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Abstract The pyroxene-type compound LiCrGe,Og, the
Li- and Ge-analogue to the silicate mineral kosmochlor,
has been synthesized at 1373 K and investigated by neu-
tron diffraction between 0.5 and 1473 K in order to inves-
tigate the variation in magnetic and crystal structure with
temperature. A structural phase transition from a low-tem-
perature P2,/c to a high-temperature C2/c structure was
found around 1140 K. The two different structures exhibit
different thermal expansion behavior with temperature with
a reversal of the largest thermal expansion from the c-axis
to the b-axis in the P2,/c and C2/c phase, respectively. The
structural phase transition is accompanied by a large vol-
ume increase of 1.9 % and sharp discontinuities in bond
lengths, especially for the Li—-O and—to a lesser extent—
for the Cr—O bonds. At low temperature, some additional
nonlinear changes in lattice parameters occur, which are
associated with a magnetoelastic couplings of the lattice.
Magnetic ordering is observed below 6 K in the neutron
diffraction data. Data could be indexed with &k = (0 0 0),
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giving rise to magnetic space group P2,'/c. This model
of the magnetic structure has a pure antiferromagnetic
arrangement of spins, both within and between the M1
chains. The spins are oriented within the a—c plane with an
almost nil component along [0 1 0]. A shift of the Cr atom
out of the center in the equatorial plane of the octahedron
is observed below 6 K and is associated with the magnetic
phase transition.

Keywords LiCrGe,Oq - Pyroxene - Neutron diffraction -
Structural phase transition - Magnetic phase transition

Introduction

The mineral group of the pyroxenes has a rich crys-
tal chemistry, and especially the Li-bearing clinopyrox-
enes show phase transitions as a function of temperature
(Camara et al. 2003a, b, 2009; Redhammer et al. 2001,
2003; Redhammer and Roth 2004a, b; Redhammer et al.
2010a, b; Tribaudino et al. 2002, 2003, 2009) and pressure
(e.g., Nestola et al. 2008, 2009). It is well understood that
silicate LiM3+Si206 clinopyroxenes (M = Fe, Cr, Ga, V,
and Sc) transform from a low-temperature P2,/c to a high-
temperature HT-C2/c structure between ~200 and 360 K
depending on chemistry (Redhammer and Roth 2004a;
Céamara et al. 2009). Recently, Redhammer et al. (2010b)
investigated the temperature evolution of the synthetic
clinopyroxene LiFeGe,Oq and found the P2,/c < HT-
C2/c phase transition temperature shifted by almost 560 K
toward higher temperatures as compared with the analogue
silicate (Redhammer et al. 2001). The structural phase tran-
sition in the germanate is associated with a sharp disconti-
nuity of the lattice parameters, causing the single crystals
to frequently break during data collection. Thus, only few
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data points could be collected in the HT-C2/c phase using
single-crystal X-ray diffraction in LiFeGe,O4. Addition-
ally, large anisotropic atomic displacements for Lit were
observed in LiFeGe,Oy at higher temperatures. Because the
pyroxene LiCrGe,Oq4 also shows P2;/c symmetry at room
temperature (Redhammer et al. 2009a), it is obvious to seek
for the P2,/c & HT-C2/c phase transition in this compound
also; this time using high-resolution powder neutron dif-
fraction data.

Not only the structural, but also the magnetic phase tran-
sitions at low temperatures make the pyroxenes an attrac-
tive group of materials. Jodlauk et al. (2007) found multifer-
roic/magnetoelectric behavior in the pyroxenes NaFeSi,Oq,
LiFeSi,Oq4, and LiCrSi,Oy, initiating an increased interest
of solid-state physicists in this mineral group. The specific
structural topology of the pyroxenes with their infinite quasi-
1D chains of transition-metal-bearing octahedral M1 sites
and their linkage via the infinite chains of corner-sharing
TO, tetrahedra and the approximately triangular lattice for
magnetic superexchange pathways together cause a pattern
of competing magnetic exchange interactions, which even-
tually lead to frustration and a variety of competing mag-
netically ordered ground states. Depending on the dominat-
ing interaction, either within or between the M1 chains, this
finally determines the bulk magnetic properties. In a series
of papers (Redhammer et al. 2001, 2008, 2009b, 2010a,
2011a, b, 2012, 2013), we were able to show that even
small structural alterations in chemically similar systems
can cause transformation into distinctly different magneti-
cally ordered states. Typical systems therefore are the four-
component system (Na,Li)Fe3+(Si,Ge)206 (Redhammer
et al. 2001, 2009b, 2010a) or (Na,Li)Cr’*(Si,Ge),0, (Nen-
ert et al. 2009a, b, 2010a, b; Streltsov and Khomskii 2008).
To our understanding, the following ingredients contribute
to the diversity of magnetic ground states in pyroxenes:
Almost 90° M1-O-M1 superexchange coupling between
the edge sharing M1 octahedra within the octahedral chain
with a resulting ambiguity of even the sign of the strong-
est intra-chain interaction, the competing superexchange
interaction via one or two (depending on symmetry) differ-
ent kinds of (Si,Ge)O,—tetrahedra, and an intrinsic struc-
tural instability toward the kinking of the tetrahedral chains,
which in turn modulates the superexchange interaction in a
more subtle way. Besides the structural phase transition at
high temperature, this study also intends to investigate the
magnetic properties of LiCrGe,Og at very low temperatures
(T < 3 K), also not reported in the literature so far.

The nuclear structure of LiCrGe,Og was first reported by
Redhammer et al. (2009a) using single-crystal X-ray data
at room temperature, undoubtedly yielding the P2,/c space
group. At almost the same time, Matsushita et al. (2010)
extracted structural data on LiCrGe,Og4 from X-ray powder
diffraction data, but falsely determined the space group to
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be C2/c and gave unrealistic bond lengths and angles, espe-
cially for the tetrahedral sites. Also, Janson et al. (2014)
expressed their doubts about the true symmetry of LiCr-
Ge,0q, whether being C2/c or P2,/c at 298 K, even if they
index the low-temperature neutron data in space group
P2,/c. During the course of this study, the magnetic struc-
ture of LiCrGe,O¢ was determined recently by Nenert et al.
(2010b) using 1.7 K powder neutron diffraction data, finding
magnetic space group P2,'/c and yielding a structure with
antiferromagnetically coupled spins within the M1 chains
and ferromagnetic coupling between the chains. In a very
recent work, Janson et al. (2014) studied magnetoelectric
LiCrSi,0O4 and LiCrGe,O4 by means of density functional
theory (DFT) calculations, quantum Monte Carlo simula-
tions (QMC), neutron diffraction at 1.7 K, and high-field
magnetization measurements. They found that the mag-
netic interaction in LiCrGe,Oy is constituted by three dif-
ferent exchange couplings, with the leading coupling being
between the M1 chains, followed by the exchange coupling
within the M1 chain, and the second inter-chain coupling,
which is two times smaller than the latter one (Janson et al.
2014). In the present study, we will report on both magnetic
and the nuclear phase transitions in LiCrGe,Og4 and follow
the thermal evolution of the magnetic and nuclear structure
in a large temperature range between 0.5 and 1473 K.

Experimental
Synthesis and preliminary sample characterization

A polycrystalline sample of LiCrGe,O4 was prepared by
a solid-state ceramic sintering route using Li,CO;, Cr,05
and GeO, in the exact stoichiometry of the compound as
starting materials. Chemicals were finely ground under
ethanol, dried, pressed to pellets, and fired at 1273 K for
2-3 days in a first step using platinum crucibles and a high-
temperature chamber furnace. In four following subsequent
synthesis cycles, 5 days each, temperature was raised to
1373 K. The final synthesis batch was a single phase sam-
ple of LiCrSi,O, as proved by powder X-ray diffraction
and showed an emerald green color. Differential thermal
analysis on a 32-mg sample using a Netzsch STA 449F3
between 298 and 1273 K, heating rate 5 K/min under Ar
atmosphere, shows a well-defined peak at 1140 K (area of
21 J/g), which is assigned to the crystallographic P2,/c—
C2/c phase transition. DTA plots can be found as supple-
mental information.

Neutron diffraction experiments

Neutron diffraction experiments were done at the Maier-
Leibnitz-Zentrum (MLZ), FRM-II, Munich, Germany.
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Table 1 Experimental details and results of Rietveld refinements of constant-wavelength neutron diffraction pattern of LiCrGe,O¢ at some

selected temperatures (the full set of data is deposited within the CIF)

T (K) 3 10 310 1073 1173 1473

S.G. P2,/c P2,/c P2,/c P2,/c C2/c C2lc

a(A) 9.79142(9) 9.79045(9) 9.80296(9) 9.89040(9) 10.0109(2) 10.0269(15)
b(A) 8.71562(7) 8.71647(7) 8.72305(8) 8.77364(9) 8.7497(1) 8.7863(17)
c(A) 5.33503(5) 5.33654(5) 5.34637(5) 5.41193(5) 5.4992(1) 5.5072(9)
B 108.9213(5) 108.9315(5) 108.9221(5) 108.9817(5) 110.008(11) 109.861(1)
V(A% 430.681(7) 430.776(7) 432.741(7) 444.082(7) 452.612(15) 456.315(13)
R, (%) 291 2.89 2.66 2.07 2.13 2.49

Ry, (%) 3.78 3.70 3.34 2.40 2.57 3.23

Reyp (%) 1.45 1.44 1.44 1.90 1.88 1.90

Ry (%) 2.69 2.77 2.68 2.11 222 3.63

Rpaen (%) 5.47 - - - - -

magn

For all data: constant-wavelength step-scan neutron data with A = 1.537 A, SPODI diffractometer (FRM-II, Germany) with 26,
= 151.9°, stepsize = 0.04°; refinement of F2, pseudo-Voigt function, no excluded regions

26

max

Powder diffraction data were acquired between 3 and
1473 K in constant-wavelength mode using the high-reso-
lution powder diffractometer SPODI (Hoelzel et al. 2007)
on a ~15-g batch with Ge551 monochromatized neutron
radiation (A = 1.5482 A). Experiments were performed in
a 20 range 3° < 26 < 154°, step width 0.04°, using a closed
cycle cryostat with the sample contained in an Al can. The
high-temperature measurements were taken with the sample
contained in a V-sample holder using a vacuum high-tem-
perature furnace. The very low-temperature measurements
(0.5-10 K) were taken with a *He inset using a wavelength
of 2.436 A (Ge331 monochromator) for better resolving of
the magnetic Bragg peaks. Data treatment was done using
the FULLPROF suite of programs (Rodriguez-Carvajal
2001), and the structural data of Redhammer et al. (2009b)
were taken as starting parameters in Rietveld refinements.
Experimental data and refinement results at some selected
temperatures are compiled in Table 1, fractional atomic
coordinates are listed in Table 2, and some secondary struc-
tural parameters are listed in Table 3. The complete set of
atomic coordinates and structural parameters, at all tem-
peratures, is available from the crystallographic information
files (CIFs), which is available as supplementary material.

Powder X-ray diffraction

Prior to the neutron diffraction experiments, step-scan pow-
der X-ray diffraction data (10°-100° in 2®, continuous
scan) were collected in the temperature range 300-1273 K,
on a Philips X’Pert diffractometer (CuK, radiation, fixed
0.125° divergence slit, primary and secondary 0.04 rad Sol-
ler slits, conventional point detector, Anton Parr HTK-16
high-temperature chamber). This was done to establish a

= 0.9°,

min

second data basis for thermal expansion tensor/strain cal-
culations, especially in the close vicinity of the expected
P2,/c—C2/c phase transition.

Results and discussion
Lattice parameters and thermal expansion

The variation in unit cell parameters with temperature is
shown in Fig. 1, the insets display the low-temperature
region on an enhanced scale, and Table S1 gives the full set
of lattice parameters. Several discontinuities and changes
in slope are evident; the most prominent are discontinuities
in lattice parameters at T,, = 1140 K, which show a small
hysteresis of <10 K and which are associated with a disap-
pearance of Bragg peaks of type h + k=2n + 1, indica-
tive of the P2,/c—C2/c phase transition. The transition tem-
perature, found by in situ X-ray diffraction, is in perfect
agreement with the results of the DTA analysis. Besides the
strong evidence from single-crystal data (Redhammer et al.
2009a), this is further proof that the space group symmetry
at 298 K, given by Matsushita et al. (2010), is incorrect;
indeed, the true symmetry is P2,/c. At the phase transition,
the a-axis expands by 1.11 %, the b-axis shrinks by 0.38 %,
and the c-axis and the monoclinic angle 8 again increase by
1.42 and 0.93 %, respectively, so the most distinct altera-
tions involve the latter two unit cell parameters. The overall
increase in unit cell volume is 1.52 %. These large changes
in unit cell parameters are in good agreement with what
was found for LiFeGe,Og, where a similar sudden volume
increase of 1.56 % occurs at the phase transition (Redham-
mer et al. 2010b), however, at a distinctly lower tempera-
ture of 789 K. So, even if the ionic radii of Cr** and Fe’*

@ Springer



Phys Chem Minerals

Table 2 Fractional atomic coordinates and equivalent isotropic
atomic displacement parameters and B, (A?) for LiCrGe,O4 at
selected temperatures, as extracted from the Rietveld refinements of

neutron diffraction data

Table 2 continued

x y z Big,
T=3K
Li 0.2588(7) 0.4856(6) 0.7220(12)  0.47(8)
Cr 0.2509(3) 0.6583(3) 0.2140(5) 0.11(3)
GeA  0.04699(12) 0.34466(15) 0.2759(2) 0.020(18)
GeB  0.55463(11) 0.84214(16) 0.2288(2) 0.076(18)
OlA —0.14323(17) 0.3341(2) 0.1738(3) 0.22(3)
02A  0.11464(18) 0.52671(19) 0.2851(3) 0.22(3)
03A  0.11742(17) 0.29164(17) 0.6100(3) 0.26(3)
OIB  0.36440(16) 0.8308(2) 0.1045(3) 0.09(2)
02B  0.6317(2) 1.0058(2) 0.3891(4) 0.38(3)
03B 0.61360(17) 0.68806(19) 0.4535(3) —0.05(3)
T=10K
Li 0.2587(7) 0.4861(5) 0.7225(11)  0.42(8)
Cr 0.2514(3) 0.6579(3) 0.2139(5) 0.103)
GeA  0.04724(12) 0.34472(14) 0.2758(2) 0.055(17)
GeB  0.55453(11) 0.84191(16) 0.2288(2) 0.105(18)
OlA  —0.14318(16)  0.3339(2) 0.1738(3) 0.18(3)
02A  0.11482(17) 0.52704(18) 0.2851(3) 0.19(3)
03A  0.11728(17) 0.29178(17) 0.6095(3) 0.27(3)
OIB  0.36433(16) 0.8312(2) 0.1048(3) 0.13(2)
02B  0.63174(19) 1.0057(2) 0.3892(4) 0.40(3)
03B 0.61343(17) 0.68795(18) 0.4529(3) —0.02(3)
T=310K
Li 0.2573(8) 0.4850(7) 0.7241(13)  1.33(16)
Cr 0.2512(3) 0.6595(3) 0.2128(5) 0.18(3)
GeA  0.04714(12) 0.34464(14) 0.2741(2) 0.264(17)
GeB  0.55362(11) 0.84238(16) 0.2289(2) 0.279(18)
OlA  —0.14292(16) 0.3321(2) 0.1718(3) 0.28(2)
02A  0.11456(18) 0.5256(2) 0.2843(3) 0.85(3)
03A  0.11652(17) 0.29048(17) 0.6072(2) 0.53(3)
OIB  0.36438(17) 0.8314(3) 0.1055(3) 0.39(2)
02B  0.63062(19) 1.0069(2) 0.3838(4) 0.61(3)
03B 0.61337(18) 0.68909(19) 0.4556(3) 0.45(3)
T=1073K
Li 0.2604(17) 0.4789(9) 0.736(2) 5.15(21)
Cr 0.2513(4) 0.6606(3) 0.2210(6) 1.08(5)
GeA  0.04545(15) 0.34496(17) 0.2626(3) 1.15(3)
GeB  0.55066(15) 0.84343(19) 0.2326(3) 1.20(3)
OIA  —0.1409(2) 0.3313(3) 0.1632(4) 1.35(5)
02A  0.1143(3) 0.5229(3) 0.2812(5) 2.78(6)
03A  0.11457(19) 0.2854(3) 0.5897(4) 2.05(5)
OIB  0.3629(2) 0.8333(3) 0.1111(4) 1.35(4)
02B  0.6250(3) 1.0126(3) 0.3695(5) 2.35(6)
03B 0.6123(2) 0.7030(2) 0.4760(4) 2.19(5)
T=1173K
Lil 0 0.2806(11) 1/4 6.56(44)
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x y z Big,

Ccrl 0 0.9126(3) 1/4 1.22(7)
Gel  0.29350(8) 0.09579(11) 0.24489(13)  1.47(3)
o1 0.10706(11) 0.08481(16) 0.13801(19)  1.59(3)
02  0.36178(16) 0.27493(15) 0.2987(3) 3.57(5)
03 0.36326(14) —0.01482(17)  0.0550(2) 3.32(5)
T = 1473

Lil 0 0.2767(18) 1/4 8.47(54)
Crl 0 0.9130(6) 1/4 1.61(9)
Gel  0.29323(14) 0.09560(19) 0.2431(2) 1.88(4)
0l 0.10718(18) 0.0854(3) 0.1375(3) 2.06(4)
02 0.3624(3) 0.2732(3) 0.2983(5) 430(7)
03 0.3627(2) —0.0127(3) 0.0521(4) 4.18(6)

are quite similar (0.615 and 0.645 A, respectively, Shannon
and Prewitt 1969), the P2,/c structure is stable to signifi-
cantly higher temperatures in the LiCrGe,O4 as compared
to LiFeGe,O,. Overall, the observed pattern with decreas-
ing b and increasing a- and c-axes at the phase transition is
general characteristics for the P2,/c—C2/c phase transition
in the clinopyroxenes.

Within the C2/c phase of LiCrGe,Oq, the cell parame-
ters are almost linearly correlated with temperature; small
deviations from linearity are observed for the a-axis length
and the monoclinic angle. Furthermore, changes in slope
mark different thermal expansion behavior of the P2,/c
and C2/c phases; this is most evident for the data of the
b-axis and the monoclinic angle. For the P2,/c phase, the
lattice parameters are linearly correlated with temperature
between 250 and 800 K. Only along the b-axis, a constant
thermal expansion up to the phase transition is found, while
along a, ¢ and for B, an upward deviation is observed. A
low-temperature saturation, i.e., no further changes in lat-
tice parameters with decreasing temperature as would be
expected from a gradual decrease in anharmonicity, is only
observed in a pronounced way in the b-axis data below
200 K, a and ¢ do not reach a completely constant value.
Also evident are distinct changes in lattice parameters
below 40 K. These are due to magnetoelastic coupling
associated with the magnetic ordering in LiCrGe,O¢. Along
the a-axis, the lattice expands toward the ordering tempera-
ture of ~7 K, the b- and c-axes contract and § also changes
in a distinct way. Below 2.5 K, a further change in the slope
of lattice parameter evolution as a function of temperature
is evident (insets in Fig. 1). This behavior could indicate a
reorientation of the spins below 2 K. Additional hints come
from small changes in magnetic moments (see below).

The evolution of lattice parameters can be modeled in its
simplest way using a quasi-harmonic Einstein model, which
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takes into account a low-temperature “saturation” and a
constant (linear) thermal expansion above a certain temper-
ature, as described, e.g., by Knight (1996) as follows:

Cg

= — 1
a=a0+ G (1

where a, is the unit cell dimension at zero Kelvin, Cg is a
constant, and 6y is the temperature above which saturation
is reached and the thermal expansion can be considered to
be constant.

Good fits of the lattice parameters of the P2,/c phase
with this simple Einstein model are only possible for
the b-lattice parameters in the whole temperature range
between 50 and 1140 K; for a and c, acceptable fits are
obtained up to 800 K (see Fig. 1), giving rise to Debye tem-
peratures of 460(11) K, 335(7) K, 527(11) K, and 388(8)
K for a, b, ¢, and B, respectively. Distinct deviations from
this model are observed above 800 K, which probably are
precursor effects of the subsequent high-temperature phase
transition; the simple model, which works well for other
pyroxenes, is not fully sufficient to describe the evolution
of lattice parameters at high temperatures in LiCrGe,Og
and close to the phase transition.

The variation in temperature induces a macroscopic
strain ¢, the tensor components of which can be calculated
from the lattice parameters at the different temperatures.
In the monoclinic system, the strain ellipsoid, whose axes
are the diagonal components of the tensor (Ohashi and
Burnham 1973), is constrained to have two axes within the
a—c plane, while the third axis is parallel to the b-axis. The
program WIN_STRAIN 4.11 (Angel 2011) was used for
strain calculations, choosing the Eulerian strain formalism
with x//a*, y//b, and z//c as the orientation of the Carte-
sian reference system with respect to the crystallographic
axes system. For more details on the mathematical back-
ground, see, e.g., Ohashi and Burnham (1973), Schlenker
et al. (1975), Schoenfield et al. (2004), or Redhammer
et al. (2010a, b). Using the same formalism, the thermal
expansion tensors were calculated. In order to parameter-
ize the evolution of the unit cell parameters within the
P2,/c phase, fourth- or fifth-order polynomial functions
were used; for the C2/c phase, second-order polynomials
were sufficient. Calculations of overall strain and ther-
mal expansion values were based on lattice parameters
derived from these polynomial functions. It should be
noted that the overall strain is the sum of thermal strain
and the spontaneous strain of the co-elastic P2,/c-C2/c
phase transition. The need for higher exponentials to fit the
P2,/c lattice parameters originates from the contribution
from spontaneous strain. Within the P2,/c phase, the larg-
est overall strain component is €55 along the c-axis, which
shows a distinct increase toward the phase transition. The
smallest overall strain (g,,) is found along the b-axis,

which, together with ¢,,, increases only slightly toward the
T, In fact, the very same behavior is found for the ther-
mal expansion tensor (Fig. 2); thus, we focus on the dis-
cussion of the later quantity here. The largest axial ther-
mal expansion in the P2,/c phase is a3 along the c-axis
with a distinct nonlinear increase above 700 K toward T,;
the axial components o, and a,, remain almost constant
between 400 and 800 K with values of 10.2-11.6 x 107
and 7.1-7.7 x 107% K~!, respectively. Above 800 K, also
these axial expansion coefficients increase toward the
phase transition temperature (Table 4). For the C2/c phase,
the situation becomes reversed: The largest axial thermal
expansion is given by a,, along the b-axis (which is the
smallest o;; in P2,/c), the smallest is given by as; along
the c-axis, which was the largest in P2,/c). Both val-
ues remain constant, and only o, is increasing steadily.
Diagonalization of the tensor components yields the main
axes of the thermal expansion ellipsoids (Fig. 2b). As a,
is constrained to be parallel to the b-axis, it has the same
numeric value as a,,; the thermal expansion along b thus
remains the smallest one within the P2,/c phase, increases,
however, close to the phase transition from ~8.8 x 107°
to 13.7 x 107% K™ between 1130 and 1170 K. The dif-
ferent thermal expansion behavior is already evident
from inspection of Fig. 1. The largest principal axis of
the thermal expansion is given by o, with a marked non-
linear variation toward the phase transition temperature;
a5 is intermediate, but decreases distinctly from 12.6 to
10.5 x 1078 K~! at the phase transition. As the principal
axes a; and a5 are allowed to rotate within the a—c plane in
the monoclinic system, the orientation of o to the c-axis
was also calculated and its variation with temperature is
displayed in Fig. 2c. It is evident that not only the magni-
tude but also the orientation of the thermal expansion ellip-
soid is rearranged as a function of temperature. While the
angle between the c-axis and o5 is ~30° (toward the posi-
tive a-axis) at low temperatures, o is continuously rotated
toward the c-axis to arrive at an angle of —13.5° at around
1130 K, shortly before the phase transition occurs. At the
phase transition, a rotation by ~20° away from c-axis takes
place (Table 4). Concluding, the largest thermal expansion
in LiCrGe,Og in the P2,/c phase is within the a—c plane,
with the largest thermal expansibility between the sheets
of M sites (see Fig. 3), intermediate values with variable
angles in chain direction of M1 and T sites, and smallest
values parallel to the b-axis. In C2/c, the thermal expan-
sion is dominated by the b-axis, as is common in all C2/c
pyroxenes (Tribaudino and Mantovani 2014); here, the
symmetrically equivalent tetrahedral chains obviously are
more stiff as compared to the P2,/c phase and show only
minor thermal expansion, determining the low expansibil-
ity along c. LiFeGe,O, shows similar thermal expansion of
the lattice (Redhammer et al. 2010b).
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Table 3 Selected bond lengths (A) and angles at some representative temperatures for synthetic LiCrGe,O¢ pyroxene as extracted from Rietveld

refinements of neutron diffraction data

Temp (K) 3 10 310 1073 1173 1273
S.G. P2,/c P2,/c P2,/c P2,/c C2lc C2lc
Cr-O1AY (A) 2.056(3) 2.060(3) 2.049(3) 2.065(3) 2.062(4) 2.071(4)
Cr-01B (A) 2.063(3) 2.064(3) 2.055(4) 2.072(3) - -
Cr-O1AY (&) 1.995(3) 1.996(3) 1.986(3) 2.011(3) 2.034(2) 2.037(2)
Cr-O1B (A) 2.021(3) 2.021(3) 2.033(3) 2.040(3) - -
Cr-02A" (A) 1.889(3) 1.888(3) 1.907(3) 1.921(3) 1.921(4) 1.931(4)
Cr-02B"i (A) 1.950(3) 1.944(3) 1.941(3) 1.953(3) - -
<Col-0> (A) 1.996 1.996 1.995 2.010 2.006 2.013
Cr1-Crl g (A) 3.1102) 3.114(2) 3.104(2) 3.128(2) 3.147(2) 3.150(2)
Crl-Crl gy, (A) 5.449(2) 5.452(2) 5.469(2) 5.535(2) 5.594(2) 5.616(2)
Crl-Crl g, (A) 5.574(2) 5.563(2) 5.591(2) 5.621(2) - -
Cr-O1A-Cr' (°) 100.3(2) 100.3(2) 100.6(2) 100.1(2) 100.4(2) 100.1(2)
Cr-O1B"-Cr' (°) 99.2(2) 99.3(2) 98.8(2) 99.0(2)

Li-O1Al (A) 2.114(6) 2.111(6) 2.125(7) 2.211(9) 2.217(9) 2.195(9)
Li-O1B' (&) 2.108(6) 2.103(6) 2.122(7) 2.155(8) - -
Li-02A" (A) 2.328(6) 2.329(5) 2.340(6) 2.444(9) 2.441(8) 2.440(9)
Li-02B" (A) 2.011(6) 2.008(6) 2.036(6) 2.088(9) - -
Li-03A (A) 2.143(6) 2.147(5) 2.154(6) 2.201(9) 2.217(9) 2.343(9)
Li-03Bii (A) 3.232(6) 2.346(6) 2.372(8) 2.527(9) - -
<Li-O> (A) 2.174 2.174 2.191 2271 2314 2.326
GeA-Ol1A (A) 1.765(2) 1.767(2) 1.767(2) 1.757(2) 1.757(3) 1.762(2)
GeA-02A (A) 1.714(2) 1.716(2) 1.706(2) 1.692(3) 1.695(3) 1.693(3)
GeA-O3A (A) 1.751(2) 1.750(2) 1.744(2) 1.748(2) 1.736(3) 1.731(3)
GeA-O3A (A) 1.752(2) 1.752(2) 1.753(2) 1.752(2) 1.756(3) 1.758(3)
<GeA-O> (A) 1.746 1.746 1.742 1.737(2) 1.736 1.736
7(°) GeA 111.6(1) 111.5(1) 111.4(1) 110.7(1) 111.9(1) 112.1(1)
GeA-O3A-GeA (°) 127.1(1) 127.3(1) 127.9(1) 129.9(1) 134.5(1) 134.9(1)
03A-03A-03A (°) 210.4(1) 210.5(1) 209.6(1) 205.9(1) 190.2(1) 189.8(1)
GeB-O1B (A) 1.764(2) 1.765(2) 1.758(2) 1.737(2) - -
GeB-02B (A) 1.708(2) 1.710(2) 1.706(2) 1.714(2) - -
GeB-03B (A) 1.766(2) 1.765(2) 1.763(2) 1.759(2) - -
GeB-03B (A) 1.768(2) 1.766(2) 1.772(2) 1.761(2) - -
<Ge-0>y (A) 1.751 1.751 1.750 1.743 - -

7(°) GeB (°) 110.2(1) 110.2(2) 110.4(1) 110.8(1)

GeB-03B-GeB (°) 123.7(1) 123.6(1) 124.0(1) 129.5(1) - -
03B-03B-03B (°) 135.9(1) 135.9(1) 136.6(1) 146.1(1) - -

For symmetry codes, see Fig. 3. 7 (°) = average of O—Ge-O angles involving the O1 apex oxygen atom of the tetrahedron (see text)

Structural evolution with temperature

Between 0.5 and 1140 K, the pyroxene compound LiCr-
Ge, O shows the P2,/c symmetry. Here, the crystal struc-
ture is characterized by one symmetry-independent Li site
(M2), one independent Cr** (M1) site, and two independent
tetrahedral sites, GeA and GeB, giving rise to two independ-
ent tetrahedral chains, which have different kinking states
and also different bond lengths and distortional parameters.

@ Springer

As is typical for the P2,/c pyroxenes, the GeA chain is S
(same)-rotated, thus showing a kinking angle O3A*-O3A-
O3AX > 180°, while the GeB chain is O (opposite)-rotated,
with the O3B—03B"-03B" angle being <180° (Redham-
mer and Roth 2004a). Both in the M1 as well as in the M2
polyhedron, there are six different bonds from the cations
to the surrounding oxygen atoms. Above 1140 K, the neu-
tron powder diffraction data can be indexed and refined with
C2/c space group. Here, only one distinct tetrahedral chain
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Fig. 1 Evolution of lattice parameters of LiCrGe,O, with temperature. The insets show the low-temperature data on an enlarged scale, with
filled squares representing the A = 1.5482 A measurements, open triangles the A = 2.436 A measurements at SPODI

with S-rotational sense is present; the kinking angle of this
chain is between 191° and 189°; thus, LiCrGe,O4 shows
the so-called high-temperature form of the two possible
C2/c modifications. Diagrams of the crystal structure in the
P2,/c (298 K) and C2/c (1173 K) modification are shown
in Fig. 3, to facilitate crystal chemical discussion given
below. Generally, the variations in structural parameters are
smooth and consistent within one experimental setup; how-
ever, some changes in slope and different absolute values

in thermal parameters, bond lengths, and angles for similar
temperatures are evident between the low-temperature cry-
ostat and high-temperature furnace setup.

Atomic displacement parameters
Between base temperature (4 K) and 200 K, the atomic

displacement parameters (ADPs) were refined in their
isotropic form, while between 200 and 473 K, the

@ Springer
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Fig. 2 Axial thermal expansion coefficients o;; (a), main axis o; of the thermal ellipsoid (b), and angle @ defining the orientation of a; with

respect to the crystallographic c-axis (c)

Table 4 Axial thermal

h : Axial thermal expansion element Main ellipsoid axes Angle a5, €
expansion coefficients and « 1075 K1 « 1070 K~! :
principal axis lengths of the
thermal expansion ellipsoid T (K) Q) Q22 Q33 Qg3 o a, o3 d ()
calculated for different
temperature intervals in 230-270 7.850 4.590 9.360 0.99 9.85 4.59 7.36 26.33
LiCrGe,04 310-350 9.120 5730  10.75 1.01 11.23 5.73 8.637 25.55

430-470 10.23 7.160 12.14 0.81 12.44 7.16 9.933 20.15
630-670 10.68 7.720 1397 0.56 14.06 7.72 10.59 9.40
830-870 11.58 7.710  16.71 —0.009 16.71 7.71 11.58 —1.00
1030-1070 13.13 8.260  24.50 -2.19 2491 8.26 12.72 —10.53
1110-1150 13.47 8.830 29.52 —4.07 30.49 8.83 12.5 —13.45
C2/c

1150-1190 7330 13.72 4.550 4.68 10.82 13.72 1.58 —36.73
1230-1270 7.920 13.70 4.540 4.33 10.88 13.78 1.82 —34.34
1430-1470 9430  13.95 5.450 3.96 11.91 13.95 3.22 —31.52

displacement of the Li atom, and above 473 K, the dis-
placement of all atoms was treated in the anisotropic form.
At low temperatures, the largest equivalent isotropic ADP
is observed for the Li atom, levelling off to a value of ~0.5
even at base temperature (Fig. 4). Similar large values are
also found for the O2B, O3A, and the O2A oxygen atoms,

@ Springer

approaching values of ~0.4, 0.25, and 0.20, respectively,
toward T = 0 K. The Cr, GeA, and GeB atoms have the
smallest ADPs, being close to zero at 7 = 0 K, as it is
expected for atoms without positional disorder and in the
absence of anharmonic contributions to the ADP (Wil-
lis and Pyror 1975; Prencipe et al. 2000). The positive
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Fig. 3 Polyhedral drawings of the structure of LiCrGe,Oq4 at 298 K
in the P2,/c (a) and at 1173 K in the C2/c phase (b). The nomen-
clature for selected atoms is given; thermal ellipsoid plotted at
75 % probability level, symmetry codes: (i) —x, 1 — y, 1 — z; (ii) x,
1.5—59054+zG)l—x1—-y,1—-zG)]1 —x.1—y, 1.5—-17z
W) —x,054+y,05—z (vi) —x, | —y, —z; (vii)) 1 — x, —=0.5 + y,

intercepts of ADPs at T = 0 K may therefore be seen as an
indication of small positional disorder, however, can also
be the effect of quantum mechanical zero-point fluctua-
tions. Toward high temperatures, the ADP of Li distinctly
increases nonlinearly above 800 K and remains the largest
one among all atoms. As at higher temperature linear har-
monic contributions prevail the size of the ADPs, this non-
linear behavior can be seen as an indication of increasing
positional disorder as the phase transition temperature is
approached. Large thermal motions are also observed for
the O2 and O3 oxygen atoms; the increase with 7—how-
ever—is almost linear above room temperature. The large
values for these atoms indicate that there is a significant
structural instability/flexibility with respect to the intercon-
nection of individual GeO, tetrahedra via the O3 oxygen
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Fig. 4 Variation in equivalent isotropic atomic displacement param-

eters B, with temperature for LiCrGe,Og; inset zoomed in tempera-

ture range between 0.5 and 300 K
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atoms and the lateral connection of the tetrahedral chains
with the octahedral chain via the O2 oxygen atoms. O3
and O2 oxygen atoms form the basal plane of the tetra-
hedron (Fig. 3), and all oxygen atoms are affected by a
change in the kinking state (O3-03-03 angle) of the tet-
rahedral chain. Small and similar in size are the ADPs for
the Ge, the Cr and the O1 oxygen atoms, and their increase
scales linearly with temperature. The O1A and O1B oxy-
gen atoms are the apex oxygen atoms of the tetrahedron
and connect the tetrahedral and octahedral chains along
the a-axis. The structural phase transition was marked by
an increase in equivalent isotropic atomic displacement
parameters, especially for the O2 and O3 atoms (Fig. 4)
and for the Li atom, whereas the ones of O1, Ge, and Cr
atoms remain similar in the P2,/c and C2/c phases. Thus,
in the latter three distinct groups of ADPs can be identified
(Fig. 4) with the O2 and O3 oxygen atoms being intermedi-
ate between Li and O1, Cr, and Ge atoms. The temperature
variation here is linear.

The M2 site

The M2 site in LiCrGe, Oy is sixfold coordinated with Li-O
bonds, ranging from 2.021(6) to 2.343(6) A at room tem-
perature; the coordination polyhedron can be described as
a strongly distorted octahedron. Four Li—O bonds connect
the M2 with the M1 octahedra, while the two Li—~O3A and
Li—O3B!! bonds link it to the tetrahedral chains (see Fig. 3a
for a polyhedral drawing and definition of symmetry
codes). Average Li—O bonds remain constant at ~2.174(5)
A up to temperatures of ~150 K, while they increase lin-
early by 0.096 A to 2.271(5) A at 1073 K (Fig. 5a). This
gives rise to an average thermal expansion of the Li—O
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Fig. 5 Variation in average (a) and individual (b) Li-O bond lengths in LiCrGe, Oy as a function of temperature

bond o 0. = 47.7 x 107 K™! with o = (I — 1))/
[ly*(T — T,)], where [, is the length at temperature T
(1073 K) and [, is the length at 7, = 200 K. In the pyrox-
ene-type compound LiFeGe,O4, a similar bond length
expansion of 38.9 x 107% K~! was observed (Redhammer
et al. 2010b). At the P2,/c—C2/c phase transition, <Li-O>
increases by ~0.043 A to 2.314(6) A (at 1173 K); within
the C2/c phase, <Li—O> bonds increase linearly, but with
smaller slope and an average linear thermal expansion of
Oios =168 x 107K\

The individual Li—O bonds show different temperature
variations, with the smallest increase found for Li-O1B!:
similarly, small changes are observed for the Li-O2BY
and the Li~O3A bonds. The Li-O1A" and Li~O2A" bond
lengths change on the average by 0.10 and 0.12 A between
200 and 1073 K, while the largest increase takes place for
the Li-O3B! bond lengths, which increase by as much as
0.17 A with some distinct nonlinear increase toward the
phase transition temperature. The bond length distortion
increases also gradually within the P2,/c phase. At the
phase transition, the Li bonds to the A and B oxygen atoms
become equivalent; changes in <Li—O> are mainly con-
trolled by the Li—O2 and Li—O3 bonds, as was observed for
LiFeGe,Oq4 also (Redhammer et al. 2010b). Especially for
the Li—O2B", this is associated with large alterations in the
bond lengths by +0.35 A when becoming equivalent with
the A oxygen atoms to form the Li—O2 bonds in the C2/c
phase. For the Li—O3 bonds, distinct jumps in the bond-
ing topology occur: The Li-O3A bond is stretched from
2.148(6) in P2,/c to 2.286(6) A in C2/c. The Li-O3B!
bond, however, is extended from 2.372(6) to 3.234(6) A
and no longer belongs to the coordination polyhedron
around Li*. Vice versa, the Li—O3B™ contact is reduced
from 3.126(6) A to 2.286(6) A and thus becomes bond-
ing. These distinct movements of the O3 oxygen atoms
by as much as 0.84 A are the direct consequence of the

@ Springer

altered kinking state of the tetrahedral chains in the C2/c
phase. Within the C2/c phase, only the Li—-O3 bond length
increases with increasing temperature; the thermal expan-
sion of this distance is three times larger than the one of the
Li—O3A and still larger than the one of the Li—O3B! bond
in the P2,/c phase. On the contrary, the Li—-O1 bond shows
a negative thermal expansion and Li—O2 bond length stays
constant. This is further evidence for the different thermal
expansion of the lattice in P2,/c and C2/c. The larger ther-
mal expansions of Li—O3 bonds, which point in b direction,
contribute to the larger thermal expansion of the b-axis in
C2/c as compared to P2,/c.

The M1 site

Similar to <Li—O>, the average Cr—O bond increases with
T, however, to a much smaller extent as is expressed by
the average linear thermal expansion coefficient o ¢ o,
= 8.7 x 107% K~! for the T interval of 200-1140 K.
This bond length expansion is slightly smaller than the
one found for the M1 site in LiFeGe,O4 with o g, o
= 10.8 x 107% K~! (Redhammer et al. 2010a, b). Up to
room temperature, <Cr—O> bond remains almost constant.
At the phase transition, <Cr—O> becomes shortened by
~0.05 f\; in the C2/c phase, the thermal expansion is larger
with a_c, s = 12.0 x 107 K~! (Fig. 6a).

Individual Cr—O bonds show different temperature vari-
ations: The Cr—O2A" bond lengths increase with 7 from
base temperature to room temperature, while the Cr—
02B"' bond decreases at a similar rate, i.e., the two bonds
become more equal; above ~300 K, they both increase with
T (Fig. 6b) at the same extent with a thermal expansion
o =8.9and 8.0 x 107® K™, respectively. The Cr-O2 bond
in the C2/c phase is similar to the value of the Cr—O2AY
bond; the Cr—O2B"! bond is shorted at the phase transition
by 1.6 %. A similar behavior is observed for the Cr—-O1AY!
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Fig. 6 Evolution of bond lengths and inter-atomic distances for the M1 site in LiCrGe,O4 with temperature a average Cr—O bond length, b, ¢
individual Cr—O bond lengths, d shortest Cr—Cr distances between neighboring M1 chains

and Cr—O1B bonds, which run parallel to the c-axis to
the apex oxygen atoms of the octahedra. Here also, one of
the two bonds (Cr—O1B), which become equivalent at the
phase transition, increases with 7 from 10 K to ~300 K,
while the second (Cr—O1A) decreases; thus, the two bonds
become less equal toward 298 K. Above room temperature,
both bonds increase with the Cr—O1A bond having a larger
thermal expansion of 17.6 x 10~° K~ above 900 K, the
Cr-O1B bond tends to decrease again, approaching the
bond length value found in the C2/c modification (Fig. 6¢)
and decreasing the difference between the two Cr-Ol1A,
Cr-O1B bonds already within the P2,/c phase. At the
phase transition, the Cr—O1A bond increases by 1.1 %. The
relative changes in the Cr—O2B and Cr—O1A bonds at the
phase transition have the same sign, but smaller numeric
values than those of the equivalent bonds in LiFeGe,Og,
changing by 2.4 and 1.6 %, respectively (Redhammer et al.
2010b). Generally, the changes in structural parameters at
the P2,/c to C2/c phase transition are less pronounced in
LiCrGe,Oq than the ones in the iron compound.

In the C2/c phase, all individual Cr—O bonds increase
with temperature in a linear manner; the largest expansion
is found for the Cr—02 bond (« = 17.4 x 107% K™), the

smallest one for the Cr—O1 bonds to the apex oxygen atoms
(@ = 5.1 x 107% K71). This corresponds to a reversal of
the ranking of the thermal expansion with respect to the
P2,/c phase. In C2/c, the octahedra expand less along the
c-axis, while the expansion along b, mediated by the Cr—
02 bonds, is enhanced.

Above 200 K, the Cr-Cr" distances within the M1 chain
increase almost linearly with temperature up to 3.128 (2)
A at 1073 K, with an average linear thermal expansion
coefficient of 6.9 x 107 K~!. At the phase transition, the
Cr atoms move further away from each other by ~0.02 A,
resulting in a distance of 3.147(2) A at 1173 K. Within
the C2/c phase, the expansion of Cr—Cr along c is smaller
(3.6 x 1078 K™, meeting the general trend seen also in
the Cr-O distances. The two different Cr—Cr distances
between the M1 chains show a larger expansion; espe-
cially, the shorter one, which involves the GeA tetrahedron,
increases distinctly between 200 and 1073 K (Fig. 6d) with
an average linear thermal expansion of 16.0 x 107 K~!, as
compared to the one, involving the GeB tetrahedral chain,
with 9.2 x 107® K~!. The thermal expansion between the
MI chains is largely controlled by the kinking state of the
tetrahedral chains and by the expansion of Li—O3 bonds.
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A detailed inspection of the low-temperature region
(T < 40 K) of the P2,/c phase reveals some additional
changes in the Cr—O bonds, which are associated with
the magnetic phase transition. This applies for the Cr—
O1AY bond in the equatorial plane of the octahedron,
which decreases slightly in the magnetically ordered
phase, while the Cr-O2B"! bond length increases on the
contrary (Fig. 7a). The data sets with the two different
wavelengths (A = 1.5482 A and A = 2.436 A) in the low-
temperature region plot well onto each other and show
very similar trends. No significant changes are observed
in the 0.5-15 K region for the other four Cr—O bonds.
This is indicative of a successive change in the Cr-O
bonds along the O1A'-02B"!! diagonal axis within the
equatorial plane of the octahedron with a movement of
the Cr atom. This is deduced from the nonlinear variation
in the shortest Cr—Cr'! distance within the M1 chain. This
increases slightly below 25 K toward 10 K, decreases
between 10 and ~5 K, and increases again toward very
low temperatures. This trend is evident in both measure-
ment series and is directly related to the magnetoelastic
coupling between Cr-Cr'" atoms (Fig. 7b). Among the
two different Cr—Cr distances between the M1 chains, the
shorter one, involving the GeA chain, remains constant
when passing the magnetic phase transition temperature,
while the larger one, involving the GeB chain, increases
significantly below 5 K. From this, it can be concluded
that in the magnetic pre-ordering region below 10 K, the
intra- as well as the inter-chain Cr—Cr distances become
somewhat shorter, but with the full development of anti-
ferromagnetic magnetic ordering below 6 K; the Cr—Cr
distances again become larger. The data for the Cr-O1A"
and O1B-Cr' bond angles scatter too much to deduce a
clear picture.
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chains; the two different curves correspond to the two different wave-
lengths used in the experiments

The Ge sites

The Ge tetrahedra behave as rigid units with only small
changes in bond lengths as a function of temperature.
Remarkably, a small negative thermal expansion of
—3.7 x 107 ° K™ for <GeA-O> and —5.7 x 107* K™ for
the <GeB—O> bond length (Fig. 8a; Table 3) is found in
the P2,/c phase. LiFeGe,O4 shows very similar average
Ge—O bond lengths, and for this compound, a decrease in
average and individual Ge-O bond lengths with increas-
ing T was also reported by Redhammer et al. (2010b),
further supporting that this effect is significant although
quite small. In LiCrGe,Og, there is no significant dis-
continuity in <Ge-O> bond lengths at the phase transi-
tion. In the C2/c phase, <Ge-O> bond remains constant
with 7. Among the individual bond lengths, the smallest
is the one to the O2(A,B) oxygen atom, both in the A—
as well as in the B chain, while bonds to the apex oxy-
gen OI1(A,B) and the ones to the O3 bridging atoms are
of similar lengths; all individual bonds decrease with T
in the P2,/c phase to the same extent as is observed for
the average Ge—O bonds. Apart from these small changes
in bond lengths, there are some more pronounced altera-
tions found in bond angles. This is most prominent for the
GeA-03A-GeA and GeB''-03Bil_GeB*!! angles which
increase successively with increasing 7 by 2.7° and 5.8°
between 200 and 1073 K (Fig. 8b). Close to the phase
transition temperature, both angles approach each other.
Increasing the Ge—O-Ge angle causes a stretching of the
tetrahedral chain along the c-axis. This is how the structure
manages to the match the very different thermal expansion
of octahedral and tetrahedral chains. The angle t, which
is the average of the three O—Ge—O bond angles, involv-
ing the O1 apex oxygen atom of the tetrahedron, increases
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Fig. 8 Evolution of structural parameters for the tetrahedral sites in
LiCrGe206 with temperature: a average bond lengths, b Ge—-O-Ge
bond angle, and ¢ tetrahedral O3—-03-03 kinking angle; the inset in ¢

slightly at both sites, indicating an increasing elongation
of the tetrahedra along the a direction with increasing tem-
perature. In the C2/c phase, the tetrahedra are more elon-
gated along the c-axis (larger Ge-O3-Ge angles), but also
more elongated along the a-axis as expressed by a larger
angle t. These observations meet perfectly the ones also
found for LiFeGe,Og.

Both tetrahedral chains expand as a whole with increas-
ing temperature by increasing (chain B) or decreasing
(chain A) the tetrahedral kinking angle. The observed vari-
ation with temperature in the P2;/c phase is ~5° for the
A chain and twice more than that for the B chain, which,
however, is generally the more kinked chain. At the phase
transition, close to the point where the two chains become
equivalent, the kinking angle of the B chain changes by
~45° and switches from O-rotated to S-rotated; the A chain
remains S-rotated and extends by ~15° at the transition.
The strong deformation of the M2 site at the phase transi-
tion is a direct consequence of these alterations in tetrahe-
dral chain geometry. In the C2/c phase, the kinking angle
still decreases with increasing temperature, extending
the chain. It should be noted that among the known C2/c
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shows the relative change of the kinking angle in the P2,/c phase with
respect to the 3 K data

pyroxenes S-rotated chains are rare, most of them belong
to the series of Li pyroxenes, and all of them have almost
fully extended tetrahedral chains.

The magnetic phase transition

First, additional Bragg reflections in the neutron diffraction
data, indicative of magnetic ordering, appear between 7 and
6 K (Fig. 9). This is somewhat higher than reported in the
literature so far (~3 K).

The magnetic reflections can be indexed in space group
P2,/c with a propagation vector of k = (0, 0, 0). The pos-
sible magnetic structures, compatible with this P2,/c sym-
metry of LiCrGe,Oq4, were determined by representational
analysis and calculated with BasiReps (Rodriguez-Carvajal
2001) using the projection operation technique. Results are
summarized in Tables 5 and 6. Refinement of these possi-
ble magnetic structures against the 0.5 K data showed that
among the four possible irreducible representations, only
one gives satisfactory description of the magnetic struc-
ture of LiCrGe,Og, which is I'y of Table 6 with the basis
functions [C,, Ay, C,] and Rmag = 5.47 %; the resulting
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magnetic space group is P2,’/c. This model of the mag-
netic structure has a pure antiferromagnetic arrangement
of spins, both within and between the M1 chains. There
is no difference in inter-chain coupling, independently,
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Fig. 9 Part of the neutron diffraction pattern of LiCrGe,Og, display-
ing the appearance of magnetic Bragg peaks at low temperatures; the
T increment is 0.5 K, starting at 0.5 K

whether the M1 chains are coupled via the GeA or the
GeB tetrahedral chains. A diagram of the magnetic struc-
ture is displayed in Fig. 10. The determined spin struc-
ture of this study is in excellent agreement with the data
at 1.7 K of Nenert et al. (2010b), including the size of the
magnetic moment p(Cr”) = 2.33(3) uB and orientation of
spins (30.3(1)° with respect to the a-axis); the correspond-
ing values of this study at 2 K are p(Cr’*) = 2.34(6) uB
and 29.8(2)°, respectively. However, the statement of fer-
romagnetically coupled M1 chains in Nenert et al. (2010b)
is misleading as the Cr** atoms, which would have a fer-
romagnetic coupling, are 6.459(4) A away from each other
at 3 K, while the closer Cr—Cr distances are 5.449(3) A and
5.574(3) A via GeA and GeB tetrahedral sites, respectively.
The latter distances are assumed to take part in magnetic
super-superexchange only (Table 7).

The appearance of AFM coupling within the M1 chains
in LiCrGe,Oq4 is consistent with large Cr—O-Cr angles
of 100.3(1)° and 99.2(1)° for both possible intra-chain
exchange pathways Cr—O1A-Cr and Cr—O1B-Cr, respec-
tively, in the germanate. Following the Goodenough—Kan-
amori rules (Goodenough 1963), only values close to a
rectangular M—O-M geometry would favor ferromagnetic

Table S Cr positions at

the 4e site in LiCrGe,Oy in Label (Gy) Elem. Symm. op. + (x, ¥, 2) X y z

space group _P21/C within one Cr_1 X, ¥, 2 0,0,0 0.2509 0.6583 0.2140

primitive unit cell at 3 K Cr2 2 5, y405,—2405  1,—1,0 07509  0.1583  0.2860
Cr 3 -1 —X, =y, =2 1,1,1 0.7509 0.3417 0.7860
Cr 4 [ x,—y+0.5,z+0.5 0,1,0 0.2509 0.8417 0.7740

Table 6 Possible magnetic structures based on basis vector analysis for LiCrGe,Og in space group P2,/c and resulting magnetic space groups

according to Litvin (2008)

Cr_1 Cr 2 Cr 3 Cr 4 Basis funct. Magn. S.G.
r, [uvw] [—uv —w] [—u —u —w] [u—vw] A, Cy A, P2,/¢!
r, [uvw] [—uv —w] [uvw] [—uv —w] G, F, G, P2,/c
Iy [uvw] [u—vw] [uvw] [u—vw] F,.G,F, P2/l
ry, [uvw] [u—vw] [—u—v —w] [—uv —w] C, Ay C, P2/'le

A=+——+;C=4++——;G=+—+—; F = ++++ following the notation of Bertaut (1968)

Fig. 10 Diagrams of the mag-
netic structure of LiCrGe,Og¢ at

0.5 K (left along b, right along
c* direction)
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Table 7 Components along a- and c-axes and resulting total mag-
netic moments in synthetic LiCrGe,Oq4 as extracted from Rietveld
refinements of neutron diffraction data

0.5K 1.0K 20K 40K
M, M1) (up) 2.25(8) 2.18(5)  2.43(7) 2.17(7)
M, (M1) (up) 1.17(13)  1.10(8) 1.23(11)  1.06(12)
My (bp) 2.18 2.10 2.34 2.08
Z(a, Myy) () 30.5(2) 39.6(2)  29.8(2) 28.7(29
J; in chain AFM AFM AFM AFM
J, between chains AFM AFM AFM AFM
Magn. space group  P2//c P2/lc P2/lc P2/lc

Z(a, My;,) = angle between the magnetic moment at the M1 site and
the crystallographic a-axis; AFM = antiferromagnetic spin arrange-
ment

interaction. However, an exception to this phenomenologi-
cal rules has been reported for NaCrGe,Oq, space group
C2/c. This pyroxene shows even larger Cr—O1-Cr angles
of 101.2(1)° (Redhammer et al. 2008), but has a pure fer-
romagnetic ordering of spins, both within and between
the M1 chains (Nenert et al. 2009a). Major differences
between the sodium and Li compound beyond the differ-
ent space group symmetry are the larger Cr—Cr distances,
both within (3.140(1) A) and especially between different
M1 chains in NaCrGe,Oq. Here, the shortest distances are
5.666(1) and 6.643(1) A, being significantly larger than the
shortest Cr—Cr contact between M1 chains in LiCrGe,Oy,
respectively (see above). Obviously, the small structural
adjustments (increasing Cr—Cr distances) lead to a change
in the magnetic ground state from ferromagnetic (NaCr-
Ge,0¢) to pure antiferromagnetic (LiCrGe,O4). While
NaCrGe,Oy is different, the silicate LiCrSi,O4 (mineral
name kosmochlore), which also has space group P2,/c at
low temperatures (Redhammer and Roth 2004a), has a
remarkably similar magnetic spin structure to LiCrGe,Og.
The magnetic space group of LiCrSi,O was determined to
be P2,'/c; the spins are oriented within the a—¢ plane and
form an angle of 31.9(1)° with the crystallographic a-axis
(Nenert et al. 2010b). A major difference between these
two structures is a reduced magnetic moment of moment
u(Cr”) = 2.06(4) uB. This was recently interpreted by dif-
ferent numbers of exchange integrals in LiCr(Si,Ge),0g4 by
Janson et al. (2014).

LiFeGe,Oq4, which has M1-M1,,,, distances similar to
those in LiCrGe,O, with values of 5.420(2) and 5.544(2)
A, respectively, at 5 K, displays the same magnetic space
group as LiCrGe,Og (P2,'/c), but has a more complex
spin structure with a doubling of the a lattice parameter.
This is the result of the different intra-chain couplings,
which depend on the nature of the superexchange path-
way: [Fe-Fe];,., coupling via the GeA tetrahedron is fer-
romagnetic, while the coupling via the GeB tetrahedron

is antiferromagnetic. As mentioned above, in LiCrGe,Og
the spins are oriented within the a—c plane with a neglect-
ing component along the b-axis, forming an angle of
30.5(2)° with the crystallographic a-axis at 0.5 K. There
is no evident change in spin orientation between 0.5 and
5 K; only the data at 6 K suggest some lower value shortly
after the onset of magnetic ordering. The spin orienta-
tion is another distinct difference to NaCrGe,O4, where
the spins are oriented along the c-axis only. The variation
in the magnetic moment with temperature in LiCrGe,O¢
is displayed in Fig. 11. With decreasing 7, the total mag-
netic moment increases, following a power law accord-
ing to M(T) = M(0)*[1 — (T/Ty)"1® with M(0) = 2.36,
Ty = 6.3 K, and o = 2.46. The critical exponent 8 = 0.31
is close to the values to be expected for a 3D Heisenberg
or Ising model for the magnetic ordering. Around 2 K,
a maximum value of p(Cr”) = 2.34(6) pg is reached,
which is close to the expected spin-only theoretical value
of u(Cr*") = 2.50 pg. However, below this temperature,
My, is decreasing again toward 1 K. As we obtain the
same values of u(Cr*") at 2 K as was obtained by Nenert
et al. (2010b), we assume this effect to be real. The lattice
parameters also show discontinuities around 1 K. No addi-
tional magnetic peaks arise, which could hint a change in
magnetic symmetry. Most probably, this is a sign for an
additional spin canting at very low temperature, which we
cannot resolve with powder diffraction data, but which may
be determined by single-crystal neutron diffraction.
Concluding, LiCrGe,O4 has a pure antiferromagnetic
pattern of ordering at low temperature; the sodium com-
pound—however—is fully ferromagnetic. One major dif-
ference between these two compounds is the space group
with the latter displaying C2/c symmetry down to lowest
temperatures of 1.7 K (Nenert et al. 2009a). The role of
space group symmetry (and connected to this the symmetry
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Fig. 11 Variation in the components and the total magnetic moment
M in LiCrGe,Oq as a function of temperature; the curve corresponds
to a fit to the data using a power law following Blundell et al. (2003)
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restrains on bond length and angle variation with tempera-
ture) on the magnetic structure has not been investigated in
detail in pyroxenes, but may play an important role in deter-
mining the magnetic ground state. However, this certainly
is not the only factor as shown by the comparison between
LiFeGe,O¢ and LiCrGe,O4: Both have P2,/c symmetry,
but the magnetic structure of LiFeGe,O is more complex
as is the one of LiCrGe,Oq. This is true even if the general
topology of the structure is quite similar. Based on the find-
ings of this study, structural investigations along the (Na,Li)
CrGe,O4 and Li(Cr,Fe)Ge, Oy solid solution series would be
of great interest to obtain a better insight into the structural
features that determine the magnetic ground state. An addi-
tional interesting finding is the observation of a shift in Cr
atoms within the equatorial plane of the octahedron in the
vicinity of the magnetic ordering temperature. This could
be a direct evidence for some kind of (ferroelectric/elastic)
dipole distortion at the magnetic phase transition, an effect
which should be looked onto in more detail, not only in
LiCrGe,Og¢ but in the magnetic pyroxenes in general.
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