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MnGeO, single crystals have been grown by a flux method.
The obtained MnGeO, is orthorhombic; a P, space group
does not undergo any structural phase transitions in the range
from room temperature to 900 °C. Magnetic measurements
carried out for the first time on the MnGeO; single crystal
have revealed higher values (7y = 38 K and 8 = —100 K) as
compared to the data for polycrystalline samples reported in
the literature (7, = 10 K and 14 K, 8 = —54 K and —46 K).
These magnetic parameters for polycrystalline samples syn-
thesized by us are close to the literature data. A Mdossbauer

1 Introduction Recent intense interest in oxide com-
pounds containing manganese ions has been caused, first
of all, by the colossal magnetoresistance phenomenon in
manganese-bearing mixed-valence perovskite compounds
and by the multiferroic properties discovered in DyMnO;,
TbMnO;, etc. with Mn** [1] and in MnWO, with Mn*" [2].

Among manganese oxides, there are compounds that
exhibit magnetoelectricity. Magnetoelectric materials may
be defined as materials that reveal a linear correlation be-
tween electric field and magnetization, as well as between
magnetic field and electric polarization. In particular, the
formation of magnetoelectric domains in Mn, ¢,Mg ,,GeO;
single crystals has been reported [3]. Previously, the mag-
netoelectric effect in MnGeO, polycrystalline samples be-
low T was observed [4].

This study is devoted to the investigation of the mag-
netic properties of MnGeO; single crystals grown by a flux
method. These crystals are characterized by orthorhombic
symmetry stable up to 900 °C [5]. The first measurements
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spectrum taken at 7 = 300 K for a sample containing 5%
Fe§703 shows that manganese ions, Mn®", occupy two non-
equivalent positions and iron is included in a sublattice as
Fe** and distributed among two positions substituting Mn>".
In this study, the magnetic characteristics are shown to be
sensitive even to minor impurity amounts. The MnGeO,
magnetic structure and one of possible reasons causing the ef-
fect of impurities on the MnGeO; magnetic properties are
considered in the framework of a simple indirect coupling
model.
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of the magnetic and resonance properties were carried out.
They showed higher values of magnetic phase transition
temperature 7 and asymptotic temperature 6 for our crys-
tals as compared to polycrystalline samples. The magnetic
characteristics of the polycrystalline MnGeO; samples
grown by us are the closest to those reported in [6, 7]. All
the samples have the orthorhombic structure at room tem-
perature with similar values of unit cell parameters. In con-
trast to the single crystals grown by us using a flux method,
single crystals obtained by a floating-zone method [8] have
monoclinic symmetry at room temperature. A transition from
the high-temperature orthorhombic structure to the mono-
clinic one occurs at a temperature of about 200 °C. For this
reason, the single crystals are weak and tend to break into
small pieces. The authors stabilize the orthorhombic phase
at room temperature by using Mg impurities.

In this study, we attempt to explain a discrepancy be-
tween the magnetic properties of single-crystal and poly-
crystalline samples by sensitivity to synthesis conditions.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Technological parameters.
compound charge composition (wt%) temperature regime Refs.
MnO  GeO, SiO, MnCl, T,. (°C) exposure at cooling rate
Tmax (h) Ocool (O/h)
MnGeO; (s/c) 53 7.7 - 87 1050 2 20 this work
MnGeO; (p/c) 41 59 - - 1000 12 100 this work
MnGeO; (p/c) 41 59 - - 1000 12 100 [7]
MnGe, 4¢Siy 1,05 (s/c) 8 11 2 79 1050 2 20 this work

Magnetoelectric measurements on MnGeO, single
crystals are planned to be carried out in the future.

2 Experimental Manganese germanate single crystals
(s/c) were obtained by a flux growth method generally
used for growing single crystals of high-melting oxide
compounds by spontaneous crystallization.

In order to avoid redox processes in a Mn—O system
with manganese valence alteration, which are inevitable
upon heating in air, we developed a method of hermetiza-
tion of a flux crucible using a specially designed structure
from alundum crucibles whose interwall spaces are filled
with kaolin wool mixed with B,O, (Fig. 1).

To eliminate possible contamination of single crystals
by ions of solvents (B,0;, PbO, BaO, PbF,, etc. and their
combinations) conventionally used in the flux growth
method, we took MnCl, with the melting temperature
T e = 615 °C as a solvent.

Polycrystalline (p/c) MnGeO; samples were obtained
by agglomeration of MnO and GeO, mixed in the equimo-
lar ratio 1:1 in an evacuated quartz vessel. Technological
conditions are described in detail in Ref. [7]. The param-
eters of the technological regime are given in Table 1.

The MnGeO; single crystals were 0.6 x 0.2 x 0.2 cm’
in maximum size, brown, transparent, and had the form of
needles extended along the c-axis.

The crystal structure of the samples obtained was de-
termined with an X-ray DRON-2 facility for powder sam-
ples and a SMART APEX (Bruker AXS) autodiffractome-
ter for single crystals. All the X-ray patterns taken at room
temperature show that all samples have a single-phase per-
oxene-type structure without any impurity phase. Accord-
ing to the results of polarization microscopy, the crystal is
biaxial with the absence of twinning.
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Figure 1 Crucible structure for MnGeO, single-crystal growth.
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The temperature dependence of the specific magneti-
zation was determined with a SQUID magnetometer in
the temperature range 4.2—200 K in a magnetic field of
500 Oe. The measurements were performed on polycrys-
talline samples, individual single crystals, and powders
made by grinding single crystals.

Mossbauer measurements were carried out at room
temperature with a Co®’ (Cr) source on a MnGeO, powder
enriched with a Fe’’ isotope. Mdssbauer spectrum param-
eters were obtained by fitting a model spectrum to experi-
mental one. The model spectrum was formed on the basis
of the maximum and specific features of a distribution
function of quadrupole splitting probabilities, which were
determined from experimental spectra. The measured
chemical shifts are given relative to aFe.

EPR spectra were taken with a Radiopan SE/X-2544
spectrometer operating in the X-range at temperatures from
78 to 300 K at different orientations of magnetic field with
respect to the crystal axes.

3 Results and discussion

3.1 Crystal structure The X-ray measurements data
are presented in Tables 2—4.

The symmetry transformations used for obtaining equi-
valent atoms are:

#1(x,32—-y,12+2); #2 (x, 112 -y, 1/2 —2);

#3A—x,1-y,—2);# 32 —-x,1-y,z—1/2);

#5062 -x,y—-12,z);# (1 —x, 1 —y, 1 —2);

#71(32—x,1—y,12+2); #8 (1 —x, 12 +y, 1/2 —z),

#10 (x, 12—y, 172+ z); #11 (3/2 —x, 1/2 + y, 2).

In Table 4 some distances and angles decisive for the es-
timation of the exchange interactions in MnGeO; are given.

The MnGeO,; compound also possesses the pyroxene
structure typical of such well-known minerals as MnSiO;,
MgSiO;, and others. The pyroxene structure is character-
ized by germanium chains of the following type: germa-
nium atoms surrounded by four oxygen atoms form oxy-
gen tetrahedra GeO,, which are connected via common
vertices into an infinite series. Two atoms of the oxygen
tetrahedron appear common, while the two others can
make bonds with manganese ions, Mn*". The manganese
atoms, in their turn, are in an octahedral surrounding of
oxygen atoms (MnQy) in two nonequivalent positions. The
octahedra create two-step zigzag ladders (strips) extended
along the c-axis (Fig. 2).

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2 Experimental parameters and quality of the refinement
of a model of the MnGeO; crystal structure.

Mo K, (0.71073 A)

4.24° <20<46.54°
-21<h<21;-10<k<9;
-5<1<6

radiation

angle range
reflection indices interval

number of reflections meas- 3565/689 (R;,, = 0.0359)
ured/including independent ones
refinement uncertainty fac- =0.0251/0.0263

tors for the reflections with wR2 = 0.0675/0.0685

1> 20/for all the reflections

Goodness of fit, GooF 1.118
extinction coefficient 0.0033(3)
maximum/minimum difference 0.663/-0.689

electronic density (e/A’)

For comparison, in Table 5 the X-ray data for the
MnGeO, samples synthesized by us and those reported in
the literature are presented. It must be noted here that DTA
(differential thermal analysis) measurements reveal no
structural transitions in the range from room temperature to
1070 K [5]. It can be seen from Table 5 that the lattice
constants of our MnGeO; samples are in good agreement

a)

\\ENT Y :

Figure 2 (online colour at: www.pss-b.com) Projections of the
MnGeO; crystal structure onto: a) the b,c-plane, b) the a,b-plane.
Mn ions are in octahedra.
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Table 3 Relative coordinates (x10%) and heating parameters

Uy (A% x 10%) of atoms of the crystal MnGeO;. U. eq = 13(Uy +
Up + Usy).

atom xla yib z/c Uy
Ge(1) 7295(1) 6570(1) 346(1) 6(1)
Ge(2) 4729(1) 3375(1) 2011(1) 6(1)
Mn(1) 6235(1)  3457(1)  -1406(2)  7(1)
Mn(2) 6223(1) 5186(1) 3511(2) 9(1)
O(1) 5631(2) 3404(4) 1951(7) 7(1)
0(2) 8193(2) 6604(4) 232(7) 7(1)
0@3) 4319(2) 4857(4) 3203(7) 9(1)
0(4) 4452(2)  1890(4) 3900(7)  8(1)
o(5) 6942(2) 7754(4) —1857(7) 9(1)
0O(6) 6904(2) 4901(4) 447(7) 11(1)

with the literature data for MnGeO; with orthorhombic
symmetry.

3.2 Magnetic properties In Fig.3 we present
the temperature dependences of magnetization for the
MnGeO; single crystal in three directions of magnetic field
H =500 Oe and for the MnGeO, powder.

Below T ~ 40 K pronounced magnetization anisotropy
is observed. In the case of the magnetic field applied paral-
lel to the two relatively perpendicular directions in the ab-
plane (curves 2 and 3), magnetization decreases at tem-
perature below 7 ~ 40 K. The temperature behavior of
the magnetization with the magnetic field directed along
the c-axis (curve 1) is not typical of an antiferromagnetic.
Such behavior of the magnetization remains unexplained at
the present time. However, we only might assume the
presence of some paramagnetic Mn?" ions in the samples.
The synthesis conditions may apparently lead to minor
displacements of manganese atoms and breaking of some
Mn—-O bonds. The authors of [11] explain the predisposi-
tion of the MnGeO; crystal structure to structural transi-
tions from the rhombic phase to the monocline one and the
occurrence of the intermediate forms between these struc-
tures in an isomorphic MgSiO; compound by different de-
grees of extension of the oxygen chains and breaking of
the Mg—O bonds. Despite the above-mentioned peculiari-
ties of the temperature dependence of the magnetization
below 38 K, the anisotropic behavior of this dependence is
typical for antiferromagnetics. We carried out the magnetic
measurements on samples from the several synthesis series
and good reproducibility of the results was obtained. Thus,
we can claim that transition temperature (7' = 38 K) is the
Neel temperature 7 for our single crystals. One of the
measured single crystals was ground into powder; then, the
temperature dependence of the magnetization was taken in
the same temperature range. As is seen in Fig. 3 (curve 4),
the temperature of the transition to the magnetically or-
dered state did not change after grinding. Figure 4 shows,
for example, the temperature dependence of the reciprocal
susceptibility for the 2 direction from Fig. 3.

www.pss-b.com
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Table 4 Some interatomic distances (A) and angular parameters (deg) in the MnGeOj structure.
atoms distance atoms distance
Ge(1)-0(6) 1.713(4) Ge(2)-0(3) 1.708(4)
Ge(1)-0(2) 1.727(4) Ge(2)-0(1) 1.735(4)
Ge(1)-0(5) 1.760(4) Ge(2)-0(4) 1.794(4)
Ge(1)-0(5)"! 1.784(4) Ge(2)-0(4)" 1.796(4)
Mn(1)-O(6) 2.109(4) Mn(2)-0(3)* 2.075(4)
Mn(1)-0(3)" 2.124(4) Mn(2)—0(6) 2.140(4)
Mn(1)-0(2)" 2.140(4) Mn(2)-0(1) 2.172(4)
Mn(1)-O(1) 2.170(4) Mn(2)-0(2)" 2.205(4)
Mn(1)-0(2)" 2.219(4) Mn(2)-0(5)"! 2.356(4)
Mn(1)-O(1)* 2.256(4) Mn(2)—-0(4)*® 2.426(4)
atoms angle atoms angle
Mn(1)-0(1)-Mn(2) 92.0(1) Mn(1)*"—0(2)—Mn(1)""! 96.4(2)
Mn(1)—0O(1)~Mn(1)*1° 94.5(2) Mn(2)*-0(2)—~Mn(1)*!! 98.7(2)
Mn(2)—O(1)~Mn(1)*° 98.6(2) Mn(2)"*-0(3)~Mn(1)" 99.3(2)
Mn(1)*~0(2)—~Mn(2)* 94.9(2) Mn(1)-0(6)-Mn(2) 94.6(2)
Table 5 Structural and magnetic properties.
compound cell parameters, A space group Tn (K) 6 (K) Heft, 1B Refs.
MnGeOs, s/c a=19.25,b=923,¢c=5.46 Pbca 38 0,=-97, 6.0 this work
01, =—110;
013 =—-100
powder obtained by grinding a=19.130,5=9.273,¢c=5.415 Pbca 38 -110 5.77 this work
of a s/c MnGeO;
MnGeOs; p/c obtained using @ =19.223, 5=9.286,c=5.426 Pbca 18 -46 5.57 this work
the technology from Ref. [13]
MnGeOs, p/c a=19.245,b=9.228,c=5437 Pbca 16 —46 5.48 (6]
MnGeOs, p/c a=19.23,b=924,c=545 Pbca 10 —54 6.0 (7]
MnGeOs p/c a=19.267,b=9.248,c=5477 Pbca - - - [9]
MnGeOj; s/c-bundles a=19.29,b=9.25,¢c=5.48 Pbca - - - [10]
MnGe g3Sig 1,03, s/c a=19.296,b=9.278,¢c=5.476 Pbca 18 -50 6.21 this work
0.147 1 10000
1,2,3 - single crystal 9000
0.12- 8000 -
7000 -
i 6000
o0 0.10 ]
= X 50004
5 0.08- 4000
o) ' 3000 -
0.06 - 20007
1000
0 T T T T T T T T T T T T T 1
0.04 ——— T T T 1 2150 -100 -50 0 50 100 150 200
0 50 100 150 200 250
T,K
T,K

] . Figure 4 Temperature dependence of reciprocal susceptibility for
Figure 3 (online colour at: www.pss-b.com) Temperature de- the 2 direction of MnGeOj [7].

pendence of the magnetization in the field of 500 Oe for the
MnGeO; single crystal and the powder obtained by grinding of
the single crystal.
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In the temperature range 125-200 K the reverse sus-
ceptibility curve is characterized by a linear dependence
and obeys the Curie—Weiss law y =C/(T —6). Using
this relation, u.; = 6.0uy were calculated, which is typical
for Mn*'(S = 5/2). The asymptotic Curie temperatures

= —100 K were determined by extrapolation of a linear
part of the reciprocal susceptibility to the cross point with a
temperature axis. In Table 5 are listed 6 values for all di-
rections. As is seen from Table 5 the 6 values for the sin-
gle-crystal sample and the powder obtained by grinding of
the single-crystal MnGeO, were found to be twice the lit-
erature data for some polycrystalline samples [6, 7]. T be-
haves appropriately, which evidences strengthening of the
exchange interaction in our samples.

To clarify the origin of such a giant discrepancy be-
tween the magnetic properties of our samples and those of
the polycrystalline samples described in the literature, we
synthesized a polycrystalline MnGeO; sample using the
technology reported in [7]. The temperature dependence
of the magnetization for this sample is given in Fig. 5. It
is seen that the temperature of magnetization maximum
(Ty = 20 K) is substantially lower than that for the single
crystal but higher than those reported in [6] (T = 16 K)
and [7] (T =10 K).

Such a discrepancy in the magnetic characteristics may
be caused by the different synthesis conditions. First, it is
noteworthy that all the polycrystalline samples were syn-
thesized in quartz vessels. We suppose that the polycrystal-
line MnGeO; samples are contaminated with silicon ions.
As is well known, SiO, is soluble in GeO, over a wide con-
centration range [12]. Upon complete substitution of ger-
manium by silicon the well-known MnSiO; compound
with Ty = 7 K is obtained [7]. In order to verify the effect
of silicon on the MnGeO; magnetic properties, MnGeO,
single crystals with silicon impurity introduced into the so-
lution-melt as SiO, were grown. The presence of silicon in
our polycrystalline samples was confirmed by X-ray fluo-

0.14-
0.12-

0.10+

emu/g

> 0.08-

(o)

0.06

0.04

100
T.K

Figure 5 Temperature dependence of magnetization in
H =500 Oe for the polycrystalline MnGeO; sample.
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Figure 6 (online colour at: www.pss-b.com) Temperature de-
pendence of magnetization H = 500 Oe for the MnGe, 4¢Si, 1,03
single crystal: curve 1 — H || ¢, curves 2, 3 — magnetic field ap-
plied parallel to the two relatively perpendicular directions in the
a,b-plane.

rescent analysis. The chemical formula and lattice con-
stants of these single crystals were determined by an X-ray
study (see Table 5). The temperature dependences for
the MnGe, 4Si, ;,0; single crystal are shown in Fig. 6. The
just-noticeable kink of the curves in the vicinity of
T ~ 40 K may be caused by the presence of even minor
amounts of the ferrimagnetic phase Mn;O, with 7, = 40 K.

Thus, the availability of silicon in MnGeO; reduces T
Therefore, we may assume that the MnGeO; magnetic
properties are sensitive even to minor amounts of impurity,
at least in a germanium subsystem.

3.3 Mdssbauer measurements Mgssbauer meas-
urements were carried out on Mn,gFe*’,,GeO; samples.
The Mossbauer spectrum (Fig. 7) measured on a powder

. 57
MnGeOS. 1%Fe 2O3

absorption
o
o
o
o

velocity, mm/s

Figure 7 MnGeO; Mdssbauer spectrum taken at room tempera-
ture.
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P(QS)

1.0

Figure 8 (online colour at: www.pss-b.com) Distribution of the
quadrupole splitting probability in the MnGeO; Mdssbauer spec-
trum.

absorber represents an asymmetric quadrupole doublet.
Since the doublet linewidths are different, one might as-
sume that the doublet asymmetry is caused by the presence
of nonequivalent iron positions in the crystal rather than by
the Goldanskii—Karyagin effect.

Refinement of a spectrum is made by a fitting of a
model spectrum to an experimental one using the least-
squares method. For construction of the model spectrum
the probability of quadrupole splittings P(QS) is restored
from the experimental spectrum. To find the distribution
P(QS) the sum of two groups of doublets with various
chemical shifts is used. On obtaining P(QS) from experi-
mental data both the amplitudes and the chemical shifts
that are similar for two groups of doublets were fitted
(Fig. 8). These results allowed us to define the values of
chemical shifts and quadrupole splittings. On the second
step of refinement the model spectrum was fitted to the ex-
perimental one at a variation of all sets of hyperfine pa-
rameters. The results of refinement are given in Table 6.
As is seen from Table 6 in this crystal we have two non-
equivalent positions of iron differing in degrees of both a
covalent bond and distortion of the local surrounding,
which is in good agreement with the data presented in [6].

Here, IS is the isomer chemical shift with respect to
aFe, QS is the quadrupole splitting, W is the absorption
linewidth at half-height, and S is the fractional occupancy
of a position by iron. Mnl and Mn2 mean the crystallo-
graphic positions in MnGeO;.

The magnitude of the isomer chemical shift for two
different positions of the crystal confirms that the impurity

iron enters into MnGeO, as Fe?'. Both positions are octa-
hedral but have different degrees of distortion and elec-
tronic densities at a site. Comparative analysis of the
Mossbauer and X-ray structural data makes it possible to
easily identify these positions. As the X-ray data show, the
oxygen octahedron is distorted more strongly around the
Mn2 position than around Mnl one. Correspondingly,
quadrupole splitting that characterizes a distortion degree
of local surrounding for the Fe2 position is noticeably lar-
ger than that for the Fel position. Moreover, the X-ray
data evidence that the mean distances in the coordination
octahedra are Mn1-O=2.17 A and Mn2-0=223A. A
smaller interionic distance implies that the bond between
Mnl and a lattice is more covalent as compared to that be-
tween M2 and a lattice. This result correlates with the
Mossbauer data. A smaller magnitude of the chemical shift
for the Fel position means that at this site the electronic
density on an iron nucleus is higher and, consequently, the
bond covalence degree is also higher. It is interesting to
note that if in pure MnGeO; populations of Mnl and Mn2
positions are equal so the Fe** preference to the distorted
Mn2 position is twice that to the symmetric Mn1 position.
Probably, this is related to asymmetry of a 3d® electron
shell of the Fe*', in contrast to a symmetric 3d° shell of the
Mn*'.

3.4 EPR spectra The spectrum consists of a single
Lorenz line with the following parameters at room
temperature: AH, = 345 Oe, AH, = 375 Oe, g, = 2.00, and
gy = 2.01 (|| and L denote the orientation of the external
magnetic field parallel to the crystal c-axis and an arbitrary
orientation of the external magnetic field perpendicular to
the c-axis, respectively). The angular dependence of the
magnetic resonance linewidth at room temperature is
shown in Fig. 9a. It has a period 7/2 in the plane where the
c-axis lies and is well described by the function AH ~
A (1 + cos? 9) typical for magnetoconcentrated compounds
with an orthorhombic unit cell. The angular dependence of
a resonance field is illustrated in Fig. 9b.

The temperature dependences of the linewidth and
resonance field for different orientations of the external
magnetic field in the temperature range 80—300 K are pre-
sented in Fig. 10. A broadening of the magnetic resonance
linewidths is observed, which is caused by growth of fluc-
tuations of local fields on manganese ions. Apparently, the
magnetic field resonance linewidth increases up to the
temperature of the magnetic phase transition and then
broadens crucially in accordance with the theoretical mod-
els [13, 14].

Table 6 Hyperfine parameters of the MnGeOj, : Fe>’ Mossbauer spectra.

position IS £ 0.02 mm/s QS £+ 0.04 mm/s W+ 0.02 mm/s S+ 0.05
Fel(Mnl) 1.17 2.23 0.33 0.37
Fe2(Mn2) 1.20 2.58 0.35 0.63

www.pss-b.com
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With decreasing temperature the resonance field value
increases when the magnetic field is oriented perpendicular
to the crystal c-axis and decreases in the case of the paral-
lel orientation. Calculations of the second moment M, of
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Figure 10 (online colour at: www.pss-b.com) Temperature de-
pendences of the linewidth AH and resonance field H,., of the
MnGeOs; single crystal.
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the absorption line for manganese ions in the MnGeO, lat-
tice within the point dipole model with regard to a number
of the nearest neighbors in both the ladder and neighboring
ladders yield the values M, ~ 3.62 x 10'7 — 1.8 x 10"7 O¢?
for different directions of the magnetic moments relative to
the crystal axes. The linewidth value at room temperature
is estimated as AH ~ M ~ 6000-4250 Oe. Disagree-
ment of these values with the experimental data evidences
substantial exchange narrowing of the magnetic resonance
linewidth, so that AH ~ \/Vz /J, where J is the magnitude
of the effective exchange field on manganese ions. The es-
timation of a J magnitude gives the values J ~ 12—17 K.

3.5 MnGeO; magnetic structure The exchange
interactions in MnGeQO, can be described in the framework
of the indirect coupling model by two exchange integrals
[15]: (i) the exchange integral for short pathway (Mn—O—
Mn) J, and (ii) the exchange integral for long pathway
(Mn-0O—-Ge—0O—-Mn) G. The J integral describes the 90°
exchange interactions between Mn cations within the lad-
der. In the case of a d° electronic configuration of cations this
integral is negative (the interaction is antiferromagnetic):

J = ~% c(8b+3¢) Uy, [cos g, (1)

www.pss-b.com
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where b, ¢ are parameters of the ligand—cation electron
transfer for o- and m-bonds, respectively; each of them
represents a squared coefficient of admixing of the ligand
atomic wavefunction to the cation wavefunction. U, is the
energy of oxygen—manganese electron excitation; ¢ is the
Mn—O—Mn bond angle. In the structure of MnGeO; the
Mn-O distances are different, they range between 2.109 A
and 2.257 A. The Mn—O—Mn bond angles also vary be-
tween 91.96° and 98.74°. To simplify analysis we ne-
glected these distinctions in the lengths and angles, and we
considered only a number of indirect couplings. Magnetic
coupling between the ladders in a crystal is realized
through multiple Mn—O—Ge—O—Mn superexchange path-
ways, and it can be described by the G exchange integral.
This integral is also negative when cations have d° con-
figuration:

G=-3%g (0 +¢") (Use+ Un) lcos gy [cos o], (2)

where g is the parameter of oxygen—germanium electron
transfer, Ug, is the energy of the oxygen—germanium elec-
tron excitation, ¢, and ¢, are the Mn—O—Ge bond angles in
the multiple pathways. Here, we again neglected distinc-
tions in bond distances and bond angles, and considered
only the number of indirect couplings. Since b, c and g < 1
the G integral is much smaller than J and, consequently,
the interladder interactions are much weaker than intralad-
der exchange interactions. Both the intraladder and inter-
ladder indirect exchange couplings within the bc-plane are
presented schematically in Fig. 11. The number of lines
designates the number of bonds (pathways).

At first, let us consider the intra-ladder couplings de-
scribed by the J integral. We can see that Mnl has five
neighbors connected antiferromagnetically, and Mn2 has
only three neighbors connected antiferromagnetically. In
that case, the interactions, which define the relative orien-
tation of the cation moments within ladders, are the Mnl—
Mnl interactions via “diagonal” bonds and the Mn1—Mn2

Mn 11&]/ fﬂj{/

L'(_
-

Mn2 o 2G 2 )
0J

} 27 } G g }

C { K ]

L 2
Figure 11 Schematic view of the indirect exchange couplings
between the nearest neighbors in the MnGeOj structure.

<
.«
—
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interactions via bonds along “guiding line”, along the
c-axis, of the ladder (Fig. 11). The interactions along the
b-axis of the ladder (Mn1—-Mn2) are found frustrating.
Thus, we can conclude that only six exchange couplings
for Mn1 described by J and two ones for Mn2 mainly de-
termine the magnetic structure of the crystal.

Now, let us consider the interladder exchange interac-
tions within the b,c-plane described by the integral G
(Fig. 11). We can see that Mn2 cations in neighboring
ladders are coupled via “diagonal” bonds (3G). These
Mn2—-Mn2 interactions determine completely the relative
orientation of the magnetic moments of the ladders. The
interactions Mnl-Mn2 (2G) are found frustrating. Thus,
only four exchange couplings described by G determine
the ordering of the moments of the ladders within the
b,c-plane.

Finally, let us consider interladder interactions de-
scribed by G integrals for a ladder located in neighboring
planes along the a-axis. The Mnl cation in each plane is
coupled via eleven bonds with manganese cations situated
in nearest planes, upper and lower, through intermediate
Gel and Ge2 layers, respectively (Fig. 2a). Here, Mn1 has
six bonds with Mn1? cations and by five bonds with Mn|
cations. Thus, only one bond contributes mainly to the
magnetic ordering. The Mn2 cation in each plane has thir-
teen bonds with the manganese cations situated in the
nearest planes through the intermediate Gel layers, seven
bonds with Mn? and six bonds with Mn| cations. Thus,
only one of the thirteen bond contributes to ordering. The
Mn2 cation also has eight bonds with Mn1 and five bonds
with Mn| through the Ge3 layer, and, consequently, three
bonds contribute to the arrangement of magnetic moments
in the structure of the crystal.

A lot of the frustrating exchange couplings, probably,
defines the low temperature limit of magnetic ordering in
MnGeO;. The MnGeO; magnetic structure predicted by the
simplified indirect coupling model is shown in Fig. 12. It is

—
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Figure 12 Magnetic structure of MnGeO;.
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compatible with the magnetic structure refined from neu-
tron diffraction data [6].

Upon substitution of Ge by Si the average distances in
an oxygen octahedron increase from 2.17 A up to 2.189 A
for Mn—O and from 2.23 A up to 2.245 A for Mn2-O.
This extension of the exchange couplings is the most prob-
able reason for a Ty decrease.

On the basis of data on a destroying silicon effect on
the spin-Peierls temperature in CuGeO;, the authors of [16]
claim that the substitution of germanium by silicon can
break the superexchange interactions between the neigh-
boring copper chains in the places of Si location or change
this interaction from antiferromagentic to ferromagnetic. It
can be imaged also that the difference between the Si and
Ge ionic radii results in lattice distortion in a radius of sev-
eral lattice constants and, thus, may strongly modify the
magnetic properties.

4 Conclusion Data of the magnetic measurements on
single-crystal and polycrystalline MnGeO; samples pre-
sented in this paper have demonstrated, first of all, the im-
portance of obtaining pure single crystals for samples certi-
fication. For the first time, the MnGeO; single crystals
grown by a flux method with the use of MnCl, as a solvent
have revealed a considerable difference between the ex-
change interaction magnitudes and magnetic phase transi-
tion temperatures as compared to the literature data for
polycrystalline MnGeO;. Now we can claim with a high
degree of confidence that MnGeO; is the antiferromagnetic
with T, =38 K, 0~-100 K, and g = 6.05.
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