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a b s t r a c t

The possibility of cation substitution in pyroxenes allows the investigation the gradual change of
structural and magnetic properties under doping in these compounds. Here, Na0.5Li0.5FeGe2O6 was
prepared by the standard solid-phase reaction method and has been investigated using X-ray and
neutron powder diffraction, and further characterized by magnetic and calorimetric measurements. The
crystal structure of Na0.5Li0.5FeGe2O6 at 300 K is monoclinic C2/c (a¼10.0333(1), b¼8.8136(1), c¼5.5295
(9) Å, β¼108.921(1)°). Calorimetric investigations indicate a displacive first order phase transition at
T¼27171 K which is accompanied by the appearance of superstructure reflections in the X-ray patterns.
At this transition Na0.5Li0.5FeGe2O6 undergoes a space group change from C2/c to P21/c (a¼9.9692(3),
b¼8.8545(3), c¼5.4752(2) Å, β¼108.494(1)°). Magnetic order has been found below the Néel tem-
perature TNE18 K and has been refined from neutron diffraction. The quasi-low-dimensional magnetic
spin system Na0.5Li0.5FeGe2O6 exhibits a collinear antiferromagnetic structure with the space group
Pa21/c and the doubling of the unit cell along the crystallographic a-axis of the pyroxene crystal (pro-
pagation vector k¼(1/2, 0, 0)). The critical modes which are responsible for the phase transition from
C2/c to P21/c symmetry and for the magnetic transition from paramagnetic to antiferromagnetic state
have been determined and their role in the transition is described. They are also the relevant mechanism
driving the magnetic order in LiFeGe2O6.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The pyroxenes compounds have the general chemical formula
ABX2O6 (A¼Na, Li and Ca; B¼Mg, Cr, Cu, Ni, Fe, etc.; X¼Ge, Si).
They cover a broad class of a materials and have shown a variety of
different magnetically ordered states (antiferromagnetic [1–4],
ferromagnetic [3,5], modulated magnetic structure [6,7], spin gap
state [8]). The variety of magnetic properties is connected to the
features of the crystal structure which allows the existence of
competing magnetic exchange interactions. Some pyroxene com-
pounds have attracted significant theoretical interest due to their
one-dimensional magnetism [9] and the structural phase transi-
tions as a function of temperature and pressure [10–13]. Further,
e of Physics, SB RAS, Aka-
special interest to these systems comes from the properties of
some pyroxene compounds (NaFeGe2O6, NaFeSi2O6, LiFeSi2O6 and
LiCrSi2O6) which exhibit a strong interaction between the mag-
netic and electric order [14,15].

The crystal structure and magnetic properties of the com-
pounds NaFeGe2O6, LiFeGe2O6 have been studied in the past years
[2,6,7,10,16,17]. The general crystal structures of pyroxenes consist
of the isolated chains of FeO6 edge-sharing octahedra which lie
parallel to the crystallographic c axis. The corner-sharing GeO4

tetrahedra form infinite chains extended along the crystal-
lographic c axis. These two types of chains alternate along the
crystallographic b axis.

The room temperature crystal structure of NaFeGe2O6 is
monoclinic with the space group C2/c [17]. The crystal structure of
the clinopyroxenes LiFeGe2O6 is monoclinic with the space group
P21/c at 300 K. LiFeGe2O6 undergoes a phase transition from C2/c
to P21/c symmetry at T¼789 K [10]. Noteworthy, the C2/c and P21/c
structures differ in the configuration of the tetrahedral chains: in
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P21/c pyroxenes there are different, in C2/c pyroxenes structure
they are symmetric equivalent.

The magnetism of these chain pyroxenes is determined by the
magnetic moment of the Fe3þ ions (S¼5/2). NaFeGe2O6 clin-
opyroxenes orders below TNE13 K and the magnetic structure has
been determined using neutron powder diffraction [6,16,7]. It is
incommensurateand consists of antiferromagnetically coupled
Fe3þ pairs with helical modulation within the [0,1] plane of the
crystal lattice at 1.6 K4T411.5 K [16]. LiFeGe2O6 orders below TN
E20 K [2]. The magnetic structure of LiFeGe2O6 is different to that
observed for NaFeGe2O6. It does not exhibit an incommensurate
modulation, but is a collinear antiferromagnetic structure with
magnetic unit cell doubled along the a-direction in the crystal [2].

Cation substitution influences structural and electronic prop-
erties of the pyroxenes and the study of intermediate phases often
allows to identify the fundamental interactions driving the phase
transitions and the influence of chemical pressure on the elec-
tronic properties. Na0.5Li0.5FeGe2O6 solid solution was first pre-
pared by Novikov et al. [18] However, the detailed crystallographic
structure and the magnetic ground state have been unknown so
far.

In this paper, in order to characterize the properties of the solid
solution Na0.5Li0.5FeGe2O6, we report the results from X-ray and
neutron powder diffraction, as well as magnetization and calori-
metric measurements. The relevant structural phase transition
from C2/c to P21/c symmetry, the low temperature P21/c crystal
structure (G1 phase), the crystallographic details of the crystal
structure C2/c (G0 phase), magnetic properties and magnetic
structure with the space group Pa21/c (G2 phase) of the Na0.5Li
0.5FeGe2O6 are reported herein.
2. Experimental

2.1. Material synthesis

The samples of Na0.5Li0.5FeGe2O6 were prepared by the solid-
phase reaction method from a stoichiometric mixture of oxides
Fe2O3, Na2CO3, Li2CO3and GeO2. The powder was pressed into
pellets which were subject to a high-temperature treatment at a
maximum temperature of 1000 °C in air with several intermediate
grindings. The chemical and phase composition of the pellet mil-
led into the powder was examined by X-ray diffraction and shows
a single phase.

2.2. X-ray diffraction

The X-ray powder diffraction data of Na0.5Li0.5FeGe2O6 for
Rietveld analysis were collected between 133 K and 373 K with a
Bruker D8 ADVANCE powder diffractometer (Cu-Kα radiation) and
linear VANTEC detector. The step size of 2θ was 0.016°, and the
total counting time of the scan was 3.6 h, with a 2θ range of
5°r2θr120°. Additional 10 temperature steps for cell parameter
evaluation were measured in the range from 133 K to 373 K with
the total counting time 1.2 h. All refinements of the powder pat-
terns were performed with TOPAS 4.2 (Bruker) [19].

2.3. Neutron diffraction

The neutron scattering experiments in the temperature range
of 1.6–300 K, with a 2θ range of 5°r2θr92.7°, and step width
0.1° were performed on the cold neutron powder diffractometer
DMC [20] at the Swiss spallation neutron source SINQ [21]. The
Na0.5Li0.5FeGe2O6 powder sample was enclosed in a cylindrical
vanadium container under helium atmosphere and mounted in a
helium cryostat. The neutron wavelength used was λ¼2.44955 Å.
The data has been corrected for absorption and was refined using
the FULLPROF program package with the main aim to determine
the magnetic phase at low temperature [22].

2.4. Magnetic bulk measurements

The magnetic properties measurements were performed on an
SQUID magnetometer in the temperature range 4.0–300 K in
magnetic field of 500 Oe.

2.5. Calorimetric measurements

The temperature dependence of the heat capacity ΔCp(T) of
Na0.5Li0.5FeGe2O6 was measured using differential scanning mi-
crocalorimeter DSM-10 Ma (DSM) in the temperature range from
100 K to 400 K. The experiments were performed in a helium at-
mosphere on a powder sample with a weight of 47 mg in the
dynamic mode with heating and cooling rates of 16 K/min. The
sample was packed in an aluminum container without any heat
conducting greases.

To obtain the integral thermodynamic characteristics asso-
ciated with phase transition, initially, the heat flow through the
sample and reference compound was recorded against tempera-
ture. Then, after elimination of background, the information on
excess heat capacity ΔCp was obtained by processing the calori-
metric results. The average deviation of the experimental data
from the smoothed curve ΔCp(T) does not exceed 1%. The error in
the determination of the integral characteristics (enthalpy and
entropy) is around �10%.
3. Results and discussion

3.1. G0 phase characterization

The X-ray powder pattern of Na0.5Li0.5FeGe2O6 at 300 K (G0

phase) reveals that Na0.5Li0.5FeGe2O6 has the centrosymmetric
C2/c space group with 4 formula units per the cell and the lattice
parameters are close to those of NaFeGe2O6 [7,17]. Therefore the
crystal structure of NaFeGe2O6 was used as the starting model for
the Rietveld refinement of the room temperature crystal structure
of Na0.5Li0.5FeGe2O6. The site of Na-ion was occupied by Li- and
Na-ions with fixed occupation pLi¼0.5 and pNa¼0.5, respectively.
Anisotropic model of the preferred orientation effect with sphe-
rical harmonics 4 order was used [19]. The refinement was stable
and gave low R-factors (Table 1, Fig. 1). Coordinates of atoms and
main bond lengths are given in Tables 2 and 3 respectively. Ad-
ditional Rietveld refinement of the G0 phase using neutron data
also showed good agreement between data and model (Fig. 2).

3.2. G1 phase characterization

Analysis of X-ray patterns of Na0.5Li0.5FeGe2O6 measured from
133 K to 373 K showed the appearance of superstructure peaks at
T1¼271.5 K which are forbidden in the G0 phase with C2/c space
group (Fig. 3). This clearly indicates that the studied pyroxene
undergoes a structural phase transition. The X-ray powder pattern
at 133 K with increased statistics was used to obtain cell para-
meters and space group of the distorted phase G1. In this phase
Na0.5Li0.5FeGe2O6 has the centrosymmetric P21/c space group with
4 formula units per cell and the cell parameters are close to those
of LiFeGe2O6 [11] in G1 phase, so this crystal structure was used as
the starting model for Rietveld refinement. Anisotropic model of
the preferred orientation effect with spherical harmonics 4 order
was used. Small impurity of ice was detected on the pattern, and
these peaks were accounted during refinement by using second



Table 1
Main parameters of processing and refinement of the Na0.5Li0.5FeGe2O6 sample.

Phase G0 G1 G2

Source X-ray X-ray Neutron
Wavelength (Å) 1.5406 1.5406 2.44955
T (K) 300 133 1.5
Sp.Gr. C2/c P21/c Pa21/c (14.80)
a (Å) 10.0333(1) 9.9692(3) 19.8314(8)
b, (Å) 8.8136(1) 8.8545(3) 8.8161(4)
c, (Å) 5.52965(9) 5.4752(2) 5.4471(3)
β, ° 108.921(1) 108.494(1) 109.509(5)
V, (Å)3 462.56(1) 458.34(3) 903.09(7)
Z 4 4 8
2θ-interval, (°) 5–120 5–120 5–92.7
No. of reflections 349 680 147
No. refinement parameters 53 96 50
Rwp, (%) 3.59 3.92 8.54
Rp, (%) 2.67 2.84 7.77
Rexp, (%) 2.14 2.34 1.34
χ2 1.68 1.68 6.37
RB, (%) 1.85 1.53 2.49
RB magnetic, (%) – – 6.21

Fig. 1. Difference X-ray Rietveld plot of Na0.5Li0.5FeGe2O6 in G0 phase (C2/c).

Table 2
Atomic coordinates and isotropic displacement parameters (Å2) of
Na0.5Li0.5FeGe2O6.

x y z Biso Occ.

T¼300 K, C2/c
Li 0 0.292 (2) 0.25 0.5 (4) 0.5
Na 0 0.292 (2) 0.25 0.5 (4) 0.5
Fe 0 0.9063 (5) 0.25 0.5 (2) 1
Ge 0.2878 (2) 0.0920 (3) 0.2381 (5) 0.5 (2) 1
O1 0.1009 (8) 0.091 (1) 0.163 (2) 1.0 (3) 1
O2 0.360 (1) 0.274 (1) 0.308 (2) 1.0 (3) 1
O3 0.343 (1) 0.003 (1) 0.033 (4) 1.0 (3) 1

T¼133 K, P21/c
Li 0.228 (3) 0.033 (2) 0.192 (6) 0.5 (5) 0.5
Na 0.228 (3) 0.033 (2) 0.192 (6) 0.5 (5) 0.5
Fe 0.260 (1) 0.6546 (6) 0.222 (2) 0.5 (2) 1
Ge1 0.0435 (8) 0.341 (1) 0.253 (2) 0.5 (2) 1
Ge2 0.5447 (7) 0.846 (1) 0.237 (3) 0.5 (2) 1
O1 0.876 (3) 0.349 (3) 0.204 (6) 1.5 (3) 1
O2 0.118 (3) 0.526 (4) 0.318 (7) 1.5 (3) 1
O3 0.085 (3) 0.241 (3) 0.546 (7) 1.5 (3) 1
O4 0.364 (3) 0.807 (3) 0.135 (7) 1.5 (3) 1
O5 0.603 (3) 1.015 (4) 0.334 (8) 1.5 (3) 1
O6 0.620 (3) 0.713 (3) 0.515 (6) 1.5 (3) 1

Table 3
Main bond lengths (Å) of Na0.5Li0.5FeGe2O6.

T¼300 K, G0 phase C2/c
Li—O1 2.17 (2) Fe—O2ii 1.935 (9)
Li—O2i 2.46 (1) Ge—O1 1.784 (5)
Li—O3ii 2.48 (2) Ge—O2 1.75 (1)
Fe—O1iii 2.06 (1) Ge—O3 1.62 (1)
Fe—O1iv 2.18 (1) Ge—O3v 1.75 (2)

T¼133 K, G1 phase P21/c
Fe—O1i 2.29 (3) Li—O6vii 2.90 (4)
Fe—O1ii 2.30 (3) Li—O6iv 2.68 (3)
Fe—O2 2.01 (3) Ge1—O1viii 1.61 (2)
Fe—O4 1.85 (2) Ge1—O2 1.79 (3)
Fe—O4iii 2.20 (4) Ge1—O3 1.76 (4)
Fe—O5iv 1.94 (3) Ge1—O3v 1.51 (3)
Li—O1iv 2.11 (3) Ge2—O4 1.74 (2)
Li—O2v 2.06 (5) Ge2—O5 1.63 (3)
Li—O3v 2.44 (3) Ge2—O6 1.88 (3)
Li—O4vi 2.49 (3) Ge2—O6ix 1.70 (3)
Li—O5vii 2.64 (5)

Symmetry codes: (1) G0 phase (i) �xþ1/2, -yþ1/2, �zþ1; (ii) �xþ1/2, yþ1/2,
�zþ1/2; (iii) x, yþ1, z; (iv) �x, -yþ1, �z; (v) x, �y, zþ1/2; (2) G1phase (i) �xþ1,
�yþ1, �z; (ii) �xþ1, yþ1/2, �zþ1/2; (iii) x, �yþ3/2, zþ1/2; (iv) �xþ1, y-1/2,
�zþ1/2; (v) x, �yþ1/2, z�1/2; (vi) x, y�1, z; (vii) �xþ1, �yþ1, �zþ1; (viii)
x�1, y, z; (ix) x, �yþ3/2, z�1/2.

Fig. 2. Difference neutron Rietveld plot of Na0.5Li0.5FeGe2O6 in G0 phase (C2/c)
measured on DMC at SINQ.

Fig. 3. X-ray patterns of Na0.5Li0.5FeGe2O6 measured from 133 K to 373 K, impurity
peaks of ice are marked by stars. Inset shows the appearance of the superstructure
peak at T1¼271.5 K which is forbidden in the G0 phase (C2/c) but not forbidden in
the G1 phase (P21/c).
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Fig. 4. Difference X-ray Rietveld plot of Na0.5Li0.5FeGe2O6 in G1 phase (green sticks)
with small impurity of ice (blue sticks below). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Difference neutron Rietveld plot of Na0.5Li0.5FeGe2O6 in G1 phase (P21/c)
measured on DMC at SINQ.
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phase. Refinement was stable and gave low R-factors (Table 1,
Fig. 4). The coordinates of atoms and main bond lengths are given
in Tables 2 and 3 respectively. The Rietveld refinement of the G1

phase using neutron data also showed good agreement and con-
firms the suggested model of the structure (Fig. 5). The tempera-
ture dependence of the cell parameters (Fig. 6) and the cell volume
(Fig .7) show a jump at the phase transition which proves the first
order character of the phase transition G0-G1.

In order to further characterize the phase transformation be-
tween the pyroxene structures we have investigated the thermal
properties of the Na0.5Li0.5FeGe2O6 compound. The results of ca-
lorimetric investigations in the temperature range from 100 K to
400 K revealed one anomaly in the heat capacity, which is con-
nected with the phase transition, and is presented in Fig. 8a. The
temperature dependence of the excess heat capacity was calcu-
lated after extraction of the lattice heat capacity Clat which was
approximated by a smooth polynomial function. A good agree-
ment was found between calculated Clat and experimental data
away from the phase transition. In heating mode, the anomaly of
the heat capacity ΔCp was observed at T¼27671 K (red line in
Fig. 8a). Measurements carried out in cooling mode revealed an
anomaly at T¼27171 K (blue line in Fig. 8a). So the correspond-
ing temperature hysteresis is about 5 K and proves the first-order
character of the phase transition.

The excess enthalpy is characterized by the following value:
ΔH¼RΔCp(T)dT¼(530750) J/mol. The entropy ΔS correspond-
ing to the anomalous behavior of the heat capacity was calculated
by integrating the function (ΔCp/T)(T) and is shown in Fig. 8b. The
small value of the phase transition entropy ΔS¼1.9 J/molKE0.2R
(R is molar gas constant) indicates the displacive nature of the
crystal transformation [23].

The characteristics of the C2/c-P21/c phase transition has been
previously investigated in the isostructural compound LiFeSi2O6

[24], however the critical mode which is responsible for the phase
transition was neither found nor described. Therefore, this analysis
is performed herewith the data from Na0.5Li0.5FeGe2O6, but be-
lieved to be similar for all C2/c-P21/c transitions in pyroxenes.
Mode decomposition of the distorted G1 phase (P21/c) in terms of
the undistorted parent structure G0 (C2/c) was performed using
the ISODISTORT program [25]. It was found that the basis set of
distorted and parent phases doesn't change: a1¼a0; b1¼b0, c1¼c0,
where (a1, b1, c1) and (a0, b0, c0) are basis of distorted and parent
phases respectively, however the origin shifts (1/4; 1/4; 0) (Fig. 5a,
b). Only two modes were found: ( )1 εГ+ and Y ( )2 η− with their overall
displacive mode amplitudes are 0.94 and 1.48, respectively. Here,
Г and Y are points in the Brillouin zone of the parent phase C2/c
with the coordinates (0, 0, 0) and (0, 1, 0), respectively. The ε and η
are order parameters. The mode with the largest displacement is

the primary order parameter: C c P c2/ 2 /
Y ( )

1
2⟹

η−

. It gives rise to a
splitting of the Wyckoff position occupied by the Ge atom into two
sites, Ge1 and Ge2 (Fig. 9a, b). The largest displacements of the
atoms are linked with Ge1O4 and Ge2O4 tetrahedra rotations
which are driven by Y ( )2 η− mode. There is no charge ordering of Li/
Na and Fe ions accompanying this phase transition, only small
shifts were detected.

So, G0 (C2/c)-G1 (P21/c) first-order phase transition can be
described as being displacive in character.

3.3. G2 magnetic phase characterization

The magnetic properties indicate a magnetic transition from
paramagnetic to magnetic ordered state in Na0.5Li0.5FeGe2O6

compound. The temperature dependence of magnetic moment M
at the external field H¼500 Oe is shown in Fig. 10a. The M
(T) dependence of Na0.5Li0.5FeGe2O6 sample shows a broad max-
imum near T¼27.5 K, which is the characteristic property of quasi-
low-dimensional magnetic spin system, and an inflection point at
T¼TN¼18 K.

The measured temperature dependence of inverse magnetic
susceptibility χ�1(T) for Na0.5Li0.5FeGe2O6 is not linear at high
temperatures, instead a sluggish deviation from linearity takes
place in high temperature range (above 200 K). This dependence
can be described with adding of a temperature-independent
constant in the Curie-Weiss law. The value of a temperature-in-
dependent constant was determined experimentally from χ(1/T)
dependence (at Т-∝ χ-A). It is assumed that A originates from
the susceptibility of a small ferromagnetic impurity which is not
detected by X-ray powder diffraction method similar to the con-
tribution in susceptibility of pure LiFeGe2O6 [2]. After the correc-
tion the temperature dependence of the inverse magnetic sus-
ceptibility shows Curie-Weiss behavior at temperatures above
150 K (Fig. 10b). Fitting a linear regression line to the data, the
asymptotic Néel temperature θ was found to be negative with
θ¼�14 K which indicates the prevailing presence of the anti-
ferromagnetic exchange interaction within the magnetic ions
chains. The values of the effective magnetic moment, theoretical
(μcal) and determined from experimental data (μexp), and other
key magnetic data are given in Table 4.

Neutron powder diffraction below TN finds a large number of
additional Bragg peaks due to long-range order of the magnetic



Fig. 6. Unit-cell parameters of Na0.5Li0.5FeGe2O6 as a function of temperature (a) a-cell parameter; ((b) b-cell parameter; (c) c-cell parameter; (d) monoclinic angle β) all
characterizing the first-order phase transition from P21/c to C2/c.

Fig. 7. Temperature dependence of cell volume in Na0.5Li0.5FeGe2O6.

Fig. 8. Temperature dependences of the excess heat capacity ΔCp and the excess
entropy ΔS (inset) of Na0.5Li0.5FeGe2O6 measured in the heating mode (red line)
and in the cooling mode (blue line). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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moments in the Na0.5Li0.5FeGe2O6 clinopyroxene (Fig. 11). The
temperature dependence of the strongest magnetic peak is shown
in Fig. 12, revealing the onset of the magnetic order near 18 K. This
is in accordance with the results of SQUID magnetic measure-
ments of Na0.5Li0.5FeGe2O6 (Fig. 10).

The magnetic reflections positions can be indexed by doubling
the unit cell along the a-axis, i.e. a propagation vector k¼(1/2, 0,
0): a2¼2�a0; b2¼b0, c2¼c0, where (a2, b2, c2) and (a0, b0, c0) are
basis of the distorted magnetic and the parent phases, respec-
tively. The possible magnetic space groups were generated by
using ISODISTORT program [24], and only Pa21/c satisfies all con-
ditions. There are two settings or notations currently in use for
magnetic space groups: (1) the OG setting refers to the
Opechowski-Guccione notation (symmetry operations referred to
a unit cell which the crystal would have if the magnetic order is
neglected); (2) the BNS setting refers to the Belov-Neronova-
Smirnova notation (the magnetic unit cell is in general different
from the crystallographic one). The Pa21/c space group belongs to
the BNS notation and can be transformed to P2′1/c in OG notation.
The P2′1/c space group was previously used to solve the magnetic
crystal structure of LiFeGe2O6 [2]. Since the neutron data in (Ref.
[2]) are close to our pattern, the magnetic structures are the same.
However, here the magnetic structure is solved and refined in the
BNS notation which is more convenient for presentation, com-
parison and analyzing. So, the initial magnetic structure of the G2

(Pa21/c) phase was generated by using ISODISTORT and utilized as
input to find the real magnetic structure by simulated annealing in



Fig. 9. Crystal structures of (a) G0 phase (C2/c); (b) G1 phase (P21/c); (c) G2 phase
(Pa21/c) where red arrows show the magnetic moment of Fe ions. Big black arrows
show phase transitions under cooling. Critical modes which distort the crystal
structure at phase transitions are indicated near the arrows.

Table 4
Magnetic characteristics of Na0.5Li0.5FeGe2O6.

θ, K TN, K Tmax, K μexp., μB μcalc., μB

�14 18 27.5 4.5 5.9

Note: θ is the asymptotic Néel temperature, TN is the Néel temperature, Tmax is
temperature corresponding to the maximum magnetiс moment value, μexp is the
experimental effective magnetic moment, μcalc is the calculated effective magnetic
moment

Fig. 11. Fragment of neutron diffraction patterns, showing the appearance of the
magnetic scattering of Na0.5Li0.5FeGe2O6 in G2 phase.
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Fullprof [22]. The final model of both the crystallographic and
magnetic structure was refined by Rietveld method in Fullprof
program. The refinement was stable and gave low R-factors (Ta-
ble 1, Fig. 13). Coordinates of atoms and obtained magnetic mo-
mentum are listed in Table 5.

As mentioned before, the comparison of the magnetic crystal
structures of Na0.5Li0.5FeGe2O6 (Fig. 9) and LiFeGe2O6 [7] showed
that they are the same. However, BNS notation allows the mode
decomposition of the distorted G2 phase using the ISODISTORT
program. There are eight magnetic modes which can distort the
crystal structure: m m m m mY mY mY mY; ; ; ; ; ; ;1 2 1 2 1 2 1 2Г Г Г Г+ + − − + + − −,
but only one mY ( )1 ξ+ has a non-zero amplitude after decomposi-
tion of the magnetic structure by ISODISTORT. This mode is critical
at the magnetic phase transition. Therefore, mY ( )1 ξ+ mode leads to
the antiferromagnetic ordering observed in both the
Na0.5Li0.5FeGe2O6 and LiFeGe2O6 compounds.

In summary, the whole sequence of the phase transitions ob-
served in Na0.5Li0.5FeGe2O6 can be presented in the form:
Fig. 10. The temperature dependencies of magnetic moment (a) and inverse magnetic su
have been applide (see text). The ordering temperature is TN¼18 K. The sample mass is
C c P c P c2/ 2 / 2 /
Y mY

a

( )

1

( )

1
2 1⟹ ⟹

η ξ− +

(Fig. 9).
4. Conclusions

Two phase transitions were observed and characterized in the
clinopyroxene Na0.5Li0.5FeGe2O6 through X-ray and neutron pow-
der diffraction, calorimetric and magnetic methods.

The first phase transition is structural phase transition chan-
ging the symmetry from C2/c to P21/c at T¼271 K. The tempera-
ture dependences of the cell parameters and the volume, the ap-
pearance of hþk odd reflections with decreasing temperature,
forbidden in C2/c symmetry but allowed in P21/c symmetry, as
well as the thermal properties indicated that the C2/c to P21/c
transformation occurs and is first order and displacive type in
character. The most significant difference between the G0 to G1

phase structures is, beneath the crystal symmetry, the kinking of
sceptibility (b) of Na0.5Li0.5FeGe2O6 in the magnetic field H¼500 Oe after corrections
m¼0.125 g.



Fig. 12. Intensity of the strongest magnetic peak (1, 1, 0)7k of Na0.5Li0.5FeGe2O6

determined by neutron diffraction as a function of temperature, Néel temperature
TNE18 K.

Fig. 13. Difference neutron Rietveld plot of Na0.5Li0.5FeGe2O6 in G2 phase (Pa21/c)
measured on DMC at SINQ.

Table 5
Fractional atomic coordinates, isotropic displacement parameters (Å2) and mag-
netic moment per Fe3þ ion of Na0.5Li0.5FeGe2O6 at T¼1.5 K.

x y z Biso Occ. Mx, μB My, μB Mz, μB

Li 0.13 (2) 0.064 (6) 0.26 (2) 0.5 0.5 – – –

Na 0.13 (2) 0.064 (6) 0.26 (2) 0.5 0.5 – – –

Fe 0.12 (2) 0.6525 (5) 0.230 (1) 0.5 1 4.30(4) 0 0
Ge1 0.020 (2) 0.340 (2) 0.249 (3) 0.5 1 – – –

Ge2 0.274 (2) 0.844 (2) 0.241 (2) 0.5 1 – – –

O1 0.427 (2) 0.329 (3) 0.158 (3) 0.5 1 – – –

O2 0.052 (2) 0.519 (2) 0.285 (2) 0.5 1 – – –

O3 0.055 (1) 0.279 (1) 0.573 (2) 0.5 1 – – –

O4 0.182 (2) 0.836 (3) 0.116 (3) 0.5 1 – – –

O5 0.311 (2) 0.020 (2) 0.340 (2) 0.5 1 – – –

O6 0.309 (1) 0.710 (1) 0.494 (2) 0.5 1 – – –
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Ge1O4 and Ge2O4 chains and a passive role of the Na, Li, Fe cations.
The structural transition is driven by the Y ( )2 η− mode in the
Na0.5Li0.5FeGe2O6 compound. For both crystallographic structures
the main parameters were obtained.

The second phase transition is the transition from the para-
magnetic state to the antiferromagnetic long-range ordered state
occurring at TN¼18 K. The Na0.5Li0.5FeGe2O6 magnetic structure
has been determined at T¼1.5 K, but there is indication for a
change in the magnetic structure with temperature.
Na0.5Li0.5FeGe2O6 orders in a collinear antiferromagnetic structure,
with a magnetic space group Pa21/c and the propagation vector k¼
(1/2, 0, 0). The critical mode which leads to antiferromagnetic
ordering has been found (mY ( )1 ξ+ mode). Since the magnetic order
of LiFeGe2O6 seems identical, the ordering there is also linked to
the critical mode mY ( )1 ξ+ . The observed magnetic structure is
3-dimensional, however, the reduced ordered magnetic moment
indicates remaining disorder in the low-dimensional magnet
Na0.5Li0.5FeGe2O6.

The studies of this chain clinopyroxene solid solution allow to
better understand the relationship of structure and magnetic
properties. The lower chemical pressure of the Li-doped com-
pound destabilizes the C2/c structure and leads to the structural
phase transition, while apparently the magnetic structure is a
consequence of the lower symmetry of the P21/c crystal structure.
It would be interesting to investigate a Na1�xLixFeGe2O6 com-
pound where structural and magnetic phase transitions occur in
the same temperature range.
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