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We have investigated the magnetic and magnetoelectric properties of LiCrGe,O4 and reinvestigated the
magnetic properties of LiCrSi,O¢. Using superconducting quantum interference device magnetometry, electri-
cal polarization, and neutron diffraction, we give evidence for the presence of magnetic frustration in the
magnetoelectric pyroxenes LiCrX,0¢ (X=Si, Ge). While pyroxene materials have been widely investigated for

their low dimensional properties, we suggest that the magnetic frustration is likely to play a more important
role into the nature of the magnetic ground state. The existence and possible interplay of low dimensionality
and magnetic frustration resulting in multiferroic and/or magnetoelectric properties in the pyroxenes will
probably open new avenues to tune and investigate the richness of the physic in this family.
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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.!-3 This effort is governed by the
emergence of new fundamental physics and potential techno-
logical applications.”* Multiferroic materials exhibit simul-
taneously (ferro)magnetic, ferroelectric and ferroelastic prop-
erties. Contrary to multiferroic materials, magnetoelectric
materials show an induced electrical polarization by a mag-
netic field. A proper understanding of the interplay between
the various physical properties of these two types of materi-
als relies heavily on the knowledge of the detailed crystal
and magnetic structures.

One class of compounds which have been investigated in
this context is the class of pyroxene materials. They have the
general formula AMX,04 where A is an alcali (+I) or alkali-
earth ion (+II), M is a transition metal ion (+II or +1II) while
X=Si, Ge. These materials have been extensively investi-
gated due to their importance in mineralogy> and their low
dimensional magnetic properties.'®!> The recent work by
Jodlauk et al. shed some different light on these materials
motivated by the idea that this family could be a good rep-
resentative of a magnetically frustrated lattice.'®!” The exis-
tence and possible interplay of low dimensionality and mag-
netic frustration resulting in multiferroic and/or magneto-
electric properties in the pyroxenes will probably open new
avenues to tune and investigate the richness of the physic in
this family. We aim here to present the first evidence for the
interplay between low dimensionality and magnetic frustra-
tion in magnetoelectric pyroxenes.

Lately, we have started to investigate the structural, mag-
netic, and dielectric properties of various ACrX,0O¢ materials
as function of temperature and magnetic field.'>"'* In this
contribution, we report on the effect of replacing silicon by
germanium in LiCrX,04. We have investigated magnetic
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properties of LiCrX,0q (X=Si, Ge) powder samples using
superconducting quantum interference device (SQUID) mag-
netometry. Furthermore, in order to allow a comparison with
our previous work on LiCrSi,Og,'* we have investigated the
magnetic, magnetoelectric and crystal structures of the py-
roxene LiCrGe,O4 by electrical polarization measurement
and powder neutron diffraction. Magnetic exchange cou-
plings in LiCrGe,Og4 extracted from magnetization measure-
ments suggest a magnetic ground state similar to the one
reported in LiCrSi,Og, however with a less pronounced one-
dimensional (1D) character. This is in perfect agreement with
the antiferromagnetic order determined below Ty
=4.8(2) K by neutron diffraction. Corroborating the deter-
mined magnetic structure (magnetic symmetry P2|/c), the
magnetic field dependence of the electrical polarization evi-
dences a clear linear magnetoelectric effect below Ty. The
unexpected lower 1D character in LiCrGe,Oyg is discussed in
light of the interplay between low dimensionality of the crys-
tal structure and the magnetic frustration in LiCrX,O.

II. EXPERIMENT

Polycrystalline samples of LiCrGe,Oq and LiCrSi,Og
were prepared by a solid-state reaction with an appropriate
molar ratio of Li,COs3, Cr,03, and GeO,/SiO,. The weighted
mixtures were pressed into pellets and heated at 1273 K in
air for several days with one intermediate grinding.

Polycrystalline LiCrGe,O¢ and LiCrSi,O4 magnetization
measurements were carried out by a SQUID magnetometer
in the temperature range of 2-350 K and external magnetic
fields of 1000 Oe. Neutron diffraction measurements were
carried out on a LiCrGe,0¢4 powder. The precise crystal and
magnetic structures were investigated using high resolution
powder data at 1.7 and 10 K using the D2B diffractometer at
the ILL. The measurements were carried out at a wavelength
of 1.594 A corresponding to the (335) Bragg reflexion of a
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FIG. 1. (Color online) Zero field cooled magnetic susceptibility
of (a) LiCrGe,Og4 and of (b) LiCrSi,O. The lines represent a Curie-
Weiss temperature dependence fit defined by er%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 25 steps
of 0.05° in 26. Diffraction data analysis was done using the
FullProf refinement package.'®

To investigate the magnetoelectric properties of
LiCrGe,Og4, we measured the variation of the electric polar-
ization P as function of the magnetic field and temperature.
A polycrystalline pellet was thinned down to 0.48 mm in
thickness and silver epoxy was used to make electrodes on
both sides. For magnetoelectric cooling, we applied an elec-
tric field E= =208 kV/m with H=9 T at 10 K and cooled
down to 2 K. Then, we measured the isothermal current
variation under the same applied E while sweeping H at a
rate of 200 Oe/s from 9 to =9 T by using a Keithely 617
electrometer. We integrated the current to obtain the mag-
netic field dependence of the electrical polarization. Simi-
larly, we measured the current variation under E
=208 kV/m and at a fixed H while increasing temperature
at a rate of 5 K/min and obtained the P versus T curve from
integration of the current.

III. RESULTS AND DISCUSSION

A. Magnetic properties

The measured temperature dependence of the magnetic
susceptibilities in an external magnetic field of 1000 Oe of
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FIG. 2. (Color online) Derivative of the magnetic susceptibility
emphasizing the long range magnetic order below Ty=11.1(5) K
for LiCrSi,Og and Ty=4.8(2) K for LiCrGe,0Oq

LiCrGe,Og¢ and LiCrSi,Og4 is shown in Fig. 1. We fitted the
magnetic susceptibility with a Curie-Weiss temperature de-
pendence defined by )(:T%o. The fit was made in the range
100 to 350 K. Below around 75 K, the magnetic susceptibili-
ties depart from the Curie-Weiss model for both compounds.
The determined effective moment is gt,;=3.6998(5)u and
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FIG. 3. (Color online) Temperature dependence of the magnetic
susceptibility y for a) LiCrGe,Og4 and for b) LiCrSi,Og. The solid
line represents the best fit of the experimental data to Eq. (2) for (a)
T>15 K (LiCrGe,Og) and for (b) 7>22 K (LiCrSi,Og).
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FIG. 4. (Color online) Neutron powder pattern (A\=1.594 A) of
LiCrGe,0O¢ sample collected at 10 K using the D2B diffractometer.
The refinement has been done in the P2,/c space group with the

following statistics: R,=3.33% and R,,,=4.28%.

6=-3.19(3) K for LiCrGe,04 and u,;=3.7905(6)up and
0=-28.88(5) K for LiCrSi,Og. This is in agreement with a
previous report. '3

One characteristic of these pyroxene materials is that they
are good representative of low dimensional magnetism with
linear chains running along the ¢ axis.!'®!> Magnetic re-
sponse shows for both compounds a broad maximum char-
acteristic of low dimensional magnetism (see Figs. 1 and 3).
Evidence for long range order is given by the derivative
dx/dT as illustrated in Fig. 2. In the following, we will
therefore treat the magnetic susceptibility data using the for-
malism developed for low dimensional magnetism.'”

For a uniform chain of classical spins based on the Hamil-
tonian H=-2J=.S,S;,,-gus[S(S+1)]V>~=H.S;, the mag-

netic susceptibility can be expressed as'®
Ng’B*S(S+1) 1+u
Xchain = ’ (1)
3k, T 1-u
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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 existence of a long range order at low tempera-
ture, we assumed an interchain interaction J’' between the
chains. Applying the mean-field approximation, the suscep-
tibility of LiCrX,04 can be expressed as

Xchain (2)

X - ZJ’ ’
- Ng2 2 | Xchain

where z is the number of nearest-neighbor chains, N
Avogadro’s number, g the gyromagnetic factor of a free elec-
tron spin, and 8 the Bohr magneton. With g fixed at 2.00, the
least-squares fit of the experimental data above 15 K for
LiCrGe,O¢ to the above expression led to J/k,=
—-1.41(1) K, a Curie constant C=1.7395(9) emu mol™! K™!
corresponding to u,=3.730(1)up and an interchain ex-
change coupling J'/k,=0.64(3) K taking into account z=4.
The resulting fit is shown together with the experimental data
in Fig. 3(a). For LiCrSi,Og, the fit of the data using Eq. (2)
gives J/k,=-5.688(8) K, J'/k,=1.89(3) K and C
=1.7689(7) corresponding to u,=3.7618(7)up [see Fig.
3(b)].

These estimations of the intrachain and interchain mag-
netic exchange couplings in LiCrX,0gq are in good agreement
with their respective magnetic structures (see Sec. III C and
Ref. 13). Moreover, these results suggest that LiCrGe,Og4 has
a less 1D character than LiCrSi,Oy since the ratio |J/J'] is
smaller [2.1(1) versus 3.01(5)]. This is really counterintuitive
as the magnetic CrOg¢ chains are further apart in LiCrGe,Og
predisposing it to a more marked 1D character compared to

LiCrSi,04.223 We discuss this point in more details in Sec.
I C.

B. Structural investigation

The refined lattice parameters at 10 K are a
=9.79037(12) A, b=8.71595(12) A, ¢=5.33641(7) A, and
B=108.9300(7)°. The pattern was refined in the space group
P2,/c, taking as starting structural model the one reported

TABLE I. Crystallographic coordinates extracted from the Rietveld refinement carried out on powder
neutron diffraction (D2B) using the space group P12,/cl at 10 K with cell parameters a=9.79037(12) A,
b=8.71595(12) A, ¢=5.33641(7) A, and $=108.9300(7)°.

Atom Wyckoff by y z Uiso

Li 4e 0.2577(8) 0.0133(7) 0.2192(14) 0.0048(13)
Cr 4e 0.2513(4) 0.6591(4) 0.2121(7) 0.0036(6)
Ge, 4e 0.04743(17) 0.3438(2) 0.2756(3) 0.0035(2)
Ge, 4e 0.55471(16) 0.8418(2) 0.2290(3) 0.0035(2)
Oy, 4e 0.8574(2) 0.3327(3) 0.1732(4) 0.00509(18)
Oy 4e 0.3641(2) 0.8311(3) 0.1041(5) 0.00509(18)
0,, 4e 0.1146(2) 0.5262(3) 0.2839(4) 0.00509(18)
Oy 4e 0.6312(3) 0.0065(3) 0.3872(5) 0.00509(18)
O3, 4e 0.1175(2) 0.2911(2) 0.6097(5) 0.00509(18)
O3, 4e 0.6139(2) 0.6880(3) 0.4547(4) 0.00509(18)
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FIG. 5. (Color online) Fragment of the D2B neutron diffraction
pattern of LiCrGe,Og at 2 and 10 K. New reflections appear and/or
increase in intensity which can be described with a magnetic propa-
gation vector k=0.

previously for LiCrSi,Og (see Ref. 13) The good agreement
between the calculated and observed patterns is presented in
Fig. 4. Structural parameters obtained from the refinement
are listed in Table I. Between 1.7 and 10 K, the crystal struc-
ture does not change noticeably. Consequently we report
here only the results at 10 K.

C. Determination of the magnetic structure

High resolution neutron powder data have been collected
at 10 and 1.7 K on the D2B diffractometer. In the 1.7 K
pattern, new reflections appear and/or increase in intensity as
shown in Fig. 5. These magnetic reflections like in
LiCrSi,Og¢ can be indexed with a magnetic propagation vec-
tor k=0.!3 Additionally, the magnetic reflections appearing
are identical to those appearing in LiCrSi,O4 suggesting that
the magnetic structure of LiCrGe,Og is similar to the one of
L1Cr51206

The possible magnetic structures compatible with the
symmetry of LiCrGe,Og4 and a magnetic propagation vector
k=0 have been discussed previously.'* Keeping the same
notations, we recall here the results of the derivations of the
possible magnetic structures in Table II.

Since LiCrGe,Oq has the same crystal structure as
LiCrSi,Og¢ and since the magnetic reflections are similar, we
perform the refinement of the 1.7 K data using as starting
magnetic model the one reported for LiCrSi,Og.'? This mag-
netic model is described by the irreducible representation I',

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

Basis vectors X y z

I, L, M, L,
I, Ls, Ly, Ls,
1_‘3 Mx le MZ
1_‘4 L2x L3v L27
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FIG. 6. (Color online) Fragment of the D2B neutron diffraction
pattern of LiCrGe,Oq at 1.7 K and refined by using the I'34 model
(Cr* spins along the ¢ axis, P2{/c symmetry).

resulting in an antiferromagnetic coupling within the chains
and a ferromagnetic coupling between the chains. We obtain
a good description using the magnetic model of LiCrSi,Og,
however a better fit could be obtained by setting L3, to zero,
lowering the R,,,,, factor from 6.88 to 5.02%. This better fit is
shown in Fig. 6. Within the experimental resolution, we find
that L,,=2.41(3)up; L3,=0 and L,,=124(7)up at 1.7 K.
This corresponds to a magnetic structure with ferromagneti-
cally coupled chains of CrOg octahedra as shown in Fig. 7.

The magnetic moment at 7=1.7 K is |[u(Cr*?)|
=2.33(3) up. This is a significantly higher magnetic moment
than the one reported for LiCrSi,Oq [2.33(3) versus
2.06(4)up]."? This magnetic moment is reduced only by
about 7(1)% compared to the saturation of the magnetic form
factor of Cr’* determined experimentally which is 2.5uz.%
In LiCrGe,0Oq, the interchain distance Cr-Cr at 1.7 K is
5.5809(40) A which is significantly higher than
5.3352(55) A found in LiCrSi,O4. At a first guess, one
would expect that the low dimensional character of this com-
pound should be more pronounced than in LiCrSi,O4 and
thus reduce further the magnetic moment. However, this is in
disagreement with the extracted value of the magnetic ex-

FIG. 7. (Color online) Magnetic structure of LiCrGe,Og4. The
magnetic coupling between the CrOg chains is ferromagnetic while
the magnetic coupling within the chains is antiferromagnetic. The
magnetic structure representation has been made using VESTA (Ref.
24).
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FIG. 8. (Color online) (a) The CrOq zigzag chains separated by
GeOQ, tetrahedra. We indicated in gray, blue and yellow the main
magnetic exchange interactions. We emphasize the oxygens O ; and
0,; which are involved in the magnetic exchange paths (b) We
show the equivalent magnetic lattice keeping the same color code.
J1 is of magnetic superexchange type, while J, and J; are of super-
super-exchange type. J; magnetic exchange path goes via

Cr-0,;-Cr, while J, and J; go via Cr-O,;-O,;-Cr.

change coupling constant and the neutron data. Indeed the
ratio |J/J’| for LiCrGe, Oy is lower than for LiCrSi,Og sug-
gesting that the magnetic order in LiCrGe,0Og4 has a more 3D
character than in LiCrSi,O¢. This is supported by the fact
that the broad maximum and the Néel temperature of
LiCrGe,Oyq are closer than in LiCrSi,Og (see Fig. 3) and by
the less reduced magnetic moment determined from neutron
data.

Consequently, we need to take into account other param-
eters responsible for a reduction of the magnetic moment in
this system. One possibility is to consider the magnetic frus-
tration as suggested by Jodlauk.'® Indeed, three different
magnetic exchange are possible between the transition metal
ions in these pyroxenes: one along the CrOg chain Cr-O;-Cr
(J; in Fig. 8), and two between the chains going trough
Cr-0,;-0,;-Cr (J, and J; in Fig. 8) (j=a or b, see Table I).
We remind that there are 2 types of X;O4 and consequently
20,; and 20,;. If all three magnetic exchanges are antiferro-
magnetic, we have to deal with a magnetically frustrated
system. While the resulting magnetic coupling between the
chains is ferromagnetic as determined from the SQUID and
neutron data, this does not exclude a competition between
these three interactions. Taking further apart the chains
would then lead to a decrease of the magnetic frustration.
This is exactly what we observe in LiCrX,0, where the mag-
netic moment increases as the distance between the chains
increases. The ratio |6/ Ty| which is a measure of the mag-
netic frustration®® decreases from 2.61(1) to 0.66(4) when
going from Si to Ge. We note that while the |6/ T/ ratios that
we are dealing with are not high, there is a clear indication
that the magnetic frustration decreases. This gives further
support to our interpretation.

Consequently, we interpret the low magnetic moment in
LiCrSi,O¢ as the main result of the magnetic frustration.
While the magnetic properties of AMX,0, pyroxenes have
been extensively investigated due to their pseudo-1D charac-
ter, the magnetic frustration is likely to play the most impor-
tant role in determining the nature of the magnetic ground
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FIG. 9. (Color online) (a) The AP[=P(H)-P(0)] versus H curve
between —9 and 9 T, and (b) P versus T curves from 2 to 10 K at
various fixed H, obtained from integration of magnetoelectric and
pyroelectric currents, respectively. A constant £E=208 kV/m per-
pendicular to H was applied during the measurements.

state. Our results shade some light on this key parameter
driving the magnetic ground state in the AMX,0O¢ pyroxenes.

D. Magnetoelectric properties

The magnetic structure determined from neutron diffrac-
tion allows for the presence of a linear magnetoelectric
effect.*?” The magnetic space group (P2{/c) is identical to
the one of LiCrSi,Oq where a linear magnetoelectric effect
has been already reported.'>!6 Revealing the actual presence
of this possible linear magnetoelectric effect in LiCrGe,Ogq
would further confirm the interest that presents the pyroxene
family to find new magnetoelectric and/or multiferroic mate-
rials.

In Fig. 9, we present our results on the variation of the
polarization as function of magnetic field and temperature. In
the P versus H curves, an almost linear variation of P with H
is observed below |H|=7 T. Small wiggles around H
=*+2 T are likely to arise from the angular averaging effects
of the magnetoelectric responses in different crystallographic
orientations. Above |H |=8 T, P begins to decrease, indicat-
ing that the spin configuration changes in this field region. In
the P versus T curves in Fig. 9(b), the P values at H=9 T
are indeed smaller than those at H=8 T, confirming the de-
crease of P above 8 T. We interpret this effect as a likely
spin-flip transition around H=8 T. Moreover, the tempera-
ture where a net P develops in the P versus T curves seems
to systematically decrease with the increase of the magnetic
field. This is usually what is observed for classical Heisen-
berg systems.
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Despite of the averaging due to the polycrystalline nature
of our sample, we notice that the value of the induced elec-
trical polarization is similar in magnitude to the one reported
for a single crystal of LiCrSi,Og4.'® As the magnetoelectric
tensor components depend on the values of the magnetic
components; one could expect that the magnetoelectric effect
in LiCrGe,Og is larger than in LiCrSi,Og.'? This seems to be
effectively the case.

IV. CONCLUSION

We have investigated the magnetic and crystal structures
of LiCrGe,0Oq as function of temperature using powder neu-
tron diffraction. Below Ty=4.8(2) K, LiCrGe,Og¢ exhibits a
long range antiferromagnetic order commensurate with the
lattice with k=0. It is characterized by ferromagnetic layers
alternating along the ¢ axis giving rise to an overall antifer-
romagnetic ground state. Using mean-field approximation,
we estimated the magnetic exchange interaction parameters

PHYSICAL REVIEW B 82, 024429 (2010)

both between and within the chains. We found that J;,,/k;
=-5.688(8) K and Ji/k,=1.89(3) K in good agreement
with the magnetic structure determined from neutron diffrac-
tion. The associated magnetic symmetry is P2/c. This sym-
metry allows a linear magnetoelectric effect, which is con-
firmed experimentally. We argue that the higher magnetic
moment determined from neutron compared to LiCrSi,Og
arises from a release of the magnetic frustration while taking
away the CrOg4 chains. Our work suggests that the magnetic
ground state in the AMX,04 pyroxene is significantly af-
fected by the magnetic frustration rather than only by the low
dimensionality of the structure.
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