors are given in Tables 5 and 6.

The chemical formulas obtained through the fitting 
procedure are listed in Table 7, juxtaposed with the target 
composition and the results obtained from the ICP-OES.

Drawing from the results regarding the formation en-
ergies obtained through DFT-modeling (see Table 4), the 
structure was refined as such, that Mg and Zr share the
tetrahedral 4f 1 and the 4f 2 sites with Ga respectively (see
Table 5). The thus defined structural model yields the best fit 
results, especially after slight modification of the occu-
pancies of the various Wyckoff-sites to reflect the stoichi-
ometry as measured through ICP-OES. In comparison to the 
starting composition, the concentrations of Mg and Zr 
appear slightly more decreased as reported in Refs. 17,18 
nevertheless reflecting the Mg/Zr-ratio as obtained through 
the HAXPES measurements (see Figure 2) well. As already 
observed in Ref. 18, the inclusion of Mg and Zr results in a 
slight increase of the lattice parameter of SGMZ in compar-

ison to the unaltered SrGa 12 O 19 ( a
→

= 5.7929(1) Å and

c 
→

= 22.8123(7) Å 17 ) and is in good agreement with reported

values for SGMZ ( a 
→

= 5.82364(4) Å and c 
→

= 23.07379(1) Å 17 ).

Table : DFT calculated formation energies for the Al, Zr and Mg sub-
stituents on the different cation sites of the magnetoplumbite structure. 
The calculations model oxygen-rich thermodynamic conditions and 
midgap Fermi energy. Isovalent substitutions are considered.

Site E fAl [eV] E fMg [eV] E fZr [eV]

d . . .
a . . .
b . . .
f  . . .
f  . . .
k . . .
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As for SGAMZ, Mg and Zr are again placed on the 4f 1 and 
4f 2 sites. At the given stoichiometry, Al occupies the 2a 
Octahedral and the 12k octahedral site. Here, the 2a octa-
hedral site is noticeably stronger populated by Al than the

12k site (see Table 6). This again agrees well with the for-
mation energy of the respective site being the lowest, thus 
making it the energetically most attractive site to be occu-
pied by Al. The Al-occupancy on the 2a and 12k octahedral

Figure 2: HAXPES spectra of (a) Zr 3d core level and (b) Mg 2s core level recorded at a photon energy of 2.8 keV. The spectra are background corrected to 
determine the ratio between both elements. The calculated intensity ratio weighted by the respective photoionization cross sections is displayed in the 
middle.

Table : SGMZ crystal structure as obtained by structure fitting using SHELXL. U  = U  = .

Symmetry Space group a 
→ 

[Å] c 
→ 

[Å] ρ [ g m ] M [ g
mol]

Hexagonal P  /mmc .() .() .() ,.()

Site Atom x y z Occ.

d Sr 

 







.

a Ga    .
b Ga   .() .
f  Ga 

 � 
 .() .()

f  Mg 

 � 
 .() .()

f  Ga 

 


 .() .()
f  Zr 

 



.() .()

k Ga .() .() .() .

Site Atom U  U  U  U 

d Sr .() .() .() .()
a Ga .() .() .() .()
b Ga .() .() .() .()
f  Ga .() .() .() .()
f  Mg .() .() .() .()
f  Ga .() .() .() .()
f  Zr .() .() .() .()
k Ga .() .() .() .()

R int R  wR  GoF Highest peak Deepest hole

. % . % . % . . e − /Å  −. e − /Å 

h, k, l Reflections collected Unique reflections

−- - - –  . 
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sites follows the trend dictated by the defect formation en-
ergies, being the first and second lowest. Furthermore, the 
composition obtained agrees well with the values obtained 
through the chemical analysis and again reflects the slightly 
increased Mg/Zr-ratio as already observed in SGMZ. The 
slight undersaturation of Mg and Zr and corresponding 
oversaturation of Al can likely be relegated to segregation 
effects during growth.

7 Conclusions

In our study, we were able to elucidate the structure of the 
chemically altered magnetoplumbite-type Mg,Zr:Sr(Ga 12−x-
Al x )O 19 solid solution. Both single crystal diffraction and 
HAXPES methods were used in synergy with DFT modeling 
to understand both the structure of the investigated material 
as well as its formation on a fundamental atomistic level.

Table : SGAMZ crystal structure as obtained by structure fitting using SHELXL. U  = U  = .

Symmetry Space group a 
� 

[Å] c 
� 

[Å] ρ ½ gm � M ½ g
mol�

Hexagonal P  /mmc .() .() .() .()

Site Atom x y z Occ.

d Sr � 
 








.

a Ga    .()
a Al    .()
b Ga   .() .
f  Ga 

 � 
 .() .()

f  Mg 

 � 
 .() .()

f  Ga 

 



.() .()

f  Zr 


.() .()

k Ga .() .() .() .()
k Al .() .() .() .()

Site Atom U  U  U  U 

d Sr .() .() .() .()
a Ga .() .() .() .()
a Al .() .() .() .()
b Ga .() .() .() .()
f  Ga .() .() .() .()
f  Mg .() .() .() .()
f  Ga .() .() .() .()
f  Zr .() .() .() .()
k Ga .() .() .() .()
k Al .() .() .() .()

R int R  wR  GoF Highest peak Deepest hole

. % . % . % . . e − /Å  −. e − /Å 

h, k, l Reflections collected Unique reflections

--- –   . 

Table : Comparison of crystal compositions as obtained through the XRD-experiments or chemical analysis with the initial composition of 
the melt.

SGMZ SGAMZ

Melt Sr . Ga . Mg . Zr . O  Sr . Ga . Al . Mg . Zr . O .
XRD SrGa . Mg . Zr . O  SrGa . Al . Mg . Zr . O 
XRF/ICP-OES Sr . Ga . Mg . Zr . O . 

 Sr . Ga . Al . Mg . Zr . O .
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The formation energies obtained through DFT predict 
the energetically most beneficial sites for the various sub-
stituents to occupy. In the case of Mg and Zr, this is the 4f 1 and
4f 2 sites, respectively, which agrees well with the structural
fit of the single crystal XRD data for both SGMZ and SGAMZ. 
As for Al, in the case of an SGAMZ solid solution, the for-
mation energies dictate an order, in which the trivalent 
Wyckhoff-sites are occupied. Here, the 2a site has the highest 
probability to be populated by this element, followed by both

the 12k and 4f 2 site, which is in accordance with E 
f 
Al being the

2nd and 3rd lowest for these two sites. In the investigated 
crystal, Al occupancy follows this order as shown by the 
experimental data, thus again establishing congruence be-
tween the theoretical predictions and the structural fit. 
Identification of the lattice site of substitutional cations is a 
first step towards providing a powerful and predictive 
framework for understanding cation ordering in complex 
magnetoplumbite-type oxides. The results presented as well 
as the scientific approach therefore provide a robust basis 
for customizing the investigated magnetoplumbite-type 
compound by chemical substitution.

Further investigations will focus on thermodynamic 
quantities (e.g., C p , thermal conductivity) dependence on the 
Al/Ga ratio. Beyond that, our further efforts aim at estab-
lishing routes of also increasing the lattice parameter of 
SGMZ through cationic substitution.
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