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Ge-based clinopyroxene series: First principles and experimental local probe study
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The electronic properties of the Ca/Sr and Mn site substitution of CaMnGe,0s and SrMnGe,Og¢ clinopy-
roxene systems have been investigated by ab initio calculations within the density functional theory (DFT)
framework, using on-site Hubbard U to describe the highly correlated Mn 3d states and a hybrid exchange-
correlation functional to obtain the energy band-gap values. Compositions such as (Ca, Sr),_,Cd,MnGe,O¢ and
(Ca, Sr)Mn,;_,Cd,Ge,O¢ (where x = 0.125, 0.25) are predicted to be stable. Also, we proved that implanted
Cd impurity could indeed replace either the Ca/Sr or the Mn sites in the crystalline structures. These findings
were obtained by combining first principles electric field gradient calculations, using a supercell scheme, with
experimental time-differential perturbed angular correlation results. Additionally, DFT calculations showed that
Cd substitution is expected to lead to a reduction in the band-gap width. Cd-doped systems were successfully
synthesized and experimental results evidencing opportunities for potential band-gap engineering are reported.

DOI: 10.1103/ms66-db9b

I. INTRODUCTION

Pyroxenes are a class of materials with general formula
AMX,0¢, where A is a monovalent or a divalent cation, M
is, respectively, a trivalent or a divalent cation, and X is typi-
cally either Si or Ge. They are well-known in mineralogy and
geology as they are one of the main rock-forming minerals of
Earth’s crust [1]. Within this rich family of compounds, mono-
clinic pyroxenes (clinopyroxenes), with a 3d transition metal
at the M site, have recently been a subject of interest in the
field of condensed matter physics due to the diversity of their
magnetic properties, namely, multiferroicity in SrMnGe,Og¢
[2,3] and NaFe(Si/Ge),0¢ [4,5], magnetoelectric effect in
CaMnGe;Og [6] and Li(Cr/Fe)Si,O¢ [4], and ferrotoroidal
ordering in LiFeSi,;Og.

In spite of their natural prevalence, pyroxenes have not
been the subject of many computational or theoretical in-
vestigations. It is notewortShy of mentioning that density
functional theory (DFT) studies [7] have shown that substi-
tution of AI** by TI3* in NaAlSi,Og results in a reduction
in the band-gap width from 5.32 eV to 2.05 eV. A further
reduction is observed when replacing Na by the organic cation
CH3SH,, showing the high tunability of the band gap in these
materials. Other works have shown their potential usefulness
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in batteries, demonstrating that pyroxenes CaFe/MnSi;Og
could display high theoretical energy densities in Ca-based
batteries [8], whereas LiFeSi,O¢ has been shown to undergo a
reversible electrochemical reaction against Li, thus exhibiting
potential for use as an electrode material in Li-ion batter-
ies [9]. Recently, published works have studied pyroxenes
bearing Co at the M site, with these materials having been
found to be a good platform for studying the dynamically
intertwined lattice, orbital, charge, and spin degrees of free-
dom in the quantum regime [10], as well as for the Kitaev
model [11]. The magnetic properties of CaMnGe,0Oq were
studied by Temnikov et al. [12] who computed the exchange
parameters and showed that the magnetic frustration in the
system is weak, which could explain the frequent occur-
rence of commensurate collinear antiferromagnetic (AFM)
structures in Ca®*-bearing pyroxenes. Structural, mechanical,
electronic, optical, and thermal properties of CaTGe,Og¢ (T =
Mn, Fe, Co) were studied by Akter et al. [13], who, based on
their findings, suggested that these systems may prove useful
for spintronics or optoelectronics applications in the future.
Lastly, Fakhera ef al. [14] studied the SrYGe,O¢ (Y = Mn,
Fe, Co) clinopyroxenes, studying their structural, mechanical,
magnetic, and optoelectronic properties, determining, based
on the properties found, that these point to possible use in
the context of spintronics or optoelectronics. When the M
site is occupied by a magnetic cation, such an arrangement
leads to low-dimensional magnetic properties and to magnetic

©2025 American Physical Society
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FIG. 1. Representation of the AMnGe,Og clinopyroxene structure. Red spheres represent the oxygen sites, green spheres the A cation sites,
grey tetrahedra the Ge-site coordination polyhedra, and blue octahedra the Mn-site coordination polyhedra.

frustration due to the competition between interchain and
intrachain interactions [4]. It is the existence and the possible
interplay between the low dimensionality and frustration that
is thought to give rise to the aforementioned diversity of
magnetic properties in these materials [6]. Moreover, it has
been suggested that the magnetic frustration can lead to spin
spiral structures, which may be favourable towards magnet-
ically driven ferroelectricity, making these compounds good
candidates for multiferroic behavior [4]. The AMnGe,O¢ ger-
manate clinopyroxene series is here explored, with the A
site occupied by group-II elements from the periodic table,
namely, Be, Mg, Ca, and St. Ab initio calculations in the DFT
framework performed here demonstrated that the compounds
containing Be and Mg are not stable, explaining the absence
of experimental results in the literature. Further examina-
tion of compositions such as (Ca, Sr);_,CdyMnGe,O¢ and
(Ca, Sr)Mn;_,Cd,Ge,0¢ (where x = 0.125, 0.25) was first
conducted using ab initio computational simulations, which
enabled the prediction of the phase stability of these alloys.
Subsequently, time-differential perturbed angular correlation
(TDPAC) spectroscopy, a nuclear local probe technique, was
used, after Cd ion implantation, to infer the electric field
gradient (EFG) at a given Cd nuclear site. Additionally, DFT
simulations were conducted to determine the local environ-
ments of the Cd probes in CaMnGe,;Og and SrMnGe,Og
systems. After experimentally confirming that Cd can oc-
cupy both the Ca/Sr and Mn sites, the band gaps of these
alloys were estimated, using both DFT with an on-site Hub-
bard U and the hybrid Heyd—Scuseria—Ernzerhof (HSE06)
functional; the effective masses of the electrons and holes
were also analyzed. We report the optical absorption and
band gap of germanate clinopyroxenes through diffuse re-
flectance spectroscopy and compare the results with advanced
DFT calculations. To investigate the fundamental effect of
atomic substitution in CaMnGe;Og and StMnGe,Og¢ systems
by atoms of similar ionic radius, but distinct ionic structure,
we used the insight gained from the TDPAC and DFT results
to synthesize the Cd-doped germanate clinopyroxenes. This
led to an initial study of these compounds, further expand-
ing the understanding of their optical properties. The diffuse
reflectance measurements show the possibility of tuning the

band gap through Cd doping, highlighting its potential appli-
cations in various fields.

II. METHODS

A. Computational methodology

The ground state structure for the AMnGe,Og clinopyrox-
enes is a monoclinic Bravais lattice with space group C2/c
(No. 15), where the Mn cations are in octahedral sites (Wyck-
off 4e atomic positions), the A cations are in 8-coordinated
sites (Wyckoff 4e atomic positions) and the Ge-cations are in
tetrahedral sites (Wyckoff 8 f atomic positions). Their struc-
ture is characterized by quasi-one-dimensional chains with
edge-sharing MnOg octahedra running along the ¢ axis, and
connected by corner-sharing GeO, tetrahedra, along the ¢
axis, as schematically represented in Fig. 1.

DFT calculations were performed using the Quantum
Espresso (QE) suite [15,16], with projector-augmented wave
datasets [17,18]. The generalized gradient approximation
with  Perdew-Burke-Ernzerhof (PBE) parametrization
[19] was used to describe the exchange-correlation
functional. The atomic valence configurations were
Be[2s?], Mg[2522p63sz], Ca[3523p6452], Sr[4524p6582],
Mn[3s23p®3d34s?],  Ge[3d'%4s%4p?], O[2s?2p*], and
Cd[4d°>5s?5p"3]. The kinetic energy cutoffs were 70
and 540 Ry for, respectively, the wave functions and charge
densities, values that were raised to 113 and 900 Ry for the
EFG calculations. The Brillouin zone (BZ) was sampled
by a (9 x 9 x 18) Monkhorst-Pack k-point grid. To treat
the strongly correlated Mn-3d states, an effective on-site
Hubbard U =4 eV potential was considered [20-22], and
this is the value used throughout this paper whenever
PBE 4+ U calculations are mentioned. For an accurate
description of the energy band gap values, we employed
the hybrid HSEO6 functional [23] at the relaxed structures
obtained from the PBE 4 U calculations. Ground-state
properties were obtained through total energy minimizations
with respect to both atomic positions and cell parameters.
Forces in any ion were converged to lower than 0.05 eV/A.
Variable cell shape relaxations were performed using the
damped Beeman ionic dynamics and the Wentzcovitch
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extended Lagrangian [24-26]. The AMnGe,0O¢ enthalpies
of formation were determined by the DFT total energies
of the compounds and the respective total energies of the
AGeO3 and MnGeOj stable constituent oxides accordingly
to Eq. (Al) in Appendix A, demonstrating that only the Ca
and Sr-related compounds are stable. To simulate the Cd
substitution on either A or Mn cation sites, when necessary,
an 1 x 1 x 2 supercell was constructed and a (9 x 9 x 9)
k-point grid was used to sample the BZ. The EFGs, computed
by the Gauge Including Projector Augmented Waves [27]
package routine implemented in QE, were evaluated at the Sr,
Ca, Mn, Ge, O, and Cd nuclear sites.

B. Experimental methods

1. Ion implantation and time-differential perturbed angular
correlation spectroscopy

To infer if Cd can effectively substitute a regular position in
the crystal structures, ion implantation followed by EFG mea-
surements can be used. The experimental values of the EFG
can be obtained via TDPAC spectroscopy. For this purpose,
pelletized samples of StMnGe,;0Os and CaMnGe,Og materi-
als, from Refs. [2,6] were implanted at ISOLDE-CERN by a
30 keV beam of '''™Cd probes (!''"™Cd — '''Cd, 1, = 48.6
minutes), which have a nuclear spin / = 5/2 and an electric
quadrupole moment Q = 0.83(13) b in the intermediate state
of decay [28]. Small doses of the order of 10'! atoms/cm?
were implanted and subsequently an annealing was performed
at a temperature of ~1123 K for 20 minutes in air to recover
from implantation damage. Confirmation for the recovery of
point defects and for the incorporation of Cd into the lattice
was given by the TDPAC measurements themselves, which
yielded well-defined experimental R(¢) anisotropy functions.
The measurements were performed on 6-BaF, detectors TD-
PAC spectrometers [29], equipped with either a closed-cycle
cryostat or a special high-temperature furnace for temperature
control. The experimental R(z) function was fitted with ex-
act numerical methods that build the expected observable by
solving the hyperfine interaction Hamiltonian’s characteristic
equations [30-34]. The EFG, that characterizes the surround-
ing charge density that interacts with a probe nucleus, can
be represented as a rank-2 symmetric and traceless tensor.
As such it is always possible to be diagonalized into the
principal axis system. The experimentally observable EFG
is conventionally described by only two parameters namely:
the principal component V,, and the asymmetry parameter n
defined as

Vie =Viy
== _» 1
n V. ()

The EFG principal axis tensor components V., V,,, and Vi,
are defined such that |V .| > |V},| 2> |V,| [30].

The signature for the interaction between the probe atoms
and their local environment is the perturbation function
Gyi(t). In the case of static electric quadrupole interactions,
the interaction can be written as [35]

Gkk (I) = Z Sk, cos(wnt )e—éw,,z/z’ (2)

where s;, is a function of n and w, is a function of both
n and the fundamental frequency wg. The exponential term
arises from randomly distributed defects and lattice strains
that result in an attenuation of the experimental R(¢) function.
In the case of the ''™Cd probes, the intermediate level in
the decay has a nuclear spin of I =5/2, which leads to a
split of the intermediate level into three sublevels due to the
quadrupole interaction and three transition frequencies, wy,
w2, and w3 = w; + w,. The fundamental frequency is usually
defined as [30]

eQV,,
WO = T >
4121 — 1)h
where Q is the nuclear quadrupole moment, e is the electron
charge, and 7 is the reduced Planck’s constant. In the case of

static interactions, the experimental anisotropy function can
be written as

3

R(t) =" AuGu(t) “)

where Ay are the anisotropy coefficients for the nuclear decay
cascade.

2. Sample synthesis

Proceeding akin to what had previously been re-
ported for the parent compounds, CaMnGe,Oq [6] and
StMnGe,0O¢ [2], and guided by DFT -calculations and
TDPAC measurements, which indicate the stability of
these compounds upon Cd doping at the Ca/Sr and
Mn sites, the Ca;_,Cd,MnGe,0O¢, CaMn;_,Cd,Ge,Og,
Sr;_,Cd,MnGe,0¢, and SrMn;_,Cd,Ge,0O¢ compounds
(x = 0.125, 0.25) were synthesized following the solid-state
reaction method. For the Ca/Sr-based clinopyroxenes, sto-
ichiometric quantities of CaCOsz (99%)/SrCOs (99.995%),
CdO (99.99%), MnO (99%), and GeO, (99.998%) were hand
ground together and the powder fired in air at 1373 K for 50
h with a heating and cooling rate of 10 K/min. The resulting
powder was reground and pelletized, then sintered for 12 h
under the same conditions for Sr-based clinopyroxenes and at
1073 K for 4 h in air for Ca-based clinopyroxenes. Pristine
samples were synthesized following Refs. [2,6].

The phase purity of the synthesized samples were assessed
by monitoring the powder x-ray diffraction data collected
using Rigaku SmartLab diffractometer (45 kV, 200 mA)
operating with Cu Ko in Bragg-Brentano geometry. Crys-
tal structure analysis was performed using Fullprof software
[36-38], the corresponding structural refinement plots and
structural parameters are provided in Appendix B.

3. Reflectometry

To inspect the band-gap widths, diffuse reflectance mea-
surements were acquired using CARY 50 Varian spectropho-
tometer in a range from 200 to 1000 nm, and the BaSO4
standard compound as the white background reference. The
acquired spectrum was converted using the Kubelka-Munk
function [39], where the magnitude F (R, ) was proportional
to the absorption coefficient (o). The optical band gap (E,)
was calculated following the relation presented by Tauc and
expressed by Davis and Mott [40-42]: («¢E )ﬁ = (hv — E,),
where E = hv is the photon energy and E, is the optical
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TABLE I. Experimental [2,6] and theoretical lattice parameters for StMnGe, 04 and CaMnGe, O compounds obtained using the PBE and

PBE + U approximations.

System Research type a(A) b(A) c(A) B (deg)
Experimental 10.3511(6) 9.4204(5) 5.5093(3) 104.700(2)

SrMnGe,O¢ Theoretical PBE 10.5295 9.4912 5.5992 105.029
Theoretical PBE + U 10.5638 9.5795 5.6230 104.906
Experimental 10.2794(3) 9.1756(3) 5.4714(2) 104.244(2)

CaMnGe, O Theoretical PBE 10.4006 9.2248 5.5194 103.921
Theoretical PBE + U 10.4495 9.3204 5.5472 104.109

band gap energy. The power-law exponent, n, depends on the
transition type: n = % for a direct £, and n = 2 for an indirect
E,. The value of indirect or direct E, is estimated by plotting

(ahv)% or (ahv)?, respectively, as a function of the photon
energy and extrapolating it to « = 0 [43].

III. RESULTS AND DISCUSSION
A. Density functional theory calculations

To ascertain the possibility of synthezing other compounds
in the AMnGe,0O¢ series (A = Be, Mg, Ca, Sr), the en-
thalpy of formation from constituent oxides of the series
has been examined through DFT calculations. As mentioned
before, we have determined that only the CaMnGe,0O¢ and
SrMnGe,Og clinopyroxene compounds are thermodynami-
cally stable. This is evidenced by their respective —0.19 and
—0.11 eV/f.u. (negative) enthalpies of formation, calculated
through Eq. (Al) (Appendix A). On the other hand, both
BeMnGe; 06 and MgMnGe,O¢ presented 0.12 eV/f.u. (pos-
itive) enthalpies of formation, supporting that these are not
stable against dissociation into the respective stable con-
stituent oxides: BeGeO3; or MgGeO; and MnGeOs. These
results are consistent with the fact that only the former two
compounds have been experimentally synthesized, whereas
the synthesis of the latter two has not yet been reported. Such
observation implies that different reaction pathways toward
synthesis will still have to be explored in order to possibly
realize experimentally the compounds containing Be and Mg.

Table I summarizes the calculated lattice parameters for the
SrMnGe,O¢ and CaMnGe,Og systems, computed with both
the PBE and PBE 4+ U (using U = 4 eV) approximations,
as well as the experimental values reported in the literature
[2,6]. Regarding the SrMnGe,0O¢ system, we can observe
that the lattice parameters computed with the PBE functional
are overestimated, with respect to the experimental values,
corresponding to a relative increase of ~1.7%, ~0.8%, and
~1.6%, respectively, for a, b, and ¢ parameters, which is in
line with the well-known tendency of the PBE functional [44].
As compared to the lattice parameters likewise computed with
the PBE functional for this system by Fakhera ef al. [14], the
values we obtained for the lattice parameters are 0.6-1.2%
smaller, with the difference likely being owed to the difference
in magnetic ordering, which in our case was considered as
AFM, as is observed experimentally, whereas the aforemen-
tioned work considered a ferromagnetic (FM) configuration
for their calculations. The inclusion of the on-site effective
Hubbard-U potential results in a further relative increase of

these parameters with ~2.1%, ~1.7%, and ~2.1%, when
compared to the experimental values. Though the S mon-
oclinic angle is overestimated for both PBE and PBE + U
approximations, when comparing to experimental data, the
difference is in fact smaller when considering the PBE + U
calculations, resulting in a value closer to the experimental
one. In the case of CaMnGe,Og¢, the a and b theoretical
lattice parameters obtained from PBE calculations likewise
are overestimated, relative to experimental data, by ~1.2%
and ~0.5%, respectively. On the other hand, we observed
that the ¢ parameter is underestimated by ~0.9%. The lat-
tice parameters calculated with the PBE functional by Akter
et al. [13] are in quite good agreement with the ones we
found, differing by less than 0.1%, with the exception of the
b parameters, which is 1.1% larger than ours. Analogously
to what was observed for SrMnGe,Og, the a and b lattice
parameters that resulted from the PBE + U approach display
an increase with respect to the PBE values, presenting an
overestimation of ~1.7% and ~1.6%, respectively, relative
to the experimental results; whereas the ¢ parameter is still
underestimated, though smaller than the one obtained by the
PBE functional of ~0.4%. Also, and distinctly from what was
observed for StMnGe,Og, the theoretical monoclinic angle is
underestimated in relation to the experimental angle, though
again, results from the PBE + U approximation are closer to
the experimental value.

The CaMnGe;0g and SrMnGe,0O¢ projected density of
states (PDOS), obtained considering the PBE calculations
(without the Hubbard-U correction), were computed and are
displayed in Fig. 2, in which the valence band maximum
(VBM) is aligned at the Fermi energy and is set to zero. Two
narrow bands form the VBM region, being mainly composed
by the split of the Mn-3d derived bonding states, hybridized
with a smaller contribution from the O-p states. Energeti-
cally below these narrow bands (< —2.5 eV), a broader band
is observed and it is mostly dominated by the O-p states,
with a very small mixture of Mn-3d states. The conduction
band minimum (CBM) region, on the other hand, presents
low density of states and hybridization between the O-p and
Ge-p states. For increasing energies, the DOS significantly
increases, forming a narrow resonant band, between 2.0 and
3.0 eV, that is mainly composed by the unoccupied Mn-3d
states. For both studied systems, the PDOS are qualitatively
very similar, although at the conduction band region the ob-
served Mn resonant peaks for StMnGe,Og¢ are broader when
compared to those of CaMnGe;O¢.The electronic band gaps
are also noted to be fairly narrow, being 0.46 eV and 0.51 eV,
respectively, for CaMnGe,0Oq and SrMnGe,0Og4, which are
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FIG. 2. Projected density of states for (a) CaMnGe,O¢ and (b) SrMnGe,O¢, computed with the PBE approximation. The Fermi level is set

to zero and corresponds to the VBM.

narrower than what have been reported for similar Si-based
compounds [7,45].

Since the band gap widths of these systems are likely
underestimated in the absence of the Hubbard-U correction,
we have also considered the PDOS by including the U = 4 eV
correction on the Mn-3d states. These are shown in Fig. 3
along with the respective electronic band structures in a path
along the high-symmetry points and directions of the BZ
depicted in Fig. 4, generated with the SeeK-path tool [46,47]
When including the U parameter and comparing to the PDOS
results without this correction, differences are mainly evi-
denced at the VBM region, where the Mn-3d derived two
narrow sets of bands observed in Fig. 2, now overlap and
form one narrow set of bands for CaMnGe,Og¢ [Fig. 3(a)].
As for the StMnGe,0Og¢ system, the narrow bands are now
energetically very close, almost forming one narrow band
[Fig. 3(b)]. Moreover, these narrow bands are now dominated
by a stronger hybridization between Mn-3d and O-p states.
Since the inclusion of the U parameter localizes and posi-
tions the unoccupied narrow Mn-3d states higher in energy
(between 5.0 and 5.5 eV), the bands around the CBM show
slightly increased p hybridized states of O and Ge than when
U correction is not considered.

The PBE + U theoretical band gaps are wider when com-
pared to the previous case, with 1.82 and 1.70 eV for the

(@

6.0

Energy (eV)

e
=)

[
(=)

M
=)

-3.0

r PDOS (a.u.)

CaMnGe;0O¢ and SrMnGe,0O¢ compounds, respectively, as
can be observed in Table II. Despite this, the gap widths
are still below the range of other similar Si-based clinopy-
roxenes [7,45]. We must stress that subtleties persist with
respect to the analysis of the VBM, since the valence bands
are quite flat, and thus the electronic bands along the different
high-symmetry segments/points are energetically very close.
Comparing to the band gaps reported in the theoretical works
through GGA + U by Fakhera et al. [14] and Akter et al. [13],
they both report a different nature for the band gaps, with both
finding their respective studied systems as half-metallic and
with significantly different widths for the band gaps (Akter
et al. reported a 3.05 eV half-metallic gap for CaMnGe,Og,
while Fakhera et al. reported a direct half-metallic gap for
SrMnGe,0Og), whereas we found the systems to be insu-
lating. This is likely a result of their choice to perform
the calculations with an FM configuration for the systems,
whereas the systems are known experimentally to have an
AFM ground state, moreover, the AFM configuration is also
found to be more stable in the context of DFT calculations.
This conclusion is further supported by the work reported by
Temnikov et al. [12], who performed DFT simulations on the
CaMnGe;,Og system considering an AFM alignment and, as
with the present work, reported an insulating character for the
system with a bandgap of ~2 eV, similar to that obtained here.

r cc r

(b)

6.0

\

Energy (eV)

e
o

=
=1

-3.0
PDOS (a.u.)

FIG. 3. (a) CaMnGe;O¢ and (b) StMnGe,O¢ band structures in the high-symmetry directions of the BZ (left) and projected density of
states (right), computed with PBE + U and antiferromagnetic ordering. The Fermi level is set to zero and matches the VBM.
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TABLE II. Theoretical electronic indirect band gaps (E,) and charge carriers effective masses m and m;; (in units of the electron mass
my = 9.11 x 107! kg) for the pristine and Cd-doped systems obtained with PBE + U. Values shown in shaded cells are those obtained with
the HSEO6 hybrid exchange-correlation functional. Experimental optical direct (dir.) and indirect (ind.) band gaps are also shown.

System Theor. E, (eV) Expt. ind. E, (eV) Expt. dir. E, (eV) m (mg) my; (mg)
SrMnGe,O¢ 1.70 3.39(1) 3.66(2) 1.023 9.380 (I' = D)
Sr0<g75Cd0,125MnGeZOG 1.55 328(6) 354(2) 1.028 58.223 (Czir — C2)
S10.75Cdo 25sMnGe,Og 1.49 3.10(5) 3.33(2) 1.106 58.287 (Co;T — Cy)
SrMny g75Cdg.125Ge> Og 1.56 3.33(2) 3.54(2) 1.057 40.062 (C;T — Gy)
CaMnGe,Oq 1.82 3.44(1) 3.78(2) 1.028 26.125 (AT — A)
Caolg75cdo‘125MIlG6206 1.59 330(1) 337(2) 1.028 67.562 (ﬁ — A)
Cay75Cdp2sMnGe, O¢ 1.42 3.26(1) 3.48(1) 0.996 27.875 (AT — A)
45.259 (AT — I)
CaMny g75Cdy.125Ge, O¢ 1.58 3.26(1) 3.37(1) 1.033 18.704 (AT — A)
68.128 (AT — I
CaMny 75Cdg 5Ge2Og 1.61 3.16(4) 3.49(3) 1.05 118.325 (V, — T')

From experimental in-house diffuse reflectance measure-
ments, we have obtained the optical indirect energy band gap
widths of 3.43 and 3.38 eV for CaMnGe,Og and StMnGe,Og,
respectively. Therefore, we have also computed the band-
gap widths by employing the hybrid HSE06 approach for
the exchange-correlation potential. These values are 2.94 and
2.91 eV, for CaMnGe,0O¢ and SrMnGe,Og, respectively, in
much better agreement with experimental data (Table II).

From Fig. 3, one can observe that the VBM is much
flatter than the CBM, which shows narrow parabolas around
the zone center, indicating that the holes effective mass, m;},
is much larger than the electrons effective mass, m}. Such
an observation is an indication of a higher mobility of the
electrons comparatively to the holes of the systems. Since
the charge carrier effective mass is an essential parameter for
the performance of photoelectric and photocatalytic activities
[48], and also for semiconductor radiation detectors [49], we
have considered further analyzing respective properties (Table
II). Therefore, and to quantify the effective masses of holes
and electrons, we employ the well-known definition of the
effective mass as

h2
= )
k=

3

with the second derivative of the electronic dispersion relation
being obtained from a quadratic fit around the energy range
where the band edges are located.

In the case of CaMnGe,0Oq, we obtain a m, around
the I point, very close to that of the free electrons, with
my = 1.028my (where my is the free electron mass of
9.11 x 103! kg). While for the hole carriers, and as expected
by considering the flatness shape of the VBM, the mass of
holes proved to be substantially larger (in absolute terms) with

my = 26.125mg, calculated along the AT — A high-
symmetry segment (Table II).

The simulation of the (Ca, Sr)MnGe,O¢ supercells con-
taining Cd substitution at either Ca/Sr or Mn sites demon-
strated that they are stable. The electronic band structures
and the PDOS spectra were obtained for all doped systems
and are displayed in Figs. 23-25 in Appendix C. The band
gap transitions are summarized in Table II, where it can be
observed that the doped structures show narrower indirect
band gaps than the respective pristine compounds.

Regarding the CaMnGe,Og supercells containing Cd sub-
stitution at the Ca site, we found that the electrons effective
masses only yielded mild variation when compared to the
pristine system. For the electrons, the m values showed very
little to no increase, being m); = 0.996m, and m; = 1.028my,
for the Ca0.75Cd0425MnG6206 and Cao_g75Cd04125MnG€206
systems, respectively. In the case of the holes, we observe
that for the Cag 75Cdo25sMnGe,Og cell, and by comparing to
the pristine system, m;, slightly increases along the AT - T
with mj; = 45.259m, although showing similar values along
AT — A with my = 27.875my.

Regarding the pristine StMnGe,Og structure, we found
a similar value for the electron effective mass with m} =
1.023my. However, a significantly more parabolic dispersion
relation at the VBM when compared to CaMnGe,Og, leading
to a hole effective mass of mj;, = 9.380mg, when considering
the I' — D segment. We must, however, state that since the
valence band dispersion is quite asymmetric, the interpolation
with a quadratic function did not yield a very accurate fit
to the dispersion relation; therefore, the value of m;: should
be understood more as an order of magnitude rather than a
quantitative value.

It is observed, once again, that with the Cd substi-
tution, there is only a mild variation of m}, leading
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TABLE III. Experimental (gray shaded cells) and theoretical
EFG parameters for StMnGe,0¢ and CaMnGe,O¢ related com-
pounds. For the Cd compounds, theoretical values are at the Cd site.

System Vol (V/A%) n
- oy 028D
w08l

SrMnGe, Qg4 Sr-site 64 0.54

Sr0_875Cd0_125MHG6206 108 0.14

Sr0<75CdO‘25 MIlGez 06 103 0.14

SrMnGe, O¢ Mn-site 14 0.32

SI'Mno 875Cd0 125G€206 21 0.74

SI'MI’I() 75Cd0 25G6206 0.67

=—_

CaMnGe, g4 Ca-site 0.52

Ca0.875Cd0,125MnG6206 109 0.01

Ca075Cd0425MnGezOﬁ 108 0.02

CaMnGe,O¢ Mn-site 8 0.49

CaMn0,325Cd0<125GezO6 12 0.21

CaMH0'75Cd0'25G6206 12 0.31

to a slightly increased value of m} = 1.028my for

St 875Cdo.12sMnGe, O, and a more pronounced increase
for the Srp.75Cdo 2sMnGe,0s compound with m} = 1.106my.
As for the Sl’MIl()_75Cd0_25GCQO6 and SrMn0,875Cd0,125G6206
systems, a slight increase of the effective masses is observed
to m} =1.068my and m) = 1.057mg, respectively. With
respect to the mj, we again note that due to the flat shape
of the bands, a parabolic interpolation does not provide a
dependable quantitative value, so we can only state with
confidence that this value should remain of the same order as
that of the pristine StMnGe,O¢ compound.

Concluding this analysis, we must state that such observed
differences of the masses between the charge carriers is quite
interesting because of the increased possibility to enhance the
separation of the electron—hole pairs, and even of evidencing
large electron and hole drift lengths [49], thus affecting the
optoelectronic properties of the studied clinopyroxenes [50].

The DFT EFG calculations at all crystallographic positions
were performed for the pristine AMnGe,Og systems and for
the supercells with Cd substitution, either at the A site or Mn
site. These results, together with the ones obtained experi-
mentally, are summarized in Table III and discussed in the
next section. A more comprehensive list of computed values
can be found in Appendix D, Table XIV. There, the EFG
at each A, Mn, and Ge atomic position is presented for the
pristine compounds alongside with the result for the Cd-doped
systems.

B. Time-differential perturbed angular correlation

The EFG characterization, after !''™Cd implantation,
was performed in a wide range of temperatures for both
(Sr/Ca)MnGe,O¢ systems. To assess the consistency of
the structural features before and after implantation, the
pre- and postimplantation x-ray diffractograms are shown in
Appendix D, Figs. 13 and 14. This study aimed to deter-
mine the location of implanted Cd in the (Sr/Ca)MnGe,Ogq

FIG. 4. Base-centered monoclinic lattice first Brillouin zone and
respective high-symmetry points and directions. Adapted from Ref.
[46].

structure and to accurately describe the temperature depen-
dence of the EFG in pristine samples. TDPAC measurements
on the SrMnGe,0g (SMGO) system were conducted at se-
lected temperatures ranging from 13 to 902 K. Figure 5
shows a few representative experimental y — y R(t) functions
obtained for the StMnGe,O¢ compound along with their cor-
responding Fourier transforms. Several models were tested to
numerically obtain the best fit to the experimental R(¢) spectra
before arriving at the presented model, wherein two distinct
fractions (two distinct local environments) are evident across
the whole temperature range, indicating the probes interacted
with two distinct EFG distributions, henceforth referred to as
EFGSMSO1 and EFGSMS9: | and represented by the green and
blue lines in Fig. 5, respectively.

The temperature behavior of the experimental R(z) fit pa-
rameters of SMGO is displayed in Fig. 6. One can observe, in
Fig. 6(a), green circles, that the V,, value for the EFGSMGO
fraction has a noticeable increase at low temperatures, with
increasing temperature, reaching a maximum; whereupon it
starts to decrease. On the other hand, the axial asymmetry n(1)
parameter increases as the temperature increases, as displayed
in Fig. 6(b) by the green circles. The aforementioned behavior
of the V,; is typically caused by a contribution from low-
frequency phonon modes that leads to a linear decrease at high
temperatures; as observed, though, the effects of the lattice
volume expansion with temperature and structural relaxation
around the probe also contribute to this behavior [S1-53]. Re-
garding the axial asymmetry parameter 7(1) at the EFGSMGO1
site, it displays an intermediate asymmetry, which increases
as temperature raises.

For the EFGSMY: fraction, depicted by the blue tria-
gles in Fig. 6(a), the V,, shows an atypical behavior of
increasing as temperature also increases, though such be-
havior has nevertheless been reported in other compounds.
Specifically, analogous behavior was experimentally observed
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FIG. 5. Representative R(¢) spectra of SrMnGe,0O¢ and corre-
sponding fits (left), as well as Fourier transforms (right). Green and
blue lines represent two distinct EFG distributions, referred to in the
text as EFGSMS91 and EFGSMC02 | respectively.

in the A2;am phase of CazMn;0; for which DFT simula-
tions indicated that such behavior is actually due to structural
effects that prevail over the phonon contributions [54]. The
asymmetry parameter 7(2) for the EFGSMS02 fraction, as dis-
played in Fig. 6(b) by the blue triangles, on the other hand,
remains approximately constant, up to 474 K, whereupon an
anomalous increase occurs. It is unclear if such behavior could
be related to structural phenomena, as there are no measure-
ments reported for temperatures above 350 K. Finally, it is
worth noting that the probes distribution between both fraction
remained fairly constant across the whole temperature range.
This strongly suggests that Cd occupies two distinct lattice
sites within the crystal and that both the crystallographic struc-
ture and Cd positions remain stable up to the highest measured
temperature (900 K).

With respect to the CaMnGe,0¢ (CMGO) system, the
TDPAC measurements were likewise performed at selected
temperatures, in the 11-898 K range. Representative fits to
the experimental R(¢) perturbation functions for CMGO are
presented in Fig. 7, along with the corresponding Fourier
transforms. Similar to how the data from the previous
compound was treated, several models were also tested to nu-
merically obtain the best fit to the experimental R(¢) spectra.
Distinctly from SrMnGe,0O¢, wherein two noticeable frac-
tions are present across the whole temperature range, for the
CaMnGe,0g compound there is only one fraction present
from low temperatures, up to 351 K, hereby referred to as

| . . ] I I 1
Le" © ° .
®e
i ® o -
L )
)
- ® EFGSMGO ® -
A E£rFgsveo, ° |
= =
I B Sl
VRNl )
-I4* ‘ - T 1 1 . 1 . 1 ]
0 200 400 600 800
T (K)
(b)
= 1 1 { ‘ _+_ - _I - _‘-
s, A_h .
+- A A A
B ® (1) T
A @ _ .
04 - . ; o6 "o ©® -
(R i
1 2 [ . [ . [ . [
0 200 400 600 800

T(K)

FIG. 6. Measured EFG parameters at the Cd probe in
SrMnGe,Og: (a) V,; and (b) n. The green circles correspond to the
EFGSMY91 fraction and the blue triangles to the EFGSM®02, The
dashed lines are merely a guide to the eyes.

EFG™™SO1 and represented by the green lines in Fig. 7. It
can be noticed in this figure that a second fraction, labeled
EFG™MC0: | appears for temperatures above 351 K, repre-
sented by the blue lines. However, it is likely that this second
fraction is likewise present at lower temperatures, but owing to
the very small observable frequency associated with it, which
is not well defined in the time window available in the TDPAC
experiments, it is not possible to fit this fraction at lower
temperatures. Even at high temperatures the EFG™S©: fitting
parameters nonetheless have an associated high uncertainty.

The temperature behavior of the fit parameters relative to
the CaMnGe,;Og system are shown in Fig. 8. One can observe,
in Fig. 8(a), green circles, that the EFGEMS©! distribution has
a V., value of similar magnitude to EFGSMGO [Fig. 6(a)], with
an analogous decrease as temperature raises.

Also n(1), displayed in Fig. 8(b), green circles, similarly
increases with increasing temperature, when compared to
SMGO n(1) variation [Fig. 6(b)]. Similarly to what was ob-
served for StMnGe,Og, we note that the magnetic hyperfine
interactions were not apparent in the fits to the experimental
R(t) functions.
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FIG. 7. Representative R(r) spectra of CaMnGe,0Oq and corre-
sponding fits (left) as well as Fourier transforms (right). Green and
blue lines represent two distinct EFG distributions, referred in the
text as EFG®™C01 and EFG™M69: | respectively.

To aid in the interpretation of these results, experimen-
tal data needs to be analyzed in comparison with the EFGs
from DFT calculations. These EFGs are summarized in Ta-
ble III. Comparing the EFG parameters for the experimental
EFGSMOOr fraction of StMnGe,O¢ with those computed for
the supercells with Cd substitution at the Sr site, where
the 25% and 12.5% Cd dilutions were considered (unit cell
and 1 x 1 x 2 supercell, respectively), we may observe a
very good agreement between V. and 5. From the TD-
PAC measurements, we obtain for EFGSMCO! the values of
V., =120 V/A? and 5 = 0.28; for the Cd probe nucleus
for Sr(75Cdp25MnGe,Og they are V,, = 103 V//OX2 and n =
0.14 and for Srgg75Cdg.125sMnGe,O¢ these result as V,, =
108 V/A? and n = 0.14. Likewise, good agreement is also
observed for the EFGSMS®: fraction of StMnGe, Oy for the
case of the Cd substitution at the Mn site. We obtain for
the EFGSMO®: fraction the values of V., =20 V/A? and
n = 0.81. From the DFT results, we get V., =22 V/A?
and 7 =0.67, and V,, =21 V/A? and n=0.72 for the
SI‘MII()_75Cd()A25G6206 and SrMn04875Cd0.125G€206 CCHS, Ire-
spectively. Based on the obtained theoretical results, we may
conclude that the supercells simulate quite well the experi-
mental data when the Cd probe is considered, with the EFGs
being in good agreement to the EFGSMSOt and EFGSMS0:
experimental fractions, which correspond to the Cd probe
replacing the Sr sites and the Mn sites, respectively, in the
crystalline structure.

130 -'3’., . o + . ' ' T
120 } LI I . -
— ® EFGOMoO, )
o<\[j 110 . A EFGOveo, a
S T T
>N 15 F + +-
10 | + N L
5 ml M [ ] 1 M +} L 1 -
0 200 400 600 800
T(K)
(b)
T T T T
® + |
03} 4 -° 4.
= /+’ ,+’ L
02F ¢¢ & - /+ -
o< v
0.1 [} N 1 1 N 1 M 1 7]
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FIG. 8. Measured EFG parameters at the Cd probe in
CaMnGe,Og: (a) V., and (b) . The green circles correspond to the
EFGMCO! fraction and the blue triangles to the EFGM®02, The
dashed lines are merely a guide to the eyes.

Similarly, this same correspondence seems to hold true for
the CaMnGe,Og compound. For the EFGEMS©1 experimen-
tal fraction, we observe the values of V.. = 130 V/A? and
n = 0.15, and for the DFT data we obtain values of V,, = 108
(109) V/A2 and n = 0.01 (0.02) for Cd concentration of 1/4
(1/8) in the Ca atom position. The obtained theoretical EFGs
are slightly lower than those of the experimental fraction; such
is mostly evident for the asymmetry parameter, n. As for the
EFG®MS0: fraction from the TDPAC experiments, the EFG
result in V.. = 10 V/A? and an indeterminate 7, whereas for
the DFT diluted supercell of CaMng g>5Cdg.125Ge,Og we have
V.. =12 V/A? and 5 = 0.21, similar to those obtained for
CaMny 75Cdg25Ge;Og. It should be noted that in the cases
where Cd was placed at a Mn site, the systems were treated
as ferromagnetic, for the sake of computational simplicity. An
antiferromagnetic calculation for the CaMng g75Cdg.125Ge>Og
system was nevertheless performed to check how much of
an effect the magnetic ordering might have on the computed
EFG. Very similar results were obtained in both the ferromag-
netic and antiferromagnetic calculations, with V., = 12 V /A2
and 7 =0.21 in the former case and V.. = 13 V/A? and
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FIG. 9. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and difference between the two curves (blue line) of the
(a) Sr0'375cd0,]25M1’1G6206 and (b) Ca0'375cd0,]25M1’1G6206. Green
tick marks indicate the position of the Bragg reflections for the C2/c
space group.

n = 0.37 in the latter, thus showing that this approximation
is reliable.

These results indicate that first-principles calculations
combined with TDPAC spectroscopy provide a valuable tool
to explain the observed two distinct local environments, in-
dicating that Cd probes can in fact be distributed between
the Sr or Ca sites and the Mn sites in the StMnGe,O¢ and
CaMnGe,Og basic compounds, respectively.

C. X-ray diffraction

Based on the comparison of TDPAC measurements with
DFT calculations, which indicated that Cd probes occupy
either the A or the Mn cation sites in pristine systems, and
considering that ab initio calculations suggested Cd doping
may impact the band gaps of these systems, we attempted to
synthesize doped samples of CaMnGe,0O¢ and SrMnGe,Og¢
at the same concentrations as considered for the DFT
calculations.

To gauge the phase purity of the samples, XRD measure-
ments were performed, along with a Reitveld refinement that
was done to obtain the lattice parameters and atomic positions
of these compounds. The structural refinement was conducted
using the room temperature XRD data, with the previously

(a)
@ Mn-site doping
501 4 @ Ca-site doping ,"+
""'
500 1 +\ _____________ + ------- -
b LT R S
. Y
m \\
< 499 1 N
]
£ RS
] N
S 498 1 A
> AN
N
497 A
\\
~—e
496 +- __________________ +
0 0.125 0.25
®) doping
524 4 ¢ Mn-;lte doping +
@® Sr-site doping Pid
”
.
] ”
523 /z
-
522 -7

521 -
e g
520 + _______ -

———
S——

Volume (43)

519 1 +-
s184 . TTEeel _+
517 1 . .
0 0.125 0.25
doping

FIG. 10. Volume as a function of doping for (a) CaMnGe,Og,
(b) SrMnGe,Og.

reported models for the parent compounds [2,6]. The x-ray
data for Sr0.875Cd0‘125MHG6206 and Cao_g75Cd0.125MnG6206
and their respective Rietveld refinements are shown in Fig. 9
while those for the remainder of the systems are in Ap-
pendix B.

The x-ray measurements show all doped samples crys-
tallized in the C2/c space group, the same as the parent
compounds, along with some minor impurity phases (the
remaining experimental XRD patterns are shown in Ap-
pendix B). The lattice parameters and atomic positions are
given in Tables V-XIII. The volume dependence on doping
for the systems is represented in Fig. 10. A slight decrease
in cell volume (<0.9%) is observed by doping the Ca/Sr site,
while a small increase (0.85%) is noticed when alloying at the
manganese site. These trends align with expectations based on
the atomic radii of the dopant elements.

It can be observed that the doping at the A site led to a much
more significant reduction in cell volume in the CaMnGe;Og
system, relative to SrMnGe,Og. In contrast, doping at the Mn
site had a more pronounced effect in increasing the volume
of StMnGe;0Og as compared to CaMnGe,O¢. These obser-
vations may point toward the Cd dopants preferring the Ca
over the Mn site in CaMnGe,Qg, whereas in StMnG,Og the
Sr site is more favorable for doping. Although according to
structural data from Refs. [3,6] the MnOg octahedra in these
systems have similar volumes, the octahedra are observed to
be more distorted in CaMnGe,Og¢ than in SrMnGe,0O¢, and
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FIG. 11. Tauc’s plot of (a) indirect and (b) direct band gap E, for
the CaoAg75Cd0A125MnG€206 and Sro,g75Cd0A125MnG6206 compounds.
Dashed lines represent linear fits.

may therefore be less favorable of an environment for Cd.
This is in agreement with the results from the TDPAC mea-
surements, where the fraction identified as occupying the Ca
site is well-defined and present across the whole temperature
range, whereas the fraction that was identified as occupying
the Mn site is only found at higher temperatures and is overall
less clearly defined than the first one, likewise suggesting that
the Ca site is less favorable for occupation by Cd atoms than
the Mn site.

D. Reflectometry

To investigate the optical properties of synthesized com-
pounds, we recorded the diffuse reflectance spectra in the
UV-visible region 200-900 nm at room temperature.

Figure 11 illustrates representative Tauc plots of the
Kubelka—Munk function for direct and indirect allowed tran-
sitions obtained from the diffuse reflectance spectra. The
experimental data shows that the samples start to absorb for A
< 420 nm (> 2.7 V), usually corresponding to the threshold
of indirect optical band gap, leading to prompt e-/h+ recom-
bination or only reaching the conduction band by adding extra
energy from the crystalline (thermal) phonons. The absorption
reaches maximum at A ~ 340 nm (~ 3.6 eV), corresponding
to the effective band gap or the edge of direct optical band
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FIG. 12. Experimental direct (dark green triangles) and indirect
(green circles) band gaps, along with the values obtained with DFT +
U approach (blue squares) and HSE06 hybrid functional (red stars)
as a function of Cd concentration x for (a) StMnGe,O¢ doped with
Cd at the Sr and Mn sites (b) CaMnGe,Og¢ doped with Cd at the Ca
and Mn sites.

gap. This photon energy can directly drive the photoexcited
electrons to the conduction band (minimizing recombination)
until filling the limited density of states available. Higher
energy conduction bands (with limited DOS) are available be-
tween 4 and 5 eV. Above 5 eV, further transport mechanisms
can be activated.After determining the intersection in energy
of the linear fit to the fundamental absorption edge with the
base line defined by a linear fit to the weak slope below the
fundamental absorption, one obtains the values of the energy
gap transition. The experimental change in the band gap width
upon alloying with Cd at Ca/Sr or Mn sites, along with those
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obtained from PBE + U calculations, as well as calculations
utilizing the HSEO6 hybrid functional, are presented in Ta-
ble II and shown in Fig. 12. The results showed that alloying
with Cd in these systems lead to a reduction in band gap
width, as predicted by the DFT calculations. Moreover, with
the exception of doping at the Ca’* site in CaMnGe,Og where
the band gap remained close to constant with increased Cd
content, a further reduction was observed when increasing the
Cd amount from 12.5% to 25%. Whereas the parent systems
have band gaps that lie beyond the upper limit of the visible
light spectrum, alloying with Cd at an amount of 25%, the
band gap is lowered in value to lie within the spectrum of
visible light.

IV. CONCLUSIONS

We have undertaken DFT calculations to obtain the
structural and electronic properties of the AMnGe,Og clinopy-
roxene systems, with A = Be, Mg, Ca, Sr. We found, through
enthalpy of formation calculations, that Be- and Mg-based
systems are not thermodynamically stable against dissociation
into the stable constituent oxides BeGeOs; or MgGeO; and
MnGeOs;. On the other hand, Ca- and Sr-based systems are
thermodynamically stable against dissociation and, accord-
ingly, have been realized experimentally. From the PDOS,
we found that the strongly correlated Mn 3d states form the
narrow band close to the VBM together with the O p states.
The CBM is composed mainly of low density hybridized p
states of O and Ge and, for higher energies, the density of
states significantly increases, forming a narrow resonant band
that is mainly composed of the antibound unnocupied Mn 3d
states. The theoretical electronic band gaps of CaMnGe,Og¢
and SrMnGe,0O¢ compounds, computed using the PBE 4- U
approximation, were found to be significantly underestimated
by comparison to the experimental optical gaps obtained
through reflectometry, whereas calculations using the HSE06
hybrid functional were able to closely replicate the experi-
mental results. The calculated effective masses of the charge
carriers of the two studied pristine compounds show con-
siderable differences, which implies that the separation of
the electron—hole pairs can be enhanced, thus improving the
photoelectric efficiency. By considering the Cd dopants, we
do not observe much variation on the value of the charge
carrier masses, whereas a decrease of the band-gap widths is
observed.

Through the combination of theoretical ab initio calcula-
tions and TDPAC results, we could infer that the Cd probe in
the AMnGe,Og clinopyroxene compounds, with A = Ca, Sr,
can replace the ion located at the A site as well as the Mn ion.
Subsequently, the germanate clinopyroxene Cd alloys were
successfully synthesized and experimentally characterized.
The diffuse reflectance measurements show the possibility of
tuning the band gap through Cd doping and the absorption
for UV photons, with the possibility of tuning the absorp-
tion toward the upper limits of the visible spectrum through
Cd doping, highlighting its potential applications in various
fields.
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APPENDIX A: FORMATION ENERGIES

The formation energies for the studied oxides of the
AMnGe,0¢ (A = Be, Mg, Ca, Sr) clinopyroxene series were
calculated according to the following equation:

Eform = EAMnGegO(, - EAGeO3 - EMnGeO3 s (Al)

where EsmnGe,0¢> EaGe0;> and Enmgeo, are the total electronic
energies obtained from DFT 4 U calculations, per formula
unit (f.u.), which are summarized in Table IV.
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TABLE IV. Electronic total energies of the AMnGe,Og clinopy-
roxene compounds (A = Be, Mg, Ca, Sr) and of their respective
constituent AGeO3; and MnGeOj; oxides.

System Energy (eV/f.u.)
SrMnGe,O¢ —19433.62
CaMnGe,O¢ —17709.36
MgMnGe, O¢ —17815.41
BeMnGe,O¢ —15984.00
SrGeO; —9540.40
CaGeOs —7816.06
MgGeO, —7922.42
BeGeOs —6091.01
MnGeO; —9893.11

APPENDIX B: X-RAY DIFFRACTION

The XRD measurements for the pristine CaMnGe,Og
and SrMnGe,Og systems, before and after implantation with
Imcd probes, are presented in Figs. 13 and 14. The x-
ray data for Ca;_,Cd,MnGe,0O¢ and CaCd,Mn;_,Ge,Oq
(x =0.125, 0.25) are presented, respectively, in Figs. 15—
18 and for Sr;_,Cd,MnGe,0O¢ and SrCd,Mn;_,Ge,O¢ (x =
0.125, 0.25) the x-ray data are shown in Figs. 19-22, along

H +  Pre Implantation
Post Implantation

Intensity (a.u.)

10 20 30 40 50 60 70
26 (deg)

FIG. 13. Experimental XRD pattern for CaMnGe,QOg¢, before
(red dots) and after (blue dots) implantation with Cd.

Pre Implantation
Post Implantation

Intensity (a.u.)

10 20 30 40 50 60 70
20 (deq)

FIG. 14. Experimental XRD pattern for StMnGe,Og, before (red
dots) and after (blue dots) implantation with Cd.

with their respective Rietveld refinements. All refined struc-
tural parameters are shown in Tables V to XII. Table XIII
displays the refined lattice parameters for all Cd-related
compounds.

Intensity (a.u.)

Ad A - "3 e

10 20 30 40 50 60 70
20 (deg)

FIG. 15. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and the two curve difference (blue line) of the
Ca875Cdo.12sMnGe,O¢ compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.
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FIG. 16. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and the two curve difference (blue line) of the
Ca75Cdp2sMnGe, O compound. Green tick marks indicate the po-
sition of the Bragg reflections for the C2/c space group.
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FIG. 17. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and the two curve difference (blue line) of the
CaMny g75Cdg.125Ge,Og compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.
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FIG. 18. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and difference between the two curves (blue line) of
the CaMny 75Cdg25Ge, O compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.
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FIG. 19. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and difference between the two curves (blue line) of
the Sty g75Cdo.12sMnGe, O compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.
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FIG. 20. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and difference between the two curves (blue line) of
the Srg75Cdy2sMnGe,0¢ compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.
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FIG. 21. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and difference between the two curves (blue line) of
the SrMny g75Cdy.125Ge, Og compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.
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FIG. 22. Experimental XRD pattern (red dots), calculated XRD
pattern based on the structure obtained from Rietveld refinement
(black line), and difference between the two curves (blue line) of
the SrMny 75Cd5Ge,O¢ compound. Green tick marks indicate the
position of the Bragg reflections for the C2/c space group.

TABLE V. Refined structural parameters for
Caj875Cdo.12sMnGe,O¢  compound. Space group C2/c¢ (No.
15); x> = 4.42; R,,, = 5.51; Rpragg = 7.21.

x/a y/b Z/C l]iso(Az)
Ca/Cd 0.0 0.302(1) 0.25 0.050(1)
Mn 0.0 0.906(1) 0.25 0.032(1)
Ge 0.288(1) 0.095(1) 0.233(1) 0.038(1)
o(1) 0.108(1) 0.103(1) 0.138(1) 0.035(1)
02) 0.379(1) 0.256(1) 0.363(1) 0.028(1)
0@3) 0.350(1) 0.025(1) 0.977(1) 0.029(1)
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TABLE VI. Refined structural parameters for
Cag75Cdo2sMnGe,Og. Space group C2/c (No. 15); x> =3.33;
Ryp = 6.19; Rppyey = 6.97.

TABLE  X. Refined  structural  parameters for  the
S10.75Cdo25sMnGe,O¢ compound. Space group C2/c (No. 15);
x* = 4.45; Ry, = 7.26; Rpyyge = 10.7.

x/a y/b z/c Uiso(A?) x/a y/b z/c Uiso(A?)

Ca/Cd 0.0 0.299(1) 0.25 0.073(1) Sr/Cd 0.0 0.303(1) 0.25 0.081(1)
Mn 0.0 0.910(1) 0.25 0.033(1) Mn 0.0 0.908(1) 0.25 0.052(1)
Ge 0.288(1) 0.096(1) 0.230(1) 0.051(1) Ge 0.285(1) 0.093(1) 0.224(1) 0.067(1)
o(1) 0.111(1) 0.093(1) 0.141(1) 0.032(2) o(1) 0.105(1) 0.087(1) 0.135(1) 0.044(3)
02) 0.375(1) 0.252(1) 0.346(1) 0.058(3) 0Q2) 0.376(1) 0.258(1) 0.339(1) 0.103(4)
0(3) 0.358(1) 0.041(1) 0.974(1) 0.046(3) 0(3) 0.347(1) 0.037(1) 0.995(1) 0.072(4)
TABLE XI. Refined structural parameters for

TABLE VII. Refined structural parameters for SrMng g75Cdo.125Ge,O0g compound.  Space  group C2/c  (No.

CaMny g75Cd 125Ge,Og. Space group C2/c¢ (No. 15); x> =3.22;
Ryp = 5.40; Rppaey = 6.73.

x/a y/b z/c Usso(A?)

Ca 0.0 0.304(1) 0.25 0.036(1)
Mn/Cd 0.0 0.907(1) 0.25 0.070(1)
Ge 0.287(1) 0.097(1) 0.233(1) 0.047(1)
Oo(1) 0.115(1) 0.104(1) 0.148(1) 0.053(2)
0(2) 0.368(1) 0.253(1) 0.358(1) 0.023(1)
0(3) 0.358(1) 0.023(1) 0.983(1) 0.049(2)
TABLE VIII. Refined structural parameters for

CaMng 75Cdg25Ge, 0. Space group C2/c (No. 15); x> =1.73;
Ryp = 5.75; Rppagg = 12.3.

x/a y/b Z/C Uiso(l&z)
Ca 0.0 0.293(1) 0.25 0.0003(1)
Mn/Cd 0.0 0.902(1) 0.25 0.005(1)
Ge 0.288(1) 0.096(1) 0.234(1) 0.001(1)
Oo(1) 0.112(1) 0.097(1) 0.151(1) 0.009(2)
0(2) 0.367(1) 0.263(1) 0.372(1) 0.008(3)

0Q3) 0.378(1) 0.034(1) 0.981(1) 0.08(2)
TABLE IX. Refined structural parameters for the

Sro.875Cdg.12sMnGe,O¢  compound. Space group C2/c (No.
15); x> =17.21; Ryp = 9.67; Rppyee = 15.1.

x/a y/b Z/C Uiso(Az)
Sr/Cd 0.0 0.306(1) 0.25 0.039(1)
Mn 0.0 0.907(1) 0.25 0.033(1)
Ge 0.284(1) 0.090(1) 0.217(1) 0.053(1)
o(1) 0.108(1) 0.079(1) 0.123(1) 0.030(4)
0(2) 0.391(1) 0.241(1) 0.367(2) 0.099(6)
0Q3) 0.338(1) 0.013(1) 0.990(2) 0.036(5)

15); x? = 6.46; R,y = 8.46; Rppage = 12.2.

x/a y/b z/c Usso(A%)
Sr 0.0 0.3057(3) 0.25 0.0426(11)
Mn/Cd 0.0 0.9065(4) 0.25 0.0572(15)
Ge 0.2831(2) 0.092(1) 0.214(1) 0.054(1)
o(1) 0.101(1) 0.089(1) 0.132(1) 0.019(3)
0(2) 0.382(1) 0.248(1) 0.357(2) 0.087(5)
0(3) 0.343(1) 0.009(1) 0.987(1) 0.019(4)
TABLE XII. Refined structural parameters for

StMny 75Cdj25Ge,O¢ compound. Space group C2/c (No. 15);
x* =5.87; Ry, = 9.43; Rppyee = 12.9.

x/a y/b z/c Uiso(A?)
Sr 0.0 0.307(1) 0.25 0.052(1)
Mn/Cd 0.0 0.906(1) 0.25 0.087(1)
Ge 0.284(1) 0.092(1) 0.214(1) 0.066(1)
O(1) 0.095(1) 0.090(1) 0.135(1) 0.029(3)
0Q2) 0.369(1) 0.240(1) 0.360(1) 0.054(5)
0®3) 0.343(1) 0.009(1) 0.982(1) 0.029(4)

TABLE  XIII. Refined lattice  parameters for  the
C2/c AMnGe,O¢ (A = Ca, Sr) clinopyroxene compounds where Cd
substitutes A or Mn ions.

Compound aA) b(A) c(A)

p (deg)

Cagg75Cdo 12sMnGe,0g  10.247(1) 9.161(1) 5.454(1) 104.247(1)
Cag75Cdo2sMnGe, 0 10.222(1) 9.198(1) 5.439(1) 104.083(1)
CaMny g75Cdo 125Ge,0s  10.272(1) 9.181(1) 5.466(1) 104.167(1)
CaMng5Cdg25Ges0s  10.265(1) 9.211(1) 5.458(1) 104.042(1)
Sro.575Cdo15sMnGe,0g  10.344(1) 9.415(1) 5.507(1) 104.736(1)
Sr.75Cdo2sMnGe, 05 10.329(1) 9.423(1) 5.500(1) 104.762(1)
StMng 575Cdo.125Ge20g  10.356(1) 9.429(1) 5.511(1) 104.638(1)
StMng5Cdg25sGes0s  10.378(1) 9.455(1) 5.516(1) 104.543(1)
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APPENDIX C: ELECTRONIC BAND DISPERSION OF THE Cd DOPED SYSTEMS

Figures 23-25 present the band structures and the density of states for the AMnGe,;O¢ (A = Ca, Sr) clinopyroxene compounds
where A or Mn atoms are substituted by Cd ions.
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FIG. 23. Electronic band structure (left) and density of states (right) for (a) Srgg7;5Cdg.12sMnGe,O¢ with antiferromagnetic
ordering; (b) Sry75Cdo2sMnGe,O with antiferromagnetic ordering; (c) SrMngg75Cdg 125Ge,O¢ with ferromagnetic ordering; and
(d) StMny 75Cdy 25Ge,Og with ferromagnetic ordering.
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FIG. 24. Electronic band structure (left) and density of states (right) for: (a) Cagg75Cdo.12sMnGe,O¢ with antiferromagnetic ordering;
(b) Cag75Cdo25sMnGe, O with antiferromagnetic ordering; (¢) CaMny 75Cdg.125Ge,Og with ferromagnetic ordering; (d) CaMng 75Cdg25Ge,Og

with ferromagnetic ordering.
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FIG. 25. Electronic band structure and density of states for CaMng 75Cdg25Ge, O with antiferromagnetic ordering.
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APPENDIX D: ELECTRIC FIELD GRADIENT PARAMETERS

The calculated EFG parameters are presented in Table XIV. From these results, we can observe that the EFGs at the Ge nuclei
were only slightly affected by the Cd substitution, as evidenced by the fact that the symmetry of the Ge sites remained quite
similar to StMnGe,O¢ and CaMnGe,Og basic compounds after Cd substitution. The same cannot be said for the Sr/Ca and Mn

sites, which in many cases deviated substantially.

TABLE XIV. Computational EFG parameters at the Sr, Ca, Mn, Ge, and Cd nuclei for SrMnGe,04, SrMnGe,04:Cds,, and
SrMnGe, Og:Cdp,n, CaMnGe,0g, CaMnGe,O6:Cdc,, and StMnGe;Og:Cdy, compounds. |V, | is given in V /Az units.

System EFG Cd Sr(l) Sr(2) Sr(3) Sr(4) Mn(l) Mn(2) Mn3) Mn4) Ge(l) GeR) GeB3) Ge)
SrMnGe, O V.. 64 14 99
n 0.54 0.32 0.70
Sr0,875Cd0,125MnGeZO(, |sz| 108 61 62 63 66 10 19 17 12 101 97 102 101
n 0.14 046 0.71 053 0.83 0.64 0.98 0.44 0.84 0.60 064 0.64 0.69
Sr.75Cdg.2sMnGe,Og V.| 103 59 65 64 19 17 14 15 99 103 91 85
n 0.14 088 0.82 0.66 0.42 0.75 0.60 0.16 055 064 055 0.67
SrMng g75Cdg 125Ges O |V,| 21 57 67 64 68 14 14 11 14 99 99 101 100
n 0.74 047 0.63 057 0.59 0.28 0.46 0.63 0.35 0.71 0.69 0.69 0.69
SrMny 75Cdg 25Ge,Og V| 22 59 64 69 66 15 10 15 99 101 100 102
n 0.67 056 059 063 0.64 0.58 0.61 0.23 0.71 0.67 0.73  0.69
System EFG Cd Ca(l) Ca®) Ca@3) Ca@) Mn(l) Mn(2) Mn3) Mn#4) Ge(l) GeR) Ge(3) Ge(4)
CaMnGe,Og¢ A7 34 8 96
n 0.52 0.49 0.64
Cagg75Cdo 12sMnGe, O |V,,| 109 33 35 34 38 5 8 11 9 99 97 98 99
n 0.01 045 034 045 033 0.43 0.30 0.69 0.93 052 060 060 0.60
Cag75Cdg25sMnGe,Oq V.| 108 35 38 35 2 12 11 8 99 100 96 86
n 0.02 0.13 027 029 0.09 0.11 0.15 0.95 050 058 044 0.67
CaMn g75Cd.125Ge,0g  |Vy:| 12 30 37 36 36 7 7 10 7 98 97 99 97
n 0.21 042 041 0.38  0.39 0.76 0.92 0.34 0.82 0.63  0.61 0.60 0.66
CaMn 75Cd25Ge,Og [V, 12 31 37 38 37 7 10 8 97 99 98 100
n 031 042 039 040 0.39 0.37 0.38 0.96 0.63 058 064 059
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