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We investigated the magnetic, magnetoelectric, and crystal structures of the pyroxene NaCrSi2O6 by super-
conducting quantum interference device �SQUID� magnetometry, electrical polarization measurement, and
powder neutron diffraction. Magnetic exchange couplings extracted from magnetization measurements are
found to be Jintra /kb=−0.48�4� K and Jinter /kb=0.24�8� K. This is in perfect agreement with the antiferro-
magnetic order determined below TN=2.8�2� K by neutron diffraction. Corroborating the determined magnetic
structure �magnetic symmetry C-1��, the magnetic field dependence of electrical polarization evidences a clear
magnetoelectric effect below TN. An induced magnetic field transition toward a ferromagnetic state �magnetic
symmetry C2� /c�� is observed in the SQUID data and confirmed by neutron diffraction.
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I. INTRODUCTION

In recent years, the coupling between magnetic and di-
electric properties in transition-metal oxides gave rise to a
significant research effort.1–3 This effort is governed by the
emergence of new fundamental physics and potential techno-
logical applications.2–4 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.

Lately, three materials �NaFeSi2O6, LiFeSi2O6, and
LiCrSi2O6� belonging to the pyroxene family have been re-
ported as multiferroic materials. It has been shown that
LiCrSi2O6 and LiFeSi2O6 are, in fact, magnetoelectric mate-
rials rather than multiferroics.5,6

Jodlauk et al.7 suggested that several members of the py-
roxene family should have an incommensurate magnetic
structure. This suggestion was based on some theoretical as-
sumptions and linked to the geometrical magnetic frustration
present in this family.7,8 However, for the moment it turned
out that most of the pyroxenes exhibit a simple magnetic
structure commensurate with the lattice with k=0.5,6,9–12

Nevertheless, several of those reported magnetic structures
are compatible with a linear magnetoelectric effect.5,6,9,11

In this contribution, we continue our investigation of the
crystal and magnetic structures of the pyroxene family by
studying NaCrSi2O6. We have investigated its magnetic
properties using superconducting quantum interference de-
vice �SQUID� magnetometry and powder neutron diffraction
as function of temperature and magnetic field. We show that
NaCrSi2O6 contrary to NaCrGe2O6 exhibits an antiferromag-
netic ground state characterized by a commensurate mag-
netic structure defined by k=0. Contrary to Li containing
pyroxenes like LiMSi2O6 �M =V,Cr,Fe� �Refs. 5, 9, and 10�

the magnetic structure is described by the direct product of
two irreducible representations. The associated magnetic
symmetry is C-1� and allows a linear magnetoelectric
effect.13 In agreement with the determined magnetic struc-
ture, the magnetic field dependence of the electrical polariza-
tion evidences a clear magnetoelectric effect. We find that the
magnetic moment of Cr3+ is equal to 2.31�4��B at 1.8 K.
Magnetic-susceptibility data are well described by a pseudo-
one-dimensional Heisenberg chain of S=3 /2 spins giving
rise to an antiferromagnetic intrachain magnetic exchange
coupling and a ferromagnetic interchain magnetic exchange
coupling. Powder neutron diffraction at low temperature con-
firms the existence of both antiferromagnetic and ferromag-
netic exchange interactions. The magnetic structure is de-
scribed by ferromagnetic layers coupled antiferro-
magnetically while moving along the c axis. Applying
magnetic field, a transition to a ferromagnetic phase charac-
terized by the space group C2� /c� is induced. This field-
induced magnetic symmetry is identical to the one reported
for the zero-field magnetic structure of NaCrGe2O6.12

II. EXPERIMENT

Polycrystalline samples of NaCrSi2O6 were prepared by a
solid-state reaction with an appropriate molar ratio of
Na2CO3, Cr2O3, and SiO2. The weighted mixtures were
pressed into pellets and heated at 1273 K in air for several
days with one intermediate grinding.

Neutron-diffraction measurements were carried out on
powder of NaCrSi2O6. The precise crystal and magnetic
structures were investigated using high-resolution powder
data at room temperature, 10 and 1.8 K using the D2B dif-
fractometer at the ILL. The measurements were carried out at
a wavelength of 1.594 Å corresponding to the �335� Bragg
reflection of a germanium monochromator. The neutron de-
tection is performed with 3He counting tubes spaced at 1.25°
intervals. A complete diffraction pattern is obtained after 25
steps of 0.05° in 2�. Additional neutron-diffraction measure-
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ments have also been recorded on NaCrSi2O6 samples in
magnetic fields up to 6 T at 1.8 K using a cryomagnet. The
powder was pressed in tablets in order to preclude the grains
from reorientating in the magnetic field. Diffraction-data
analysis was done using the FULLPROF refinement package.14

In order to measure magnetoelectric �ME� current, the
NaCrSi2O6 pellet was thinned down to 0.315 mm in thick-
ness. Silver epoxy was used to make electrodes on both sides
of the pellet. In general, both magnetic field and electric field
can be applied for the ME cooling process. However, in our
case, we found that application of electric field to our rather
leaky polycrystalline specimen from high temperatures re-
sulted in large background current during the ME-current
measurement. This comes mainly from the so-called space
charges trapped inside the polycrystalline specimen. Thus, to
reduce such space charges, we cooled down the sample from
5 to 2 K under H=9 or −9 T without electric field, and
applied E=317 kV /m at 2 K and swept the magnetic field at
a ramping rate of 200 Oe/s from 9 �−9 T� to −9 �9 T� under
the same electric field. The ME current was measured with
Keithley 617 electrometer. After subtraction of the small
constant value of current at a starting magnetic field, we

integrate the ME current to get the change in the electrical
polarization P ��P= P− P�9 T��.

III. RESULTS

A. Crystal structure

The crystal structure of NaCrSi2O6 was investigated at
1.8, 10, and 300 K by powder neutron diffraction. All pat-
terns were refined in the space group C2/c, taking the struc-
ture reported by Origlieri et al.15 as a starting structural
model. The refined lattice parameters are a=9.5644�5� Å,
b=8.6985�5� Å, c=5.2635�3� Å, and �=107.5076�9�° at
10 K. Our refinement at room temperature is similar to the
single-crystal study reported previously.15 Since the crystal
structure of the pyroxene family has been investigated in
details already in the literature,10,15–17 we shall present here
only our results at 10 K. The good agreement between the
calculated and observed neutron powder patterns at 10 K is
presented in Fig. 1. The refined atomic coordinates are pre-
sented in Table I.

B. SQUID measurements

The temperature dependencies of the magnetic suscepti-
bility were measured in external magnetic fields of 50 and
1000 Oe. The low magnetic field measurement shown in Fig.
2 displays a broad maximum at 3.6 K which is a signature of
the low dimension of the system. Only the derivative d� /dT
can give an exact indication of the magnetic ordering tem-
perature. We observe that d� /dT presents a maximum at
2.8�2� K, which we interpret as the antiferromagnetic order-
ing temperature, in agreement with previous specific-heat
data.18 We fitted the magnetic susceptibility with a Curie-
Weiss temperature dependence defined by �= C

T−� . The fit
was made in the range 100–350 K. We see that the magnetic
susceptibility departs from the Curie-Weiss model below
30–35 K. The determined effective moment amounts to
�ef f =3.432�1��B while �=−0.22�8� K. This is in agreement
with a previous report.18 The field dependence of the mag-
netization is presented in Fig. 3. The saturation value is about
2.56�B in a magnetic field of 7�104 Oe. However, we no-
tice that the magnetization is not fully saturated at the maxi-
mum applied field. The derivative dM /dT is presented in
Fig. 3�b� and evidences a field-induced phase transition for
H	3.1�1��104 Oe at 2 K.

TABLE I. Crystallographic coordinates extracted from the Rietveld refinement carried out on powder
neutron diffraction �D2B� using the space group C2/c at 10 K with a=9.5644�5� Å, b=8.6985�5� Å, c
=5.2635�3� Å, and �=107.5076�9�°.

Atom Wyckoff x y z Uiso

Na 4e 0 0.3008�4� 0.25 0.0070�8�
Cr 4e 0 0.9084�4� 0.25 0.0049�7�
Si 8f 0.2928�2� 0.0923�2� 0.2340�4� 0.0024�4�
O1 8f 0.11419�15� 0.07933�18� 0.1374�3� 0.0036�3�
O2 8f 0.36058�18� 0.25953�17� 0.3053�3� 0.0039�3�
O3 8f 0.35395�17� 0.01048�16� 0.0095�3� 0.0037�3�
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FIG. 1. �Color online� The neutron pattern �
=1.594 Å� of
NaCrSi2O6 sample collected at 10 K using the D2B diffractometer.
The refinement has been done in the C2/c space group with a
=9.5644�5� Å, b=8.6985�5� Å, c=5.2635�3� Å, and �
=107.5076�9�° with the following statistics: Rp=4.85% and Rwp

=6.37%.
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One characteristic of these pyroxene materials is that they
are good representatives of low-dimensional magnetism with
linear chains running along the c axis.12,18 Consequently one
can try to treat the magnetic-susceptibility data using low-
dimensional magnetism formula.19

For a uniform chain of classical spins based on the Hamil-
tonian H=−2J�iSiSi+1−g�B�S�S+1��1/2−�iH ·Si, the mag-
netic susceptibility can be expressed as19

�chain =
Ng2�2S�S + 1�

3kbT
�

1 + u

1 − u
, �1�

where u is the well-known Langevin function defined as u
=coth�2JS�S+1� /kbT�−kbT / �2JS�S+1�� with S=3 /2. Con-
sidering the three-dimensional ordering at 2.8�2� K, we as-
sumed an interchain interaction J� between the antiferromag-

netic chains. Applying the mean-field approximation,20 the
susceptibility of NaCrSi2O6 can be expressed as

� =
�chain

1 − � zJ�

Ng2�2��chain

, �2�

where z is the number of nearest-neighbor chains, N
Avogadro’s number, g the gyromagnetic factor of a free-
electron spin, and � 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 /kb=−0.48�4� K, a Curie con-
stant C=1.4894�9� emu mol−1 K−1 �spin-only value, C
=1.875 emu mol−1 K−1� corresponding to �ef f =3.452�1��B
�spin-only value, �theo=3.873�B� and an interchain ex-
change coupling J� /kb=0.24�8� K taking into account z=4.
The resulting fit is shown together with the experimental data
in Fig. 4.

The result of the fit of Eq. �2� suggests that the coupling
between the CrO6 chains is ferromagnetic while the coupling
within the chains is antiferromagnetic. We will see in Sec.
III C that this is effectively the case.

C. Magnetic structure in zero magnetic field

In the powder pattern recorded at 1.8 K, several peaks
appear while others increase in intensity compared to the
data collected at 10 K. These peaks can be all indexed on the
basis of the chemical cell and thus k=0.

The possible magnetic structures compatible with the
symmetry of NaCrSi2O6 and a magnetic propagation vector
k=0 have been discussed previously.12 Keeping the same
notations, we recall here the results of the derivations in
Tables II and III.

According to the SQUID results, NaCrSi2O6 orders anti-
ferromagnetically without detectable ferromagnetic moment.
Consequently, one has a priori two possibilities for the anti-
ferromagnetic structure according to Table III: either the
magnetic structure associated to the IR �2 �Ly �0�, or the

FIG. 2. �Color online� Magnetic susceptibility measured on a
NaCrSi2O6 powder sample with H=50 Oe. The inset shows the
derivative d� /dT which gives evidence for an antiferromagnetic
order below TN=2.8�2� K. The line represents a Curie-Weiss tem-
perature dependence fit between 100 and 300 K defined by �= C

T−� .

FIG. 3. �a� Magnetic field dependence of the magnetization
measured on a NaCrSi2O6 powder sample at 2 K. �b� Derivative
dM /dH at 2 K exhibiting the field-induced phase transition for
Hc=3.1�1��104 Oe.

FIG. 4. �Color online� Temperature dependence of the magnetic
susceptibility � with H=1000 Oe. The solid line represents the best
fit of the experimental data to Eq. �2� for T	15 K.
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magnetic structure associated to the IR �4 �Lx�0 and Lz
�0�.

We have performed refinements using both two models
and present the results in Figs. 5 and 6. The associated Rmag’s
are 18.05% and 15.43%, respectively, for the models associ-
ated to the IRs �2 and �4. Although the model using the IR
�4 is better than the one using the IR �2, this model does not
describe properly the magnetic intensity of the reflections

�110� and �11̄0� �2�=14.55°�. Consequently one needs to
consider other possible magnetic structures.

While most of the magnetic structures can be described
by only one IR which corresponds to a Hamiltonian devel-
oped to the second order, it can be sometimes necessary to
use more than one IR.22 In that case, one has to consider the
possible direct products between the various active IRs. The
only possible direct product between two IRs, which does
not give rise to a possible ferromagnetic component, is in our
case the direct product between the two IRs giving rise to an
antiferromagnetic structure: �2��4 �see Table IV�. The
magnetic structure associated to this direct product gives rise
to the following coupling:

M� �Cr1�:�Lx,Ly,Lz� ,

M� �Cr2�:�Lx,Ly,Lz� ,

M� �Cr3�:�− Lx,− Ly,− Lz� ,

M� �Cr4�:�− Lx,− Ly,− Lz� . �3�

The refinement using the magnetic structure model result-
ing from the direct product �2��4 describes much better all
the magnetic reflections and in particular the reflection at
2�=14.55°. We find that experimentally Lx=0 within the res-
olution of our data, Ly =1.50�6��B and Lz=1.75�6��B. The

corresponding Rmag is 10.3% and the resulting fit is presented
in Fig. 7. At 1.8 K, the magnetic moment of Cr3+ is
���Cr3+��=2.31�4��B.

The magnetic structure of NaCrSi2O6 at 1.8 K can be
described by ferromagnetic layers alternating along the c
axis resulting in a global antiferromagnetic order. A represen-
tation of the magnetic structure is illustrated in Fig. 8. This
magnetic structure is in perfect agreement with the deter-
mined values for the magnetic exchange coupling constants
from the magnetization data.

D. Study of the magnetic field dependence

The magnetic-susceptibility data show that there is a
field-induced magnetic phase in NaCrSi2O6 �see Fig. 3� at 2
K, the critical field is Hc=3.1�1��104 Oe. Consequently we
have investigated the magnetic field dependence of the mag-
netic structure using neutron diffraction.

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

Basis vectors x y z

�1 My

�2 Ly

�3 Mx Mz

�4 Lx Lz
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FIG. 5. �Color online� Refinement carried out using the mag-
netic structure associated to the IR �2 at 1.8 K.
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FIG. 6. �Color online� Refinement carried out using the mag-
netic structure associated to the irreducible representation �4 at 1.8
K.

TABLE II. Irreducible representations of the space group C2/c
for k=0. The symmetry elements are written according to Kova-
lev’s notation, Ref. 21, �= �0,0 , 1

2 �.

h1 h3 / ��� h25 / ��� h27 / ���

�1 1 1 1 1

�2 1 1 −1 −1

�3 1 −1 1 −1

�4 1 −1 −1 1
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The neutron powder diffraction patterns collected as func-
tion of magnetic field at 1.8 K on the D2B diffractometer are
shown in Fig. 9. The field dependence shows that while the

intensity of the reflections �11̄0�, �110�, and �200� increases,
the intensity of the reflection �001� decreases and finally van-
ishes at 6 T. All the magnetic reflections can still be indexed
with the propagation vector k=0 as in the zero-field mag-
netic structure.

We have carried out refinements of the H=6 T data with
various models according to Table II. The best fit of the
magnetic structure at H=6 T is given by the ferromagnetic
spin arrangement described by the IR �3. The field-induced
magnetic transition at 1.8 K corresponds to a transition from
an antiferromagnetic ground state C-1� toward a ferromag-
netic symmetry C2� /c� with Mx=−1.4�1��B and Mz
=1.81�7��B. We present this final refined pattern measured at
1.8 K under H=6 T in Figs. 10 and 11 the associated ferro-
magnetic structure.

IV. MAGNETOELECTRIC COUPLING

The magnetic structure determined from neutron diffrac-
tion at zero field allows for the presence of a linear magne-
toelectric effect. Revealing the actual presence of this pos-
sible linear magnetoelectric effect in NaCrSi2O6 would
further confirm the interest that presents the pyroxene family

to find new magnetoelectric and/or multiferroic materials.
In order to observe the magnetoelectric effect, we have

cooled down the sample from 5 to 2 K in an applied mag-
netic field of 9 T and the ME current was measured under a
constant electric field of 317 kV/m while sweeping the mag-
netic field from 9 to −9 T to 9 T at a rate of 200 Oe/s. We
present our results in Fig. 12. It can be clearly observed, a
linear dependence of the induced electrical polarization is up
to a magnetic field of around 3 T. Above this magnetic field,

TABLE IV. Characters associated to the irreducible representa-
tions �2, �4 and their direct product. The symmetry elements are
written according to Kovalev’s notation, Ref. 21, �= �0,0 , 1

2 �.

h1 h3 / ��� h25 / ��� h27 / ���

�2 1 1 −1 −1

�4 1 −1 −1 1

�2��4 1 −1 1 −1
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FIG. 7. �Color online� The neutron pattern �
=1.594 Å� of
NaCrSi2O6 sample collected at 1.8 K and H=0 T using the D2B
diffractometer refined with an antiferromagnetic moment ��Cr3+�
= �0,1.50�6� ,1.75�6��.

c
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FIG. 8. �Color online� Magnetic structure of NaCrSi2O6 at 1.8 K
and H=0 T described by �2��4. The magnetic coupling between
the chains is ferromagnetic forming ferromagnetic layers alternating
antiferromagnetically along the c axis. The magnetic structure rep-
resentation has been made using VESTA �Ref. 23�.
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FIG. 9. �Color online� Field dependence of the diffraction pat-
tern of NaCrSi2O6 recorded on D2B at 1.8 K.
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the magnetoelectric effect decreases and finally vanishes at
around 6 T. This can be directly related to our results on the
magnetic field dependence of the magnetic structure as de-
termined by neutron diffraction.

While at 1.8 K, a magnetic field of 6 T induces a complete
transition from C-1� toward C2� /c�, this transition is pro-
gressive in our polycrystalline sample at intermediate fields.
The refinement of the various patterns recorded as function
of magnetic field at 1.8 K shows clearly a phase coexistence
of the antiferromagnetic and the ferromagnetic phases. This
is illustrated in Fig. 13. The phase percentage of the nonmag-
netoelectric ferromagnetic phase increases steadily with in-

creasing field and becomes dominant for a magnetic field of
4 T. At 6 T, the antiferromagnetic magnetoelectric phase has
completely disappeared. Consequently we can attribute the
magnetic field dependence of the electrical polarization as
originating from the crossover between the magnetoelectric
antiferromagnetic phase to the nonmagnetoelectric ferromag-
netic phase which is induced and stabilized under the mag-
netic field.

V. DISCUSSION

Neutron powder diffraction experiments confirm that
NaCrSi2O6 exhibits an antiferromagnetic ordering below
TN=2.8�2� K. The magnetic structure is commensurate with
the chemical unit cell with k=0 with a magnetic moment of
Cr3+=2.31�4��B. The extracted values for Jintra and Jinter
from our SQUID results are confirmed by the magnetic
structure determined from neutron diffraction.
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FIG. 10. �Color online� The neutron pattern �
=1.594 Å� of
NaCrSi2O6 sample collected at 2 K and H=6 T using the D2B
diffractometer refined with a ferromagnetic moment ��Cr3+�
= �−1.4�1� ,0 ,1.81�7��.

c
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FIG. 11. �Color online� Ferromagnetic structure of NaCrSi2O6 at
1.8 K and H=6 T described by �3. The magnetic structure repre-
sentation has been made using VESTA �Ref. 23�.

FIG. 12. �Color online� �P= P− P�9 T� vs H plot obtained after
integrating ME current. The ME current was measured in a trans-
verse configuration, i.e., H was perpendicular to E. Magnetic field
was varied from −9 to +9 T under applied E. The estimated error
on the electrical polarization is about 0.1%.

FIG. 13. �Color online� Magnetic field dependence of the anti-
ferromagnetic and ferromagnetic phases expressed in percentage.
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The previous estimation of the interchain and intrachain
exchange-interaction parameters was made using the rela-
tionship between the broad maximum and Jintra in half inte-
ger S= 3

2 isolated chains24 and by using the Schultz
formula.25 It was found that Jintra=Jinter=0.8 K.18 For a such
ratio and value of exchange-interaction parameters, one
could expect a spiral spin configuration.8 However, as seen
from our neutron-diffraction data, this is not the case in
NaCrSi2O6. Consequently the model that we use �see Eqs.
�1� and �2�� is more appropriate since the determined
Jintra /Jinter ratio is in agreement with the observed commen-
surate magnetic structure but also gives us the correct sign of
the interactions.

In the mean-field approximation, the paramagnetic Curie-
Weiss temperature � is given by26

� =
zS�S + 1�

3

J

kb
, �4�

where S= 3
2 for the spin Cr3+, J is the spin-exchange param-

eter between two adjacent magnetic sites, and z is the num-
ber of nearest-neighbor magnetic sites around a given mag-
netic site. As an additional consistency check of the
determination of Jintra and Jinter determined using Eq. �2�, we
compared the paramagnetic Curie temperature � obtained
from the Curie-Weiss fit with the value derived using the
values Jintra and Jinter and Eq. �4�.

� =
C

T − �
=

C

T − ��intra + �inter�
�5�

with zintra=2, zinter=4, Jintra /kb=−0.48�4� K, and Jinter /kb
=0.24�8� K; � is calculated to be 0.0�3� K according to Eq.
�4�. This is in excellent agreement with the value
−0.22�8� K deduced from the fit of the high-temperature
susceptibility �see Sec. III B�.

We still have to explain why the found magnetic structure
allows for the presence of a linear magnetoelectric effect. We
recall that the magnetic space group displayed by NaCrSi2O6
can be described by the direct product of �2��4. In order to
determine the magnetic symmetry, one has to consider the
common symmetry elements between the two IRs. Looking
at Table IV, one notices that there is only one symmetry
element in common in both IRs, namely, −1�. The centering
is not destroyed and thus the magnetic space group is C-1�.
The magnetic point group associated to the magnetic sym-
metry in NaCrSi2O6 is therefore −1�. According to Ref. 13,
this magnetic point group allows a linear magnetoelectric
effect with the corresponding expression for the tensor

�ij = 	11 12 13

21 22 23

31 32 33

 .

We have shown experimentally that this expected magne-
toelectric effect is effectively present and its magnetic field

dependence in good agreement with our results from neutron
diffraction. Applying a magnetic field a ferromagnetic phase
is induced resulting in the loss of the magnetoelectric prop-
erties at high magnetic field. The magnetic moment at H
=6 T determined from powder neutron diffraction is
2.62�4��B in good agreement with the magnetization data
��sat=2.56�B�.

We note that the magnetic structure found here for
NaCrSi2O6 is very similar and has the same symmetry as the
one reported for CaMnGe2O6.11 The difference between
these two magnetic structures resides in the magnetic-
moment direction which in NaCrSi2O6 is in the �b ,c� plane
while it is mostly within the �a ,c� plane for CaMnGe2O6.
Consequently, CaMnGe2O6 is likely to exhibit as well a lin-
ear magnetoelectric effect.

VI. CONCLUSION

We have investigated the magnetic and crystal structures
of NaCrSi2O6 as function of temperature and magnetic field
using powder neutron diffraction. Below TN=2.8�2� K,
NaCrSi2O6 exhibits a long-range antiferromagnetic order
commensurate with the lattice with k=0. It is characterized
by ferromagnetic layers alternating along the c axis giving
rise to an overall antiferromagnetic ground state. Using
mean-field approximation, we estimated the magnetic
exchange-interaction parameters both between and within
the chains. We found that Jintra /kb=−0.48�4� K and
Jinter /kb=0.24�8� K in good agreement with the magnetic
structure determined from neutron diffraction. The associated
magnetic symmetry is C-1�. This symmetry allows a linear
magnetoelectric effect, which is confirmed experimentally.
Application of a magnetic field induces a ferromagnetic
phase with the nonmagnetoelectric magnetic symmetry
C2� /c�. Additionally, we notice that NaCrSi2O6 has the same
magnetic symmetry as CaMnGe2O6 and thus the latter is
expected to exhibit also a linear magnetoelectric effect. We
hope that this study will trigger the investigation of the mag-
netoelectric properties of other pyroxene materials.
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