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Introduction

Pyroxenes are formed a broad class of materials for

physical investigations. The pyroxenes compounds have

a chemical formula ABX2O6 (A = Na, Li and Ca; B = Mg,

Cr, Cu, Ni, Fe, etc.; X = Ge, Si). If the A position is

occupied by the monovalent cations (Na, Li ), B adopts

attitude of the trivalent metals (Fe, Cr, etc.). If the A

position is occupied by the divalent cation (Ca), in this

case B adopts attitude of the divalent cation (Ni, Fe, Co,

etc.). Some pyroxenes are a rock forming minerals and

they have been studied in geosciences. The most of the

germanates and silicates (for ex., NaFe3+Ge2O6, Li

Fe3+Ge2O6) are attracted significant interest in solid state

physics due to their low dimensional magnetic systems

[1, 2].

The new interest to these physical systems is

appeared in spintronics — new direction in the modern

electronics — due to the discovery of the strong

interaction between the magnetic and electric sub-

systems in the compounds NaFeSi2O6, LiFeSi2O6 and

LiCrSi2O6 which are formed a new class of multiferroics

[3].
The pyroxene-type compounds exhibit a variety of

different magnetically ordered states (table 1). The most

of them are antiferromagnetic [4 – 16]. There is

ferromagnetic (for ex., NaCr3+Ge2O6) [17 – 19]. Some

pyroxene compounds show the orbitally driven spin gap

state (for ex., NaTiSi2O6) [21]. The variety of pyroxene

magnetic properties are connected with the features of

the crystal structure witch is allowed the existing of a

magnetic frustration.
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We present the additional results of neutron diffraction measurements on NaFe3+Ge
2
O

6
. The temperature

dependence of the NaFeGe
2
O

6
 specific heat in the absence of the external magnetic field (H = 0) exhibits

a sharp maxima at the temperatures Т
1 

= 11.6 К and T
2 

= 13 K. The results of neutron diffraction are

confirmed the existing two magnetic phases in zero magnetic field. In this compound there is

antiferromagnetic long-range order, Neel temperature T
N 

= 13 K. The iron-containing pyroxene neutron

diffraction data indicate the incommensurate magnetic structure at the temperatures 1.6 – 11.5 K. It

consists of antiferromagnetically coupled a pairs of the Fe3+ spins with helical modulation within the a-c

plane of the crystal lattice. The magnetic structure is unclear at the temperature range 11.5 K > T > 13 K.
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Представлены результаты дополнительного исследования соединения NaFe3+Ge
2
O

6 
методом

упругого рассеяния нейтронов. Исследование температурной зависимости теплоемкости в

отсутствие внешнего магнитного поля показало наличие двух фазовых переходов при

температурах Т
1 

= 11,5 К и Т
2 

= 13 K. Изучение упругого рассеяния нейтронов подтвердило

существование двух магнитных фазовых переходов в нулевом магнитном поле. В соединении

NaFeGe
2
O

6 
имеет место переход из парамагнитного состояния в упорядоченное при T

N 
= 13 K.

При температуре Т
с 

= 11,5 К образец подвергается дополнительному фазовому переходу в

состояние с несоизмеримой магнитной структурой, представляющей собой антиферромагнитную

спираль, сформированную из пар спинов ионов Fe3+ с геликоидальной модуляцией в плоскости

а-с кристаллической решетки. Магнитная структура соединения не известна в температурном

диапазоне 11,5 K > T > 13 K.
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We investigated the iron containing metagermanate

NaFeGe2O6 with clinopyroxene crystal structure (a

monoclinic space group C2/c, Z = 4), which was first

described at room temperature in [27]. The nuclear

structure is remained the same down to 2,5 K [14]. The

lattice parameters at room temperature are a = 10,01 Å;

b = 8,94 Å; c = 5,52 Å; beta = 108 є [27].

The crystal structure consists of one-dimensional

zigzag chains of edge-sharing FeO6 octahedra which

running parallel the crystallographic c axis. The GeO4

tetrahedra are connected into infinite chains extended

along the crystallographic c axis. The two types of chains

alternate along the crystallographic b axis.

 The magnetism of the pyroxene NaFeGe2O6 is

determined by spins on Fe3+ ions (S = 5/2).

We measured the temperature dependence of the

magnetization σ(T) in magnetic field 0,01 T by a super-

coducting quantum interference device (SQUID)

magnetometer between 4.2 and 300 K [11]. Bulk magnetic

measurements of the temperature dependence of the

magnetization show a broad maximum near 25 K (fig. 1),

which is the characteristic property of low dimensional

magnetic spin systems.

In previous papers we found the incommensurate

magnetic structure due to the magnetic exchange

interactions competitions in the polycrystalline

NaFeGe2O6 [12, 13]. This result was confirmed on a

NaFeGe2O6 single crystal [14].

To subsequent study the magnetic phase transitions

and the magnetic structure in this compound it has been

used the neutron scattering measurements.

Sample preparation and experimental procedure

Polycrystalline NaFeGe2O6 was obtained by a solid-

state reaction method from the stoichiometric mixture of

Na2CO3, Fe2O3, GeO2 at the temperatures of 800 – 900 °C

in air at four stages each with a duration of 24 h. The

sample was free from magnetic impurities, which were

not detected in the x-ray diffraction patterns.

The neutron scattering experiments in the tempe-

rature range of 1.6 – 100 K were performed on the cold

neutron powder diffractometer DMC [28] at Swiss

spallation neutron source SINQ [29]. The sample was

enclosed in a cylindrical vanadium container under helium

atmosphere and mounted in a helium cryostat. The

neutron wavelength used was λ = 2.4576 Å. The data

has been corrected for absorption and was refined using

the FULLPROF program package [30]. For the refinement

of the magnetic structure at 1.6 K the paramagnetic data

at 30 K was subtracted to obtain the pure magnetic

diffraction pattern.

Table 1

The magnetic states in pyroxenes compounds

Compounds Magnetically ordered state References

NaV3+Ge2O6 antiferromagnetic long-range [4, 5]

order (T
N = 22 K)

LiV3+Ge2O6 antiferromagnetic long-range [4 – 7]

order (T
N 

= 24 K)

NaV3+Si2O6 antiferromagnetic long-range [4]

order (T
N = 17 K)

LiV3+Si2O6 antiferromagnetic long-range [4]

order (T
N = 22 K)

LiFe3+Ge2O6 antiferromagnetic long-range [8 – 10]

order (T
N 

= 20 K)

NaFe3+Ge2O6 antiferromagnetic long-range  [11 – 14]

order (T
N =13 K), incommen-

surate magnetic structure

at 1.6 – 11.5 K

NaFe3+Si2O6 antiferromagnetic long-range [14 – 16]

order (T
N = 5 K)

LiFe3+Si2O6 antiferromagnetic long-range [8, 15, 16]

order (T
N
 = 18 K)

NaCr3+Ge2O6 ferromagnetic long-range order [17 – 19]

(T
c
 = 6 K)

LiCr3+Ge2O6 antiferromagnetic long-range [17]

order (T
N = 4 K)

LiCr3+Si2O6 antiferromagnetic long-rang [17]

order (T
N = 11 K)

NaCr3+Si2O6 antiferromagnetic long-range  [17, 19, 20]

order (T
N = 3 K)

NaTi3+Si2O6 spin-singlet ground state [21, 22]

(T
c
 = 210 K)

LiTi3+Si2O6 spin-singlet ground state [21]

(T
c
 = 230 K)

CaCu2+Ge2O6 spin-singlet ground state [23]

(T
c
 = 40 K)

СaFe2+Si2O6 antiferromagnetic long-range [24, 25]

order (T
N = 38 K)

CaCo2+Si2O6 antiferromagnetic long-range [26]

order (T
N 

= 10 K)

CaNi2+Si2O6 antiferromagnetic long-range [26]

order (T
N = 20 K)

CaCo2+Ge2O6 antiferromagnetic long-range [25]

order (T
N 

= 18 K)

CaMn2+Ge2O6 antiferromagnetic long-range [25]

order (T
N = 12 K)

CaNi2+Ge2O6 antiferromagnetic long-range [25]

order (T
N 

= 18 K)

Fig. 1. Temperature dependence of the magnetization in
NaFeGe2O6.
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Experimental results and their discusson

We measured the temperature dependence of the

specific heat CP(T) between 2 and 300 K and the magnetic

field 0 and 9 T [13] . The calorimetric investigations in

the temperature range of 2 – 300 K in magnetic fields up

to 9 T were performed using a Quantum Design PPMS

6000 instrument at Krasnoyarsk Shared Usage Scientific

Center.

The temperature dependence of the NaFeGe2O6

specific heat in the absence of the external magnetic

field (H = 0) exhibits a sharp maxima at the temperatures

Т1 = 11.6 К and T2=13 K (fig. 2). There are two phase

transitions in this clinopyroxene-type NaFeGe2O6

compound at H = 0. The position of the first maximum

(Т1 = 11,6 K ) in the CP(T) curve depends on magnetic

field. The position of the second maximum (Т2 = 13 K ) is

not depend on magnetic field range of 0 – 9 T.

Also the magnetic susceptibility measurements had

showed that the magnetic structure modification takes

place near temperature T1 = 11.6 K [13].

Using neutron powder diffraction the magnetic order

below TN ≈ 13 K was confirmed again in the NaFeGe2O6

[31, 32]. The fig. 3 shows the temperature dependence

of the integrated intensity of the strongest magnetic

peak (0, 0, 0) ± k in the diffraction pattern of the neutron

magnetic scattering in the NaFeGe2O6. This magnetic

peak does not overlap with any other peaks and the fit

program can easily determine the intensity. The phase

transition which take a place in the NaFeGe2O6 and is

shown on the temperature dependence of the specific

heat at T2 = 13 K (fig. 2) corresponds to the transition

from paramagnetic to antiferromagnetic state, so

T2 = ТN = 13 K. The temperature of the magnetic ordering

ТN is low due to the competition between the intra- and

interlayer exchange interactions of chains which were

analyzed in [11].

Neutron powder diffraction experiments (λ  =

= 2.4576 Å) results in NaFeGe2O6 magnetic structure

study are listed in table 2. The magnetic structure wave

vector k = (0.3357(4), 0, 0.0814(3)) at 1.6 K.

On the basis of neutron diffraction measurements

we concluded that the NaFeGe2O6 magnetic structure is

incommensurate and consists of antiferromagnetically

coupled Fe3+ pairs with helical modulation within the

a-c plane of the crystal lattice (fig. 3). The NaFeGe2O6

Fig. 2. Temperature dependence of the specific heat of
NaFeGe2O6 in magnetic field H = 0, 5, 9 T.

Fig. 3. Magnetic structure below T1 = 11.6 K in NaFeGe2O6.

Fig. 4. Temperature dependence of the integrated intensity of
the Bragg magnetic peak (0, 0, 0) ± k on the
NaFeGe2O6 neutron diffraction pattern. The Neel
temperature is TN = 13 K.

Table 2

The neutron scattering results for NaFeGe2O6 spin
arrangement at 1.6 K

Propagation vector k = (0.3357(4), 0 , 0.0814(3))

Moment arrangement: helical modulation of antiferro-

mag-netically coupled pairs

The ordered moment per M = 2.55(1) µB

Fe3+ ion

Plane of moments close to a-c plane (small

component along b)

Reliability factors R
p
 = 4.5, χ2 = 4.43

of refinement
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helical magnetic structure is apparently due to the

“competition” of exchange interactions of different

atomic neighbors of Fe3+ ions [33].

This magnetic structure is the same up to 11.6 K. In

the integrated intensity curve there is a change of slope

at 12 K, indicating the second phase transition (fig. 4).

The fig. 5 shows components of the k vector: the

component kx (fig. 5a) and the component kz (fig. 5b).

The temperature dependence of kx and kz also show

two phase transitions. Between 13 and 12 K the

components of k are slowly changing. At 12 K both

components start to increase quite steeply and then

settle at the low temperature values at 1.6 K. The

evolution of the k vector was determined only by use of

the magnetic peak positions and no magnetic model was

involved.

It is not possible to refine a full magnetic model at

magnetic field H = 0 because the magnetic intensities

are too small in the reason of the experimental data close

to the ordering temperature TN. There are no dramatic

changes of relative intensities of different magnetic peaks

above and below 12 K. So we may conclude that the two

magnetic phases must be closely related.

On the basis of the experimental data of the

compound NaFeGe2O6 we plot the phase diagram of the

magnetic state (fig. 6). Magnetic structure is incom-

mensurate in region II and paramagnetic in region IV. It

is unknown in regions I and III.

Conclusion

The magnetic structure and phase transitions of the

sodium iron germanate NaFeGe2O6 was studied by

neutron diffraction.

In summary we conclude that the neutron diffraction

results are in a good agreement with the data of the

specific heat measurements. There are clear changes in

the temperature dependence of the integrated intensity

curve at 12 K indicating two ordered magnetic phases in

zero magnetic field.

Below TN ≈ 13 K the compound NaFeGe2O6

undergoes a phase transition disorder — order (from

the paramagnetic state to antiferromagnetic state).

The magnetic structure of NaFeGe2O6 is not

determined in the temperature range 11.6 K > T > 13 K

and the magnetic field H = 0.. It is not possible to refine

by the neutron diffraction experiment because the

magnetic intensities are too small.

Below T1 = 11.6 K the magnetic structure undergoes

to an incommensurate structure. Antiferromagnetically

coupled pairs of Fe3+ moments show an helical

modulation according to the magnetic propagation

vector k within the ac plane and no modulation along b.

Neutron beam time at the cold neutron powder

diffractometer DMC at the Swiss spallation neutron

source SINQ, Paul Scherrer Institute, Villigen,

Switzerland is gratefully acknowledged.

Fig. 5. Temperature dependence of the wave vectors kx (a)
and kz (b) of the magnetic structure for NaFeGe2O6.

a

Fig. 6. Phase diagram of the magnetic state in NaFeGe2O6.
Magnetic structure is incommensurate in region II and
paramagnetic in region IV. It is unknown in regions I
and III.

b
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