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We investigated the magnetic and structural properties of the ferromagnetic pyroxene NaCrGe,Og4 by super-
conducting quantum interference device magnetometry and powder neutron diffraction. This material is the
only ferromagnetic member of the recently reported multiferroic pyroxene family AMX,04 (A=Li,Na; M
=Fe,Cr; X=Si,Ge). Below T¢-=6 K, the magnetic structure is characterized by one-dimensional magnetic
chains with spins aligned along the ¢ axis of the monoclinic cell. The magnetic moment of Cr** is significantly
reduced by about 25%. We show that this is likely the result of the low dimensionality of the system. The
associated magnetic space group is C2'/¢’. This symmetry does not allow a linear magnetoelectric effect. No

structural phase transition was observed down to 1.8 K.

DOI: 10.1103/PhysRevB.80.024402

I. INTRODUCTION

In recent years, the coupling between magnetic and di-
electric properties in transition-metal oxides gave rise to sig-
nificant research effort.'~> This effort is governed by the
emergence of new fundamental physics and potential techno-
logical applications.>* Multiferroic materials exhibit simul-
taneously (ferro)magnetic, pyroelectric, and ferroelastic
properties. Contrary to multiferroic materials, magnetoelec-
tric materials show an induced electrical polarization by a
magnetic field. A proper understanding of the interplay be-
tween the various physical properties of these two types of
materials relies heavily on the knowledge of the detailed
crystal and magnetic structures.

Recently pyroxene materials with the general formula
AMSi,04 (A=Li,Na; M=Fe,Cr) have been reported as mul-
tiferroic materials.’ This family of materials provides a large
playground for physicists in condensed matter where A may
be alkali or alkaline-earth elements, M may be various met-
als with valence state 2+ or 3+, and Si** can be replaced by
Ge**. Due to the presence of chains of octahedra that can be
magnetic, this family of materials has attracted much atten-
tion. It exhibits interesting properties such as the spin gap
system found in NaTiSi,O¢ (Ref. 6) or the low-dimensional
magnetism found in LiVGe,Og.”

While these pyroxenes have been the subject of various
studies,>'? the complete magnetic structures are known only
for few members of this class.”!!"!> We have started recently
to investigate the magnetic structure of several pyroxene
materials.'*~'® The investigation of this magnetically frus-
trated family by neutron diffraction is of prime importance in
the interpretation and/or prediction of their multiferroic/
magnetoelectric properties.

Jodlauk et al.’ suggested that several members of the py-
roxene family should have an incommensurate magnetic
structure. This suggestion was based on the geometrical
magnetic frustration present in this family and some theoret-
ical assumptions.>!” However it turns out for the moment
that most of the pyroxenes exhibit a simple magnetic struc-
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ture commensurate with the lattice with k=0.711121415 Ney-
ertheless, several of those reported magnetic structures are
compatible with a linear magnetoelectric effect.”!41>

In this contribution, we continue our investigation of the
crystal and magnetic structures of the pyroxene family with
its ferromagnetic member: NaCrGe,Os. We have investi-
gated its magnetic properties using superconducting quantum
interference device (SQUID) magnetometry and powder neu-
tron diffraction as function of temperature. We show that
NaCrGe,0q exhibits like LiMSi,O4 (M=V,Cr,Fe) a com-
mensurate magnetic structure characterized by k=0.71114
The associated magnetic symmetry is C2'/¢’ and does not
allow a linear magnetoelectric effect. No structural phase
transition was observed down to 1.8 K. We find that the
magnetic moment of Cr’* is significantly reduced by about
25%. This effect is interpreted as the result from the one-
dimensional (1D) crystal structure of the system. Magnetic
susceptibility data are well described by a 1D Heisenberg
chain of §=3/2 spins.

II. EXPERIMENT

Polycrystalline samples of NaCrGe,O4 were prepared by
a solid-state reaction with an appropriate molar ratio of
Na,CO;, Cr,03, and GeO,. The weighted mixtures were
pressed into pellets and heated at 1273 K in air for several
days with one intermediate grinding.

Polycrystalline NaCrGe,0O4 magnetization measurements
were carried out by a superconducting quantum interference
device magnetometer in the temperature range of 2-350 K
and external magnetic fields of 50, 1000, and 50 000 Oe.

Neutron-diffraction measurements were carried out on
powder NaCrGe,O4. The data were collected with the
double-axis multicounter high-flux diffractometer D1B at the
Institut Laue-Langevin ILL Grenoble using 2.52 A wave-
length selected by a pyrolitic graphite monochromator. In the
configuration used, the resolution of DIB was about full
width at half maximum (FWHM) ~ 0.3°. The multicounter is
composed of 400 cells covering a total angular domain at 80°

©2009 The American Physical Society
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FIG. 1. (Color online) Magnetic susceptibility measured on a
NaCrGe,O4 powder sample. The inset shows the inverse magnetic
susceptibility. The line represents a Curie-Weiss temperature depen-
dence fit defined by y=yxo+ T_(:(J'

(in 26). The precise crystal and magnetic structures were
investigated using high-resolution powder data at room tem-
perature, 1.7 and 10 K from D2B diffractometer at the ILL.
The measurements were carried out at a wavelength of
1.594 A corresponding to the (335) Bragg reflection of a
germanium monochromator. The neutron detection is per-
formed with *He counting tubes spaced at 1.25° intervals for
D2B. A complete diffraction pattern is obtained after about
25 steps at 0.05° in 26. Further investigation of the crystal
structure temperature dependence was made using the high-
resolution D1A diffractometer at the ILL. In the configura-
tion used, the resolution FWHM of D1A was about 0.3° at
90°. The measurements were carried out at a wavelength of
A=1.909 A selected by the (115) reflection of a germanium
monochromator. The neutron detection was performed with a
set of 6° spaced *He counting tubes. The complete diffrac-
tion pattern was obtained by scanning over the whole 26
range. Diffraction data analysis was done using the FULL-
PROF refinement package.'®

II1. RESULTS
A. Magnetic properties

The measured temperature dependences of the magnetic
susceptibility in an external magnetic field of 50 and 1000
Oe are shown in Figs. 1 and 2. From Fig. 2, we see that a
ferromagnetic order appears below T-=6 K. The coercitive
field is lower than 1000 Oe.

We present in Fig. 1 the temperature dependence of the
magnetic susceptibility and its inverse measured on a powder
sample with H=1000 Oe. We fitted the magnetic suscepti-
bility with a Curie-Weiss temperature dependence defined by
X=Xo+ T%H' The fit was made in the range of 150-350 K. We
see that the magnetic susceptibility departs from the Curie-
Weiss model below 25 K. The determined effective moment
is m,p=3.600(9)up and 6=15.2(5) K. This is in agreement
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FIG. 2. (Color online) Magnetic field dependence of the mag-
netization measured on a NaCrGe,Og4 powder sample. The inset
shows the magnetic field dependence of the magnetization mea-
sured on a NaCrGe,Og powder sample.

with a previous report.!® The field dependence of the mag-
netization is presented in the inset of Fig. 2. The saturation
value is about 2.9up in a magnetic field of 50 000 Oe.

One characteristic of these pyroxene materials is that they
are good representative of low-dimensional magnetism with
linear chains running along the ¢ axis.!® Contrary to the py-
roxene crystallizing in the P2;/c space group, NaCrGe,Og is
a good representative of one-dimensional magnetic triangu-
lar lattice with only two magnetic exchange constants instead
of three like in LiCrSi,O.>!'* Consequently one can try to
treat the magnetic susceptibility data using low-dimensional
magnetism formula.?’

For a uniform chain of classical spins based on the Hamil-
tonian H=-2J=S8,S;, —gug[S(S+1)]">Z,H-S,;, the mag-
netic susceptibility can be expressed as*

% (emu mol™)

L areres
R R
S

Temperature (K)

FIG. 3. (Color online) Temperature dependence of the magnetic
susceptibility y. The solid line represents the best fit of the experi-
mental data to Eq. (2) for 7>15 K.
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FIG. 4. (Color online) Low angle part of the neutron pattern
(A=1.594 A) of NaCrGe,Og4 sample collected at room temperature
using the D2B diffractometer. The refinement has been done in the
C2/c space group with the following statistics: R,=5.07% and
R,,,=6.4%.

Ng’B*S(S+1)
3k, T

1+u

1-u’

(1)

Xchain =

where u is the well-known Langevin function defined as u
=coth[2JS(S+1)/k,T]-k,T/[2JS(S+1)] with S=3/2. Con-
sidering the three-dimensional (3D) ordering at 6 K, we as-
sumed an interchain interaction J' between the ferromagnetic
chain. Applying the mean-field approximation, the suscepti-
bility of NaCrGe,Og4 can be expressed as

x= e — @)
(1 - Ngzﬂz))(chain

bl

where z is the number of nearest-neighbor chains, N is
Avogadro’s number, g the g factor of a free-electron spin,
and B is the Bohr magneton. With g fixed at 2.00, the least-
squares fit of the experimental data above 15 K to the above
expression led to J/k,=2.32(1) K, a Curie constant C

-l ;,ff” =1.666(2) emu mol~! K™!  corresponding to
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FIG. 5. (Color online) Temperature dependence of (a) cell pa-
rameters a (square) and b (triangle) and of the (b) ¢ cell parameter
(triangle) and the B angle (square) of NaCrGe,Og4 as function of
temperature measured with the D1A diffractometer.

Merr=3.650(2)p and an interchain exchange coupling
J'1k,=0.200(3) K taking into account z=4. The resulting fit
is shown together with the experimental data in Fig. 3.

The previous estimation of the interchain coupling was
made assuming that the interchain exchange interaction
dominates and was found to be J'/k,=0.6 K.'” We believe
that this model is more appropriate. Additionally we will see
in Sec. III C that the magnetic moment of NaCrGe,Oq is
significantly reduced, which is interpreted as the signature of
the low dimension of the magnetic interactions.

TABLE 1. Crystallographic coordinates extracted from the Rietveld refinement carried out on powder
neutron diffraction (D2B) using the space group C2/c at room temperature with a=9.9114(7) A, b
=8.8494(6) A, ¢=5.4550(4) A, and B=107.5934(12)°.

Atom Wyckoff X y z Uiso
Na 4e 0 0.3013(5) 0.25 0.0128(10)
Cr 4e 0 0.9100(5) 0.25 0.0065(8)
Ge 8f 0.29070(13) 0.09652(14) 0.2279(2) 0.0037(3)
0O, 8f 0.10523(15) 0.0803(2) 0.1286(3) 0.0027(3)
0, 8f 0.35960(19) 0.27448(19) 0.3080(4) 0.0071(4)
0O, 8f 0.3627(2) 0.01175(18) 0.0066(4) 0.0078(4)

024402-3



NENERT et al.

TABLE II. Selected bond distances at room temperature in
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TABLE III. Selected bond angles at room temperature in

. egrees.

A deg

Cr**0q Ge*0, Cr-0,-Cr 101.88(7)

Cr- 24

Cr-0y, 2.053(4) Ge,-0, 1.7583(19) gl gr C())l ]?2 8(1()6)

Cr-0,, 2.0146(15) Ge,-0, 1.720(2) OZ_GG_OI 102.7(1)

Cr-0, 1934(3) Ger-0y  174703) il :
G€1-032 1756(2)

B. Structural investigation

1. Room-temperature structure

The refined lattice parameters at room temperature are a
=9.9114(7) A, b=8.8494(6) A, ¢=5.4550(4) A, and B
=107.5934(12)°. The pattern was refined in the space group
C2/c, taking as starting structural model the atomic coordi-
nates reported for the high-temperature phase of LiCrSi,Og
(see Ref. 9) and the cell parameters reported by Vasiliev et
al.'® The good agreement between the calculated and ob-
served patterns is presented in Fig. 4. The most characteristic
parameters after the refinement are listed in Table 1. A selec-
tion of the most important atomic distances and bonding
angles is included in Tables II and III.

We recall here for the general reader the main structural
features of the pyroxene family. This system exhibits a chain
of edge-sharing CrOg octahedra running along crystallo-
graphic axis c. These quasi-one-dimensional chains are con-
nected by chains of GeO, tetrahedra. The packing of the
CrOg4 octahedra chains linked by GeO, tetrahedra chains
gives rise to a triangular magnetic lattice.

The GeO, tetrahedra form infinite chains running parallel
to the ¢ axis and are interconnected by the O; oxygen atoms
via shared corners. In the C2/c¢ symmetry, there is only one
type of GeO, tetrahedra chain while there are two in the
P2,/c symmetry [see, e.g., LiCrSi,Og4 (Refs. 9, 10, and 14)].
This chain is characterized by the angle O3-O53-O;, which is
here “O” rotated.'” The 05;-O5-O5 angle is of 171.0(1)° at

2.06
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TC
202+
< o —e o o o o o
1]
8 2.004
c
] { —&— Cr-0
R%] 1
O 1.98- -® Cr-0
© 12
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Temperature (K)

FIG. 6. (Color online) Temperature dependence of the Cr-O
bond distances of NaCrGe,Ogq as function of temperature.

room temperature. Our refinement of the room-temperature
structure is in good agreement and of similar quality than the
recently reported single-crystal structure determination.?!

2. Temperature dependence of the nuclear structure

We have investigated the evolution of the crystal structure
through the magnetic ordering temperature using the diffrac-
tometer D1A. We plot in Fig. 5 the temperature dependence
of the cell parameters below and above the ferromagnetic
ordering. As it can be observed, we can hardly notice any
anomaly in the cell parameters going through the magnetic
transition. This illustrates the absence of a clear magneto-
striction within the resolution of our data. Parameter 8 seems
to be the most sensitive to this magnetic transition [see Fig.
5(b)]. This absence of noticeable effect in the structural pa-
rameters is further evidenced in the temperature dependence
of the Cr-O bond distances (see Fig. 6).

While lowering the temperature, the Ge-O; and Ge-O,
bond distances decrease while the Cr-O bond distances
hardly change (see Figs. 6 and 7). The biggest effect in the
structural parameters is observed in the temperature depen-
dence of the Ge-O; bond distances. We notice a pronounced
differentiation between the two bond distances Ge-Os; and
Ge-03, below the critical temperature. Looking at Fig. 8, we
observe that the strongest structural effect of the appearance
of the ferromagnetic order is localized between the CrOg
octahedra chains. In a first thought, one would expect the
strongest magnetostrictive effect to appear along the direc-
tion where the magnetic exchange is the larger, e.g., within

m Ge-O,
1.76 4 '
LT [ Ge-O2
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<
Q 174 '
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FIG. 7. (Color online) Temperature dependence of the Ge-O,
and Ge-O, bond distances of NaCrGe,Oq as function of
temperature.
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FIG. 8. (Color online) Temperature dependence of the Ge-O;
bond distances of NaCrGe,Ogq as function of temperature.

the CrO4 octahedra chains. We have to recall here that the
Jinira Magnetic exchange is about 1 order larger than the J,,,,
magnetic exchange (see Sec. IIl A). However, this is due to
the existence of a sufficiently strong J,,,,; that there is oc-
currence of a 3D long-range magnetic order. Consequently, it
is not unreasonable to observe that the biggest magnetoelas-
tic effect occurs between the chain since it is due to the
interchain magnetic exchange coupling that we have a 3D
magnetic order. Thus we interpret this magnetoelastic effect
as the signature of the interchain magnetic exchange cou-
pling constant responsible for the appearance of a long-range
order below 6 K.

C. Determination of the magnetic structure

The temperature dependence of the neutron powder dif-
fraction patterns collected as function of temperature on the
D1B diffractometer is shown in Fig. 9. Below T=6 K, one
new diffraction peak appears [(110) reflection] with some
Bragg peaks increasing in intensity. This confirms the ap-
pearance of a magnetic ordering below 7=6 K in good

Intensity (arb. Units)

(110)

_|

211

FIG. 9. Neutron-diffraction patterns of NaCrGe,Og collected on
the D1B diffractometer in the temperature range of 1.8—10 K.
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TABLE IV. Irreducible representations of the space group C2/c¢
for k=0. The symmetry elements are written according to Kova-
lev’s notation (Ref. 23), T=(0,0,%).

hy h3/(7) has/ (7) 7/ (7)
r, 1 1 1 1
I, 1 1 1 1
I, 1 -1 1 -1
r 1 -1 -1 1

agreement with the magnetic data.'” The magnetic reflections
can be indexed by the propagation vector k=0.

The possible magnetic structures compatible with the
symmetry of NaCrGe,Oq4 are determined by following the
representation analysis technique described by Bertaut.?? For
the propagation vector k=0, the small group Gy, formed by
those elements of the space group that leave k invariant,
coincides with the space group C2/c. For k=0, the irreduc-
ible representations of the group Gy are those shown in Table
IV.

A representation I' is constructed with the Fourier com-
ponents m* corresponding to the Cr atoms of the Wyckoff
position 4e. The Cr atoms at the site 4e are denoted as (1)
(0.y.5): ) (3.y+3.7). 3) (0.5.3) and (4) (5.5+5.3). The
decomposition of the representation I' in terms of the irre-
ducible representations I'y is for the 4e site,

F(4€)=F1+F2+2F3+2F4. (3)

The different basis vectors [see Eq. (4)] associated with
each irreducible representation and calculated by using the
projection operator technique implemented in BASIREPS (Ref.
24) are presented in Table V. Despite the fact that there are
four magnetic ions, there are only two possible magnetic
couplings. Any magnetic moment carried by an ion within
the structure is related by the general formula §,,
=S, exp(-i27k-R,) where S, is the magnetic moment of the
atom considered attached to the lattice point Ig for a mag-
netic wave vector k. Because of the C centering and having
k=0, the magnetic moment carried by Cr; is automatically
identical to the one carried by Cr,. The same remark holds
for the magnetic moments carried by Cry and Cry. Conse-
quently there are as stated above only two possible magnetic
couplings,

M=SI+SQ+S3+S4,
LZS]+S2—S3—S4. (4)

TABLE V. Basis vectors for the atoms of the 4e site.

Basis vectors X y z
I M,

r, L,

I'; M, M,
F4 Lx LZ

024402-5
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FIG. 10. (Color online) Fragment of the D2B neutron diffraction
pattern of NaCrGe,Og at 1.7 K and refined by using the I3 model
(Cr?* spins along the ¢ axis, C2'/c’ symmetry).

According to the SQUID results and taking into account
that we have only one single magnetic site, the magnetic
structure should be ferromagnetic. Consequently there are
only two magnetic structures to be tested: the ones that de-
scribed the irreducible representations I'; and I';. The best fit
using the D2B data is obtained for the magnetic structure
described by the irreducible representation I'; (see Fig. 10).
Within the experimental resolution, we find that M,=0 and
M.=1.85(4)up at 1.8 K. This corresponds to a magnetic
structure with ferromagnetically coupled chains of CrOg oc-
tahedra.

The thermal evolution of the magnetic moments measured
with the DI1B diffractometer is displayed in Fig. 11. The
value of the magnetic moment approaches saturation only at
2 K. The magnetic moment at T=1.8 K is [u(Cr*)|
=1.9(2)up. This is 24(8)% of reduction compared to the
saturation of the magnetic form factor of Cr** determined
experimentally, which is 2.5uz.2> This magnetic moment is
lower by about 9% compared to LiCrSi,Og measured on the
same diffractometer.'* The reduction in the magnetic mo-
ment is larger than in the case of the antiferromagnetic Li-
containing pyroxene LiMSi,O¢ (M=V,Cr,Fe)."!l14 We
note that this reduced magnetic moment cannot be explained
by covalent effect that would reduce the magnetic moment of
Cr** ion only by about 5%.2°

For an explanation of the reduced magnetic moment, one
can consider two possibilities: low-dimensional system
and/or magnetic frustration. While NaCrGe, O is a good rep-
resentative of a magnetic triangular lattice, for ferromagnetic
interactions, this network cannot give rise to magnetic frus-
tration. Consequently the other possibility is to consider that
the reduction in the magnetic moment can arise from the low
dimensionality of the system. The distance Cr-Cr within the
chains is 3.159(3) A while the distance between the chains
is 5.45527(5) A. Thus in a first approximation NaCrGe,Oy
can be considered as 1D ferromagnet. The low dimensional-
ity of the magnetic lattice for Heisenberg system can give

PHYSICAL REVIEW B 80, 024402 (2009)
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FIG. 11. Neutron-diffraction patterns collected on the D1B dif-
fractometer in the temperature range 1.8—-10 K.

rise to a significant reduction in the magnetic moment. This
has been already observed in the 1D Heisenberg antiferro-
magnet NiSb,Og. In this system, the magnetic moment at 1.5
K is reduced by 20%, which is comparable to our system.?’
Consequently, we interpret the reduction in the magnetic mo-
ment of NaCrGe,Og as the signature of the low dimension-
ality of the system.

IV. CONCLUSION

We have investigated the magnetic and crystal structures
of NaCrGe,O4 as function of temperature using SQUID
magnetometry and neutron powder diffraction. Jodlauk et
al.’® suggested that several members of the pyroxene family
should exhibit a spiral magnetic structure resulting from the
magnetic frustration. This would explain the reported multi-
ferroic properties. Our experimental results show that
NaCrGe,O4 exhibits a ferromagnetic ordering below T
=6 K. The magnetic structure is commensurate with the
chemical unit cell with k=0 with a magnetic moment of
Cr=1.85(4)up at 1.8 K. The magnetic space group displayed
by NaCrGe,Og is C2'/c¢’. This magnetic symmetry does not
allow a linear magnetoelectric effect.”® No structural phase
transition was observed down to 1.8 K. NaCrGe,0O¢ shows a
significant reduction in its magnetic moment by 24(8)%,
which results from the low dimensionality of the system. We
correlate the structural changes between the chains as the
structural signature of the existence of a sufficiently strong
magnetic exchange coupling, which is responsible for the
appearance of the ferromagnetic state below T-=6 K.
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