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In the field of magnetoelectric coupling, especially via the spin dependent metal-ligand d-p hybridization mechanism found in
multiferroic BaxMGe20O (M = Mn, Co), a detailed knowledge of the microscopic structural parameters is essential, also for the
theoretical modeling. In this article, we report a systematic structural study of Ba,MnGe2 O~ single crystal under varying temperature
between 110 to 673 K using non-destructive in-situ single crystal synchrotron radiation diffraction. The maximum entropy method was
applied to the X-ray diffraction data for the determination of the deformation in the electron density and the orbital hybridization
between the 3d of Mn and 2p of O in the Mn—O bond. Within this entire temperature range, the structure was described in
a single crystallographic space group P42;m and no structural phase transition has been detected. Interestingly, the forbidden
reflections, which arise from multiple diffraction so called “Renninger effect”, were observed at all temperatures without any
symmetry lowering. The changes in the structural parameters (bond-lengths, bond-angles, anisotropic displacement parameters and
electron density distributions of the atoms) with temperature are revealed, helping to understand some aspects comprising orbital
hybridization in multiferroic Ba,MnGe»O~.

Index Terms—Multiferroics, Antiferromagnet, X-ray diffraction, Renninger effect, d-p hybridization, electron density distribution

I. INTRODUCTION

ULTIFERROIC melilite-type germanates such as

BasMGe;O7; (M = Mn, Co and Cu) are potential
candidates for studying exotic quantum phenomena including
low-energy magnetic, electronic and structural correlations
along with the magnetoelectric effect [1H5]. There have been
studies in search for tunable magnetic structures depending
on the type of spin-orbit coupling (Rashba-Dresselhaus) with
broken spatial inversion symmetry (SIS) [6} [7]. When SIS is
broken, an antisymmetric spin exchange called Dzyaloshin-
skii—-Moriya interaction (DMI) appears and has been observed
in the noncentrosymmetric spin-5/2 antiferromagnet (AFM)
BaaMnGe,O; with space group P42;m below the Néel tem-
perature (I'y = 4 K) [2| I5]. The more dominant component
(in- or out-of-plane) of the DMI decides about the nature
of the spin texture, but also the interplay with a magnetic
field and the single-ion anisotropy plays a crucial role. Both,
the weak uniform in-plane and the strong staggered out-of-
plane component of the DMI exist in the square planner
AFMs BayMnGe,O7 and Ba;CoGeo O, whereas the former is
strong in the case of the cycloidal AFM Ba,CuGe,O7 [5, 8]
Recently, two-dimensional (2D) Dresselhaus antiferromagnet
is actually realized in Ba;MnGe,O7, where the microwave
non-reciprocity is indeed observed [9] which means a possible
existence of a strong in-plane DMI. This brings into discussion
whether the both components of the DMI are correlated in
BagMnGeQO';.

It has been suggested that the spontaneous electric po-
larization in BaaMnGe,O; arises due to the spin-dependent
d-p hybridization mechanism between the transition metal
3d and the ligand 2p orbitals rather than spin current or
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magnetostriction mechanism similar to its sister compound
BasCoGe2O7 [5, [10]. While both compounds are exhibiting a
similar non-centrosymmetric tetragonal nuclear structure with
space group P42;m (n.113) below the corresponding Ty, they
differ from each other mainly by their local spin microstructure
and the type of Heisenberg exchange interactions [5} [11]]. In
BasMnGe,O7, the interplane exchange coupling is antiferro-
magnetic (J > 0) doubling the magnetic unit cell along c-axis,
whereas it is ferromagnetic (J < 0) in Ba;CoGeoO7. In the
last decades, the true symmetry of the nuclear and magnetic
structures of multiferroic Ba;MnGe; O and Ba;CoGe,O; has
been studied via single crystal neutron and synchrotron X-ray
diffraction at 10 K and RT [12-15]]. These studies revealed,
that observed weak symmetry extinct superstructure reflections
are indeed originating from multiple diffraction, the so called
“Renninger effect” [16] and there is no further symmetry
lowering. But there is no single report on any structural phase
transition if existent in these materials from high-7 to below
Tn.

It is crucial to investigate the detailed structural evolu-
tion with temperature to extract the structural parameters as
function of the temperature for further justification whether
the structure is correlated with the following microscopic
physical phenomena: (1) the spin-dependent d-p hybridization
mechanism, involving the coupling between the transition
metal ions and the ligand oxygen atoms, strongly depending on
the corresponding Mn-O bond-length and the bond direction
inside the MnO, tetrahedron, see Fig. [T[(d); (2) the induced
electric polarization under external magnetic field which has
been detected even at 50 K > T in BaaMnGe,O7 [3]]; and (3)
most importantly, the induced local electric field in the MnOy4
tetrahedron and its distortion under temperature which may
affect the low-energy crystal-electric field (CEF) excitations as



well as the pseudo-spin orbit coupling of magnons governing
from uniform DMI. Therefore, in this sense, a significant
step towards the understanding of the atomic arrangement
and the physical properties of a material is the knowledge of
how the electronic structure and the different chemical bonds
present themselves at the microscopic scale. Experimentally, a
portion of the electronic structure can therefore be identified
from electron density maps obtained from X-ray diffraction
experiments.

II. EXPERIMENTAL METHODS AND DATA TREATMENT

High quality single crystals of BaaMnGe,O7 were grown
by the floating-zone technique and characterized in previous
studies [2, 12]. For the use in X-ray diffraction, tiny needle
shaped samples were prepared with 50 pm in diameter and
200 pm long. In-situ synchrotron radiation (SR) single-crystal
X-ray diffraction data were collected at the Swiss-Norwegian
beamline (SNBL) BMOI1A [17] at the European radiation
synchrotron facility (ESRF), Grenoble, France, on a Dectris
Pilatus 2 M area detector, using a wavelength (\) of 0.6974
A. To collect a full three-dimensional volume of reciprocal
space, the sample was rotated 360° with a step size of 0.1°.
2D diffraction images were recorded with an exposure of
0.1 s for each crystal rotation angle. The temperature was
controlled and monitored with a gas heat blower for the high
temperature measurement up to 673 K. A cold nitrogen blower
from Oxford Cryostream was used for the low temperature data
collection down to 110 K. The SNBL Toolbox was used for
image preprocessing [17] and preparing the input parameter
files. Then, an intial lattice refinement and 2D reciprocal space
maps of the scattering intensity were reconstructed using the
CrysAlisPRO software package [18]. The structure refinements
were carried out using the Jana2006 software package [19].
The experimental three-dimensional electron density distri-
bution (EDD) was reconstructed via the maximum entropy
method (MEM) using Dysnomia [20] with a high-resolution
grid (128x128x 128 pixels) and the EDDs were visualized
via VESTA [21]. The input files for the MEM analysis were
prepared from JANA2006 after a Rietveld refinement. Finally,
the graphics have been prepared using the python matplot
library and OriginPRO.

III. RESULTS AND DISCUSSION

A. In-situ temperature dependent diffraction study

FigurelIl (a,b) illustrate the full unit cell of BasMnGe5O7 in
the P42, m setting at RT. Two types of MnOy, tetrahedron are
observed in which the upper oxygen bonds make an angle }C
with the [110] diagonal. This parameter K plays an important
role in determining the induced electric polarization (P) via
the d-p hybridization mechanism. The MnO, tetrahedrons
are interconnected with a corner shared GeO, tetrahedron.
Atomic displacement parameters (ADP) for all atoms have
been extracted after performing a Rietveld refinement on the
data collected at RT. The results are shown in Fig. [[{c) and
nicely resemble the neutron data in Sazonov et al. [12]]. We will
compare and discuss the ADP for different temperatures in the
next section. The 2D reconstructed reciprocal maps of (OKL)
planes obtained from SR-diffraction at various temperatures
are shown in Fig. 2] All the reflections have been indexed
using the P42;m space group except the reflections marked
in white circles on the (0KO) or equivalent (HOO) axis where

Fig. 1. Structure of BaoMnGe2O7 at RT. (a) Chemical unit cell. (b)
Projected unit cell along the c-axis. Staggered out-of-plane components of
DMI, D4, _) are represented as dotted and crossed blue circles respec-
tively. Uniform components D,; are shown as pink arrows. Two different
arrangements of the MnOy tetrahedron « and (8 are shown. The angle (£K)
between the [110] diagonal and the bond made of upper two oxygen atoms in
MnOy tetrahedron is marked. (c) Obtained ADP ellipsoids of all atoms from
structure refinement are presented. (d) Schematic representation of Mn-O bond
direction and Mn2t spin inside the MnOy, tetrahedron. Realized upward or
downward induced electric polarization when the spin (S) is parallel to upper
03—03 bond or lower O3—03 bond, respectively.

Fig. 2. 2D reconstructed (OKL) planes obtained at (a) RT, (b) 673 K, (c) RT
after colling from 673 K and (d) 110 K. Dark bluish rings with zero pixel value
are the detector gaps. White circles enclose the weak forbidden reflections.
Ry indicates the Rietveld refinement R-factor based on the structure factor
(F) for the corresponding temperature.

H,K = odd. These symmetry extinct reflections are nothing but
forbidden peaks originated from Renninger effect, present at
entire temperature range from 673 to 110 K and 10* times
less in intensity compare to fundamental Bragg reflections.
No extra reflections are observed compared to the RT phase
indicating no symmetry lowering of the structure in an average
scale. Therefore, we confirm that no structural phase transition
takes place in BasMnGe,O7 within the studied temperature
range. Beside this, asymmetric diffuse tails are observed
mainly around (0KO)-type reflections at lower d-values and it
may come from sample mosaicity and sample surface effect,
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Fig. 3. Evolution of the integrated intensities of main Bragg reflection (060)
and forbidden reflection (050) as function of temperature. Heating and cooling
are indicated with different colors.
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Fig. 4. (a-b) ADP ellipsoids of BaaMnGe2O7 obtained at 673 K and 110
K, respectively. Blue shades enclose the dihedral angle D. Colors and labels
of the atoms are the same as in Fig. Ekc). Evolution of various characteristic
angles (c) and lengths (d) as function of the temperature.

but are not likely thermal diffuse scattering. The intensities
of one of the strongest main structural reflection (060) and
forbidden reflection (050) are plotted in Fig. [3 for different
temperatures. The main reflection shows a reversible behavior
during temperature rising (red circles) and cooling (green
circles) and stays almost flat at the level of the RT phase during
further cooling (blue circles). In contrast, the forbidden peak
shows a scattered behavior typical for Renninger scattering.
In a local scale, the changes in the bond lengths, an-
gles and anisotropic ADPs are identified with the change in
temperature. Figure ] shows the detailed comparison of the
structural parameters obtained by Rietveld refinement. The
dihedral angle (D), enclosed by the two blue shaded triangular
sides in Fig. f[ab), differs at these two temperature and
therefore, corresponding height (4) which is indicated by a
magenta arrow. The obtained characteristic parameter K =
22° in BayMnGe,;O7 is similar to the value (24°) found in
Ba;CoGe; Oy [13]. However, the change in /C between 110 and
673 K is quite small ~ 3%. The ADP ellipsoids of all atoms are
enlarged at 673 K as expected from high temperature effects.

Whereas at 110 K the scenario is different, especially the O3
atoms in the MnO, tetrahedron are shrank peculiarly along a
certain direction. This already gives a hint towards possible
changes in the electron density of O3 atoms with temperature.

B. Maximum entropy method and topological analysis

The MEM is a powerful way to obtain electron density in-
formation from diffraction data by maximizing the information
entropy (S) under several constraints by iterative procedures.
The MEM is also more accurate for the reconstruction of elec-
tron densities than using inverse Fourier transforms, because it
overcomes information losses (experimental noise) and is ca-
pable of estimating structure factors of high-Q reflections that
have not been measured experimentally, therefore, the termina-
tion effect is less serious in MEM analysis. Here, in Dysnomia
the formalism of Collins [22] based on Jaynes’s expression of
S [23] and the Limited-memory Broyden-Fletcher-Goldfarb-
Shannon (L-BFGS) algorithm [24] are used to reconstruct the
electron density maps by using X-ray diffraction data.

Further more, using VESTA, topological analysis of the
experimental p(r) has been carried out via calculating the
Laplacians of the electron densities V2p(r), the electronic
kinetic-energy densities G(r), the electronic potential-energy
densities V(r), and the total electronic-energy densities H(r)
according to Tsirelson’s procedures [25]. Such topological
parameters at Iy, provide a quantitative description of bonding
nature in organic and inorganic crystalline solids. ry., denotes
the bond-critical-point (bcp) located on the bonds between pair
of atoms where the gradient vector field Vp(r) = 0. Bader &
Beddall’s virtual theorem [26] shows that local concentrations
(V2p(r) < 0) and depletions (VZp(r) > 0) of the electron
density are connected with the electronic-energy density as

2G(r) + V(r) = (h*/4m)V?p(r) 1)

and
H(r) = G(r) + V(r) )
As the responsible for the electric polarisation in

BasMnGe,O7 d-p hybridisation takes place in the MnOy
tetrahydron, in this study we concentrate mainly on this part
of the unit cell. Figure [3] displays the reconstructed via MEM
experimental p(r) of one MnOy tetrahedrons at 673, 300 and
110 K. At 300 K, p(r) of Mn and O3 atoms are quite symmet-
ric and spherical, whereas at low temperature those densities
are distorted and the EDD surfaces are overlapped along the
Mn—O3 bond showing the delocalized electron clouds. This
can also be inferred from the graphical representation of the
1D p(r) profile between the Mn—O3 bond shown in Fig. d).
At 110 K, the minimum of the electron density (MED) p,y,.5 (1)
~ 1.12 e/A3 at bep is slightly higher than 1.01 e/A3 and 0.72
e/A3 at 300 and 673 K, respectively. This behavior is expected
since by lowering temperature towards the temperature where
spontaneous electric polarization via d-p hybridization appears,
more and more electron density gets significantly overlapped.
Green curve for 673 K in Fig. [5(d) is shifted slightly towards
right because of tiny increase of bond length. However, it
should be noted that although the experimental p(r) is a
dynamical function and includes thermal effect, topological
theory is still valid for dynamical EDD [25]]. But, the effect
of thermal motion on the topological properties are noticeable,
e.g. thermal motion at 673 K strongly diminishes the curvature
of the electron density in the interatomic region, while at 110
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Fig. 5. (a-c) Three-dimensional electron density distribution of the MnOy4
tetrahedron in BaaMnGe2O7 obtained by MEM analysis at 673, 300 and 110
K, respectively. Isosurface density level is equal to 0.95 ¢/A3. (d) Variation
of the one-dimensional electron density profile in logarithmic scale along the
Mn—03 bond in MnOy4 tetrahedron at 673, 300 and 110 K. Inset shows the
minimum electron density (MED) at Mn—O3 bond as function of temperature.

and 300 K, the curvature is quite flat where more overlapping
takes place, see Fig. [5(d). The distance of the bond critical
point to the nucleus can also be considered for an estimation of
the ionic radius. The average Mn-bcp distance (0.98 A) at 110
K is near to the 0.85 A radius reported for the tetrahedrally co-
ordinated Mn?+ and is consistent with the charge slightly
smaller than the ideal +2e.

In order to characterize the type of bond interactions, we
have extracted the kinetic, potential and total electronic-energy
density at bcp for different temperatures. The results are
summarized in Fig. [6] From the topological treatment at bcp,
it is well established that when V2p(r) < 0, the electrons
are shared by both nuclei, typical for shared or covalent
atomic interactions, whereas VZp(r) > 0 gives a closed-
shell type interaction. However, the total electronic-energy
density H(r) gives a more straightforward criterion for the
recognition of the type of atomic interactions. In covalent
or shared atomic interactions H(r) < 0, independent of the
sign of V2p(r) whereas in closed-shell type interactions both
H(r),V?p(r) > 0. Figure [f(a,b) shows the experimental
p(r) and V2p(r) surrounding the Mn atoms obtained at 110
K. The EDD between the Mn—O3 bonds is symmetric and
mirrored through the Mn atom, which means that the atomic
interactions between the four Mn—QO3 bonds in the MnQOy4
tetrahedra are the same. In the Laplacian density map, the
electrons are strongly concentrated at each nuclei position as
usual but what is interesting to see is the value of V2p(r)
at bep. This is why we have performed a 1D line cut along
the Mn—O3 bond passing through the bcp and shown in
Fig. [flc). Due to large difference in the density level at
nuclei and bcp, we present the zoom section near the bcp
in the inset. At the same time we have extracted the total
electronic-energy density H(r) which is presented in Fig. [6(d).
Following the values and sign of H(r) and V?p(r), it is
noticeable that at 673 K, H(r) < 0 but V2p(r) > 0 indicating
a partial covalent nature of the interaction between Mn-O3
bond while at 300 and 110 K both are negative i.e. pure
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Fig. 6. 2D slice of experimental p(r) (a) and V2p(r) (b) obtained at 110 K
in the MnOy tetrahedron, viewed along lower O3—03 bond passing through
origin. Black small circles indicate the bcp point. In (a,b) red and blue contour
lines represent corresponding positive and negative values, respectively. In this
linear mode, contour lines are drawn at every interval in data ranging from
Min. to Max. The numerical value at the N** line, F(N) is given by F(N) =
Min. + N x Interval. (c) Experimental 1D line profiles of V2p(r) and (d)
total electronic-energy densities H(r) along Mn—O3 bond. In (c,d) the orange
dashed lines show similar profiles at 110 K for Ge—O3 bond. Inset in (c)
shows the zoom section near bcp. In (d) a schematic of possible 3d-2p orbital
hybridization between t2 and O2p has been presented for MnOy tetrahedra.
Horizontal black dashed lines in (c,d) are eye guides to the zero level.

covalent type interactions are established. However, |H(r)|110x
> |H(r)|3005 and V2p(r)110x > V2p(r)3005 gives a hint that
covalent nature is pronouncing below RT which is expected as
the hybridization (overlapping) between 3d-2p orbitals should
occurs with lowering temperature. Tetrahedrally Mn?* would
prefer high spin (HS) (e?t3) state where both t, (dzy,dz2.dy2)
and € (dg2_,2,d,2) orbitals are half-filled and contribute to the
orbital mixing with O2p orbitals. Therefore, both side-to-side
m-m and head-to-head o-0 bonds are expected for the higher
lying t2 and lower lying e orbitals, respectively. For the w-7
bonding situation a schematic is illustrated in Fig. [6(d).

Orbital overlap between Mn 3d and O 2p should reflects
the interaction strength between the Mn and O3 atoms. But,
one of the O3 atom is shared by both MnO, and GeOy4
tetrahedra, see Fig. [T{a). Are the O3 electron orbitals shared
with Ge too especially since the length of Ge—03 < Mn—03?
Fortunately, no, the atomic interactions between that Ge—03
bond is purely closed-shell type (eventually ionic) since both
H(r),V?p(r) > 0, as visible from the orange dashed curve in
Fig. Ekc,d) obtained at 110 K. This is expected as the Ge**
atoms have a closed-shell electronic configuration [Ar]3d'°
with no unpaired electrons. This indicates that the shared
03 atoms have only orbital overlapping with the Mn atoms.
Nevertheless, electrostatic site potentials (¢) and the Madelung
energy (Ejs) per asymmetric unit have been deduced to have
an indirect measure of the charge carrier distribution for all
atom sites via the Fourier method adopted in MADEL as an
external program in VESTA. The site potentials for Mn and
03 atoms are found to be -1.681 and 1.673 e/A, respectively,
indicating that the electrons from the O3 atoms are transferred
towards the Mn atoms and Ej,; = -102.5 eV. Therefore,
we can infer that suggested d-p hybridization mechanism in



course of the induced electric polarization (multiferroicity)
is solely related with the MnOy tetrahedra. Also such d-p-
7 /o hybridization is not related with drastic structural changes
or phase transition, which have not been detected within the
entire investigated temperature range, it might rather depend
on the temperature mediated electron density deformation and
of course is spin driven below Ty . In this scenario, it is also
possible to conclude that the main contribution to the net
electric polarization would be due to the Mn sites, whereas
the Ge?t [Ar]3d'? and Ba?t [Xe] sites have no contribution
to the net electric polarization; this is because they only have
core electrons and no valence electrons which would contribute
to the electric polarization.

IV. CONCLUSION

An in-situ temperature dependent structural investigation in
multiferroic BasMnGesO7 single crystal has been carried out
using synchrotron X-ray diffraction in the temperature range
from 110 to 673 K. Electron density maps, obtained experi-
mentally by the maximum entropy method, were employed in
the study of the microscopic electronic structure. The presented
experimental electron density maps were obtained from the
results of the structural Rietveld refinement of single crystal
diffraction data mainly at 110, 300 and 673 K. MEM and bond-
critical-point based topological analysis led to very precise
findings about the crystal and electronic structures, as well
as the type of the atomic interactions in BaoMnGe;O7 as
function of temperature. The diffraction data revealed that,
the structure of BasMnGe,O; remains a tetragonal lattice
with P42;m symmetry without any structural phase transitions
and sustaining of the forbidden Renninger reflections in the
entire temperature range. The MEM study shows that bond
strength and the significant orbital overlapping between Mn
and O3 atoms increases with lowering the temperature from
RT and the orbital hybridization, which is responsible for the
total spontaneous electric polarizations below Ty, takes place
mainly in the MnOy tetrahedron. Nonetheless, the deformation
in the electron density in the MnO, tetrahedron along with
the change in the topological structural parameters like, kinetic
and potential energy density and especially the total electronic-
energy density H(r), indicates to have a possible manifestation
of the crystalline electric field (CEF) gradient as a function
of the temperature. In other words, our study might benefit
future investigations of the T-dependent microscopic electronic
structure around the Néel temperature and therefore it would
be interesting to investigate the CEF excitations in the frame
of spin-orbit coupling and d-p hybridization.
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