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Abstract—The polycrystalline compound LiFeGe,O¢ has been synthesized by the solid-phase reaction. The
X-ray diffraction, Mdssbauer, calorimetric, and magnetic investigations have been carried out. The M&ss-
bauer spectrum at 300 K represents a single quadrupole doublet. The isomer shift with respect to the metal
iron o.-Fe is 0.40 mm/s, which is characteristic of the Fe*>* high-spin ion in the octahedral coordination. The
quadrupole splitting of 0.42 mm/s indicates a distortion of the oxygen octahedron around the iron cation.
The results of the measurement of the temperature dependence of the heat capacity in the range 2—300 K
have shown the presence of the only anomaly with a maximum at 7, ~ 20.5 K, which indicates the occurrence
of a magnetic phase transition in this point. The data of the measurement of the temperature dependence of
the magnetization have confirmed that the magnetic order with the dominant antiferromagnetic interaction
of magnetically active ions exists in LiFeGe,Og at a temperature below 20.5 K. The investigation of the tem-
perature dependence of the heat capacity in the magnetic field H up to 9 T has demonstrated that the external
factor insignificantly changes the order—disorder transition point (at H = 9 T, there occurs a shift of ~0.5 K

toward the low-temperature range).
DOI: 10.1134/S1063783410110296

1. INTRODUCTION

The properties of the synthesized LiFeGe,O4 com-
pound belonging to the family of rock-forming miner-
als and relating to pyroxenes are investigated. Interest
to materials with pyroxene structures is firstly associ-
ated with quasi-one-dimensionality of their magnetic
subsystems [1, 2]. It is known that the pyroxene lattice
is formed by the chains of magnetically active cations
with different degrees of the interchain exchange cou-
pling realized through the GeQ, tetrahedra [1, 3]. In
this case, the exchange interaction inside the chain of
magnetically active cations, as a rule, is stronger than
the resulting interchain interaction. The striking rep-
resentative of such systems is, for example, diopside
NaFeGe,Oq [4].

Another feature of the magnetic properties of
pyroxenes is the presence of a complex interrelated
totality of intrachain J and interchain J;, exchange
interactions with frustrations.

Interest in the pyroxene structures also has
increased since the report about the dependence of the
electric properties on the magnetic field in materials
NaFeSiz()(), LiFeSizoé, and LlCr51206 [3].

In connection with the aforementioned, the fur-
ther investigation of the properties of pyroxenes is of
interest.

The crystal structure of the LiFeGe,O4 compound
at room temperature belongs to the monoclinic crystal
system and has the space group P2,/c with unit cell
parameters a = 9.873 A, b=8.795 A, ¢ =5.372 A, and
B =106.92° [5].

LiFeGe,Oq is clinopyroxene, in the crystal struc-
ture of which the GeO, tetrahedra are connected with
one another by the vertexes into the chains elongated
along axis c. The polyhedra around the Fe atoms are
the octahedra. By means of common edges, they form
continuous zigzag ribbons also along axis c. In the
direction of axis b, the ribbons of two kinds are alter-
nated.

The first data on the magnetic properties of the
LiFeGe,O; compound are reported in [6, 7], where,
based on the SQUID-measurements, the temperature
of the antiferromagnetic ordering is determined (7 =
20 K). The authors point to the presence of the mag-
netic impurity in the studied sample uncontrollable by
the X-ray structural analysis and optical microscopy
[6]. From the data of the neutron diffraction investiga-
tions of LiFeGe,Og, the magnetic structure with trans-
lation vectork = (1/2, 0, 0) and the magnetic moment
4.48(5)ug (at T =5 K) arranged in a—c plane at an
angle of 91.0° to axis c is suggested [6]. It is shown that
the intrachain Fe—O—Fe exchange interaction is anti-
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Fig. 1. Temperature dependences of the heat capacity of
the LiFeGe,04 compound.

ferromagnetic, while the interchain exchange interac-
tion between the magnetically active ions performed
through the (GeO,), and (GeO,)p tetrahedra, differ-
ing by the bending angles of the tetrahedral chains, has
different signs.

In this work, we present the results of the Moss-
bauer, calorimetric, and magnetic measurements of
the LiFeGe,O compound.

2. SYNTHESIS OF THE SAMPLES
AND EXPERIMENTAL TECHNIQUE

Polycrystalline LiFe germanate was synthesized by
the solid-phase reaction under the standard pressure.
The samples were prepared from the charge via mixing
and milling the powder-like oxides: 11.3 wt % Li,COs,
24.5 wt % Fe,05, and 64.2 wt % GeO,. The pellets
with diameter d = 12 mm and thickness # = 3—4 mm
were fabricated from the oxide mixture under the pres-
sure. The pellets were subjected to the high-tempera-
ture treatment in the following mode: 24 h, 600°C; 24
h, 650°C; 24 h, 700°C; 24 h, 750°C; 24 h, 800°C, 24
h, 850°C; and 24 h, 900°C. In order to increase the
uniformity of the samples, the pellets after each
annealing were milled, thoroughly ground, and
pressed again.
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The X-ray structural analysis of the powders was per-
formed at 300 K on a DRON-2.0 diffractometer (Cuk,
radiation, graphite monochromator) at the Kirensky
Institute of Physics of the Siberian Branch of the Rus-
sian Academy of Sciences (Krasnoyarsk, Russia).

The Mossbauer investigations were performed on
an MS-1104Em spectrometer at the Kirensky Insti-
tute of Physics of the Siberian Branch of the Russian
Academy of Sciences (Krasnoyarsk, Russia) at room
temperature with the Co*’(Cr) source for the powders
5—10 mg/cm? thick according to the natural iron con-
tent.

The magnetic measurements were performed on
the SQUID magnetometers at the Kirensky Institute
of Physics of the Siberian Branch of the Russian Acad-
emy of Sciences (Krasnoyarsk, Russia) and the Insti-
tute of Physics of the Polish Academy of Sciences
(Warsaw, Poland) in the temperature range 4.2—300 K
in the fieldsupto 6 T.

The calorimetric investigations were performed on
a Quantum Design PPMS 6000 installation at the
Center of the Collective Use, Krasnoyarsk Scientific
Center, in the temperature range 2—300 K in the mag-
netic fieldsupto 9 T.

3. RESULTS AND DISCUSSION

The X-ray diffraction data at 7= 300 K confirmed
that the synthesized material has the composition
LiFeGe,Og, belongs to the monoclinic crystal system,
and has the space group P2,/c with the unit cell
parameters a = 9.882 A, b=8.793 A, ¢ = 5.380 A, and
B = 108.88°, which agrees with the data [5]. The qual-
ity of the samples was verified by the X-ray structural
analysis and nuclear y-resonance using an optical
microscope. The necessity of this verification is caused
by the overlap of the intensity peaks of the reflected
X-rays of the LiFeGe,O4 and a-Fe,O; compounds
(a-Fe,05 is the most probable additional magnetic
phase). Our samples under study contain no magnetic
impurities revealed by the X-ray structural analysis and
y-resonance as well as with the help of the optical
microscope.

The Mossbauer spectrum of the LiFeGe, O, com-
pound is a single quadrupole doublet. The splitting is
0.42 mm/s, the isomer shift is 0.40 mm/s with respect
to metal iron a-Fe, and the full width of the absorp-
tion line at the half-maximum is 0.34 mm/s. The
chemical shift is characteristic of the Fe3* high-spin
ion located in the octahedral coordination. The mag-
nitude of the quadrupole splitting indicates the distor-
tion of the oxygen octahedron around the iron cation.

We measured the specific heat of LiFeGe,O¢ and
followed its variation with temperature. At 7= 300 K,
specific heat C, is 0.53 J/g K. The temperature depen-
dence of C,(7) is presented in Fig. la. The only anom-
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Fig. 2. Temperature dependence of the magnetization of
LiFeGe,O¢ at H = 500 Oe.

aly is found in the region 7,, ~ 20.5 K, which indicates
the existence of the second-order phase transition. A
more detail investigation of this portion in the mag-
netic fields (Fig. 1b) showed that constant magnetic
field H=9 T leads to a decrease in the phase transition
temperature by 0.5 K.

The results of the magnetic measurements for the
LiFeGe,0O¢ ceramic samples are presented in Figs. 2
and 3. The curves that characterize the magnetic prop-
erties of LiFeGe,Og4 have the shape typical of the anti-
ferromagnets. The temperature dependence of mag-
netization (Fig. 2) is peaked at T, = 24 K. At low
temperatures, the anomaly is observed for the temper-
ature dependence of inverse magnetic susceptibility
1/x, which is associated with the antiferromagnetic
ordering of LiFeGe,Og. The temperature dependence
of 1/y (Fig. 3) of the LiFeGe,O4 compound at high
temperatures (above ~100 K) cannot be described by
the linear function, which does not allow us to deter-
mine the asymptotic Néel temperature Oy with a suf-
ficient accuracy. We can notice that it is negative and
rather high (probably, ®, < —100 K). For the exact
determination of the asymptotic Néel temperature,
the measurements of the susceptibility at higher tem-
peratures are necessary (7> 300 K).

The investigations of the influence of the magnetic
field on the temperature dependence of magnetization
in the range up to 6 T do not allow us to conclude that
the magnetic field affects the temperature of the para-
magnetic—antiferromagnetic phase transition.

We carried out the measurements of the field
dependence of magnetization of LiFeGe,Oq4 at 10 and
17 K. The results of measurements coincide with the
data [6]. The field dependence deviates from the linear
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Fig. 3. Temperature dependence of the inverse susceptibil-
ity of LiFeGe,Og.

law in the range 2.5—4.0 T, which can be associated
with the spin-flip effect.

Thus, the investigation of the magnetic properties
showed that the energy of dominating exchange inter-
action has a negative sign, and the Néel temperature is
Tx = 20.5 K. The phase transition temperature of the
magnetically ordered state coincides with the data
obtained from the measurement of heat capacity
(Fig. 1) as well as with the data of magnetic measure-
ments [6]. The peak of heat capacity at 7= 20.5 K
(Fig. 1) corresponds to the order—disorder phase tran-
sition.

4. CONCLUSIONS

The LiFeGe,O4 compound was synthesized by the
solid-phase reaction. The X-ray structural, Moss-
bauer, calorimetric, and magnetic investigations of the
LiFeGe,Og¢ polycrystal were carried out.

According to the data of the Mossbauer measure-
ments, the cations of the magnetically active trivalent
iron ions at 7= 300 K are in the high-spin state and
octahedral coordination by oxygen. The quadrupole
splitting of 0.42 mm/s indicates a distortion of the
oxygen octahedron around the iron cation.

The heat capacity was measured, and its tempera-
ture dependence was investigated. It was shown that,
in the temperature range from 4.2 to 300 K, there is the
only magnetic phase transition to the antiferromag-
netic state at 7'~ 20.5 K. The magnetic field in the
range from 0 to 9 T shifts the point of the order—disor-
der transition by 0.5 K into the low-temperature
region.
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