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The PbyFey.xMn,GesOg (x = 0.43) orthorhombic antiferromagnet single crystals have been synthesized by a
modified pseudo-flux technique and their magnetic and magnetodielectric properties have been investigated. It
has been established that partial substitution of highly anisotropic Mn>* ions for iron ones significantly affects
the magnetic structure of the crystal. Under magnetization of the crystal along the rhombic b and c axes,
magnetization jumps have been detected, which are indicative of the occurrence of orientational transitions
identified as first-order ones. No weak ferromagnetism characteristic of the pure crystal in the rhombic a axis
direction has been detected. The field dependences of the magnetization for the pure and Mn-doped crystals have
been analyzed using the thermodynamic potential that takes into account the crystal symmetry. It has been
shown that, in the Mn-substituted crystal, the antiferromagnetic vector in the ground state is parallel to the
rhombic b axis; in this state, weak ferromagnetism has not been observed. Under magnetization along the b axis,
a conventional spin-flop transition occurs. The orientational transition under magnetization along the ¢ axis has
been attributed to the reorientation of the antiferromagnetic vector relative to the a axis with the simultaneous
occurrence of a weak ferromagnetic moment along the ¢ axis. Magnetic phase diagrams of the Mn-doped crystal
for the magnetic fields H||b and H||c have been built.

In the Mn-doped crystal, at E||c and H]||c, the orientational transition-induced magnetodielectric response
jump has been detected, which is higher than the jumps observed for the undoped crystal by a factor of 3. The
magnetodielectric properties of the pure and Mn-doped crystals have been analyzed using their magnetic phase
diagrams.

1. Introduction

New promising multifunctional materials provide a basis for the
development of advanced microelectronic devices. The search for such
materials and study of their characteristics are top priorities of modern
solid state physics. In the last two decades, much attention has been paid
to the synthesis of multifunctional materials with the tightly interrelated
magnetic and electrical properties.

The multiferroic properties of compounds are thought to be induced,
in particular, by ions with intriguing stereochemical properties, along
with 3d ions responsible for the magnetic properties. These can be Bi**
and Pb®" ions, in which 6 s? valence electrons are not involved in the
formation of chemical bonds with neighboring ions, but form the so-
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called lone electron pairs. The ions with unsaturated bonds are char-
acterized by the high polarizability and can form local dipole moments.
The resulting polarized state worsens the structural stability of a com-
pound and can lead to the formation of a ferroelectric state [1,2]. In
addition, the presence of dipoles leads to strong distortions of both the
“own” polyhedra and the neighboring octahedra containing 3d ions and
thereby directly affect the state of a magnetic subsystem in the crystals.
In particular, in the Pb;  BayFe;,oNb; /503 crystals with a perovskite
structure, such distortions of the oxygen environment of a 3d ion evoke
the dependence of the magnetic phase transition temperature on the
lead content [3].

A few years ago, our attention has been drawn by a Pb-containing
compound the crystalline iron germanate PbyFesGeoOg [4]. The study
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of the magnetic properties of this crystal [5,6] showed that it is an
orthorhombic antiferromagnet with weak ferromagnetism. The in-
vestigations of the magnetodielectric properties disclosed their strong
dependence on the magnetic structure of the crystal. In particular, jumps
of the magnetodielectric response induced by the spin-flop transition
were found.

An effective way of controlling the magnetic structure of a crystal is
doping with ions of a different sort. In particular, mixed doping of the
rare-earth subsystem, along with its diamagnetic dilution, is widely used
to govern the magnetic structure and magnetoelectric properties of rare-
earth ferroborates with a huntite structure [7-9]. In our recent works, we
used doping to modify the magnetic structure of the PbMnBO4 crystal, in
which partial substitution of Fe3* jons in the manganese subsystem led
to the transformation of the initial PbMnBO4 ferromagnetic structure
[10] to the ferrimagnetic-like structure of the doped crystal [11].

The known minerals melanotekite PbsFe,SisOg9 and kentrolite
Pb,yMn,SisOg [12] have similar orthorhombic structures and are silicate
analogs of the PbyoFeyGeyOg crystal. The recent study of the magnetic
properties of polycrystalline kentrolite showed [13] that, at low tem-
peratures, this compound exhibits antiferromagnetic properties. The
similarity of the melanotekite and kentrolite crystal structures allows
the formation of the Pby(Mn, Fe)sSioOg solid solution, the structural
properties of which were examined in [14]. This suggests the possibility
of partial substitution of manganese ions for iron ones in the PbyFe;.
Gey0g iron germanate crystal. In this case, the replacement of weakly
anisotropic Fe3* S-ions by Mn®* ions with the high magnetic anisotropy
intrinsic of the Jahn-Teller 3d* ions holds the promise of a significant
impact of such doping on the magnetic structure of the doped crystal.

This work is devoted to a comparative study of the magnetic phase
diagrams and magnetodielectric properties of the pure and Mn-doped
PbyFesGeaOg single crystals. In the Mn-substituted crystal, the first-
order orientational phase transitions under magnetization along the
rhombic b and ¢ axes were established. The field dependences of the
magnetization of the crystals were analyzed using the thermodynamic
potential that takes into account the crystal symmetry. The magnetic
phase diagrams of the Mn-doped crystal for two orientations of the
magnetic field relative to the crystal axes were built. A jump in the
magnetodielectric response induced by the orientational transition was
found. The magnetodielectric properties of the pure and Mn-doped
crystals were examined using their magnetic phase diagrams.

2. Experimental

The synthesis of pure PbyFeyGeyOg single crystals by a modified
pseudo-flux spontaneous crystallization technique and characterization
of the obtained samples were described in [5,6]. The PboFes {Mn,GeoOg
single crystals were grown using the same technique. As in the synthesis
of pure PbyFesGeoOo, to prevent contamination with foreign impurities,
we only used the conventional PbO-GeyO3 solvents contained in the
chemical formula of the synthesized compound. The ratio between the
main components and the solvent was 1 : 2. The thoroughly mixed ox-
ides were placed in a platinum crucible and heated to a temperature of
1050 °C. After exposure at this temperature for 4 h, the crucible was
cooled to 720 °C at a rate of 3.2 °C/h. Then, the synthesized crystals up
to 1.5 x 1.5 x 3 mm? in size were mechanically withdrawn from the
crucible.

The X-ray diffraction (XRD) analysis of the PbyFe; (MnyGe;Og sam-
ple on a SMART PHOTON II single-crystal X-ray diffractometer
confirmed its single-crystal structure and revealed no twinning or
foreign phase impurities. The partial substitution of manganese ions for
iron ones led to a slight increase in the crystal lattice parameters: a =
7.1631(5) A, b=11.2161(8) A, and ¢ = 10.1654(8) A (compare with the
valuesa =7.149(3) A, b=11.177(4) A, and ¢ = 10.144(3) A for the pure
PbyFesGesOg crystal [5]).

It should be noted, however, that the determined symmetry of the
substituted crystal is ambiguous: the coexistence of two orthorhombic
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space groups Pbcn and P2122; with very close lattices is possible. This is
apparently due to the effect of the partial replacement of iron by man-
ganese. A crystal analogue of the crystals under study is the family of
silicates, in which melanotekite PbyFesSinOg crystallizes in the sp. gr.
Pbcn, and centrolite PbyMnySizOg, in the sp. gr. P2122; [12]. In the
literature, we failed to find references to studies on the PboMnsGesOg
crystal structure, but it can be assumed that, if such a compound exists,
then its structure is also described by the sp. gr. P2;22;. Then, at first
glance, the coexistence of two space groups in a crystal could be indic-
ative of the coexistence of two macroscopic phases (PbyFesGeoOg and
PbsMnyGesQg) in it. However, this contradicts the data on the distri-
bution of manganese impurities in the substituted crystals.

The true manganese content in the crystals was determined by the X-
ray fluorescence analysis on a Hitachi TM-3000 scanning electron mi-
croscope. To exclude the effect of contaminations and defect states on
the natural faces, the concentration analysis was performed on the fresh-
cleaved single-crystal surface (Fig. 1a); the spot type was 5-10 pm.
Fig. 1b presents energy dispersive spectroscopy (EDS) elemental map-
ping images of manganese on the fresh-cleaved crystal surface. The
images show that manganese is uniformly distributed throughout the
sample, at least in a scale of 200-300 nm. Consequently, in the
substituted single crystal, the separate PboFesGeoOg and PboMnyGeoOg
macroscopic phases do not form.

Table 1 gives the normalized iron and manganese contents obtained
from the points shown in Fig. 1b. The average manganese content was
found to be x = 0.43, which is similar to that in the charge (x = 0.4). The
deviation of the Mn content from the average value at different points of
the single crystal was no more than + 5%.

The crystal orientation was determined from the XRD pattern of re-
flections from the largest sample face obtained on a Bruker D8
ADVANCE X-ray diffractometer. Fig. 1c shows XRD patterns of the pure
and doped single crystals. The indexed peaks correspond to the re-
flections from the (11 0) crystal planes for both samples. The rest peaks
marked by asterisks belong to the cell in which the sample was placed.
The lower panel in Fig. 1c shows the XRD spectrum of the cell, which
forms a background in the XRD patterns for both single crystals. The
data obtained showed no twinning and confirmed the high crystal
quality of the samples.

Fig. 2a shows the Laue pattern of the PbyFe; 5;Mng 43GeoOg single
crystal obtained with the primary beam perpendicular the (110) plane
on a Photonic Science Laue crystal orientation system. Double or ring
reflections are not observed, which is indicative of the single-crystal
nature of the crystal. The absence of foreign phases is pointed out by
good agreement between the experimental X-ray Laue diffraction
pattern and the theoretical pattern built for sp. gr. Pbcn and the
PboyFe; 57Mng 43Gey0g lattice parameters (Fig. 2b).

The field and temperature dependences of the magnetization for the
PbyFes xMn,GeyOg crystal were measured on a vibrating sample
magnetometer (VSM) with a superconducting solenoid in magnetic
fields of up to 70 kOe [15] and on a Quantum Design Physical Property
Measurement System PPMS-9.

To study the magnetodielectric effect, two parallel faces perpendic-
ular to the c axis were prepared. The faces were coated by an EPOTEK
H20E electrically conductive epoxy-based glue. The samples prepared in
this manner represented capacitors, which made it possible to apply an
electric field parallel to the c¢ axis. An experimental setup for studying
the magnetodielectric effect was placed into a VSM cryostat [15]. The
electric capacitance was measured as a function of temperature and
magnetic field with an Agilent E4980A LCR meter at a frequency of 100
kHz using a four-wire circuit.

3. Experimental results
Fig. 3 shows temperature dependences of the magnetization for the

PboFe; 57Mng 43Gex0Og crystal measured esing a VSM with a super-
conducting solenoid in a magnetic field of 1 kOe applied along the main
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Fig. 1. (a) SEM image of the Pb,yFe; 5;Mng 43Ge>09 single crystal, (b) EDS elemental mapping image of manganese on the fresh-cleaved Pb,Fe; 57Mng 43Ge2Og single
crystal surface, and (c¢) XRD pattern of reflections from the (110) planes of the PbyFe, ,Mn,Ge,Og single crystals with x = 0 and 0.43 and the cell XRD pattern

(lower panel).

Table 1
The normalized concentration of iron and manganese of the PbyFe, ,Mn,GeoOg
sample.

Spectrum # Fe content (at %) Mn content (at %) X <x>
Spectrum 1 78.1 21.9 0.44 0.43 + 0.02
Spectrum 2 79.5 20.5 0.41

Spectrum 3 78.5 21.5 0.43

Spectrum 4 78.5 21.5 0.43

orthorhombic directions. These dependences are qualitatively different
from the dependences for pure PbyFesGeoOg [5,6]. It concerns, first of
all, the H||a direction (inset in Fig. 3). In the pure crystal, in this di-
rection, below the Néel temperature Ty = 45.2 K, we observed the
magnetization induced by the weak ferromagnetic moment, which
monotonically increased with decreasing temperature, demonstrating
the temperature dependence typical of the spontaneous magnetic
moment. Upon doping of the crystal, the Néel temperature decreased
and its value Ty = 39.9 K was determined from the maximum of the
derivative dM/dT for the a axis. It can be seen in Fig. 3 that, in the Mn-
doped crystal, just below Ty, the magnetization in this direction also first
sharply increases, but below a temperature of T = 36 K, starts decreasing
and, at low temperatures, drops to a value lower than the magnetization
of pure PbyFesGeoOg by an order of magnitude. In this case, the ZFC and
FC dependences almost coincide, which is also different from the case of
the pure crystal [5]. In addition, in pure PbyFeaGeoOq, the magnetiza-
tion in the rhombic ¢ axis direction is minimum and its temperature
dependence is typical of the easy magnetization axis. In the Mn-doped
crystal, the minimum magnetization with the similar temperature

dependence was detected in the rhombic b axis direction.

Even more fundamental differences can be observed in the field
dependences of the magnetization. In pure PbyFesGeyOg, the study of
the field dependences disclosed weak ferromagnetism in the rhombic a
axis direction and a spin-flop transition under magnetization along the ¢
axis. Moreover, above the critical field of the spin-flop transition, we
observed the field-induced weak ferromagnetic state with the moment
M, almost twice as high as the spontaneous moment My, in the a axis
direction. Fig. 4 presents field dependences of the magnetization
measured on the Mn-doped crystal at T = 4.2 K along the three rhombic
axes. In this case, the spontaneous weak ferromagnetism in the a axis
direction is not observed. The magnetization jumps indicative of the
orientational transitions are observed in the directions of both the
rhombic b and c axis. On the other hand, similar to the undoped
PbyFesGesOg compound, under magnetization along the c axis in fields
above the orientational transition, a weak ferromagnetic state is also
established and has the same weak ferromagnetic moment (Mg, ~ 1.8
emu/g) as in the pure crystal.

The families of field dependences of the magnetization for the
magnetic field orientations H||b and H||c were obtained on a Quantum
Design Physical Property Measurement System PPMS-9 in magnetic
fields of up to 70 kOe (Figs. 5 and 6) at different temperatures. Judging
by the significant magnetic hysteresis in the region of orientational
transitions, these transitions are first-order for both directions. In the
field direction H||b (Figs. 4 and 5), we should note the following fea-
tures. At low temperatures, the initial magnetic susceptibility below the
critical field (H < H,) is much weaker than the susceptibility above the
orientational transition; upon approaching the Néel temperature, this
susceptibility difference decreases. In addition, the measurements on a
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Fig. 2. (a) Experimental Laue X-ray diffraction pattern from the (110) crystallographic plane of the Pb,Fe; 5;Mng 43Ge2Og single crystal and (b) the same exper-
imental pattern combined with the theoretical one.
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Fig. 3. Temperature dependences of magnetization for PbyFe; 5yMng 43Ge20g

in a field of H = 1 kOe. The field directions are (1) H||a ZFC (red) and FC Fig. 5. Field dependences of magnetization for the PbjFe; s;Mng 43GexOq
(black), (2) H||b, and (3) H||c. Inset: magnetizations of the pure and Mn-doped crystal in the b axis direction measured at different temperatures.
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Fig. 4. Field dependences of magnetization for the PbyFe; s7yMng 43Ge20q
crystal measured at T = 4.2 K in the three orthorhombic directions. Fig. 6. Field dependences of magnetization for the Pb,Fe;s;Mng 43Ge;0o
crystal in the c axis direction measured at different temperatures.
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PPMS-9 system in the state above the orientational transition at a tem-
perature of 4.2 K revealed a weak ferromagnetic moment of My ~ 0.35
emu/g, which rapidly vanished with increasing temperature. It is
noteworthy that the data in Fig. 4 obtained on the same crystal also show
a low (~0.15 emu/g) weakly ferromagnetic moment at helium tem-
perature. According to these data, for each new positioning of the
sample, as well as for different samples, this moment ranges within 0.10
+ 0.35 emu/g. Such a great spread of the weak ferromagnetic moment
suggests that this effect is “parasitic” and caused by inaccuracy of the
sample orientation and admixing of the weak ferromagnetic moment
arising in the field-induced state along the other crystal axis. The dis-
cussion of the origin of this induced moment is continued in Section 4.

Under magnetization along the rhombic ¢ axis (Figs. 4 and 6), the
magnetic susceptibilities before and after the transition are almost the
same. As for the temperature dependences of the critical fields
HY; and HY;, they are significantly different for the b and ¢ directions. It
can be seen in Fig. 5 (inset) that, as the temperature rises from liquid
helium, the critical field for the b direction first slightly increases and,
with a further increase in temperature, gradually decreases and then
sharply drops upon approaching Ty. At the same time, the critical field
for the ¢ axis monotonically and almost linearly decreases with
increasing temperature. Fig. 7 shows the temperature dependences of
the critical fields, which were taken to be midpoints of the magnetiza-
tion jumps with increasing field. In addition, the figure shows the tem-
perature dependence of the field-induced weak ferromagnetic moment
My at H||c.

The angular dependence of the critical field in the rhombic bc plane
was obtained in an attempt to measure the antiferromagnetic resonance
(AFMR) in this crystal. This attempt was made using a magnetic reso-
nance spectrometer with a pulsed magnetic field [16]. At frequencies of
up to 110 GHz, no AFMR signal was detected; however, the reflected
microwave signal contained singularities corresponding to the magnetic
fields at which the orientational transitions occur. Fig. 8a shows frag-
ments of the microwave reflection spectra measured at different fre-
quencies in the magnetic field making an angle of ¢ = 84° with the
rhombic c axis. The positions of the field singularities are independent of
the measuring frequency; therefore, it is reasonable to attribute these
anomalies to the change in the microwave signal reflected from the
short-circuited waveguide with the sample upon variation in its mag-
netic state. Thus, the observed anomalies are a nonresonance microwave
response corresponding to the spin reorientation in the crystal. Such
nonresonance microwave responses were observed by us, in particular,
at the spin reorientation in the PbMnBO4 crystal with partial substitu-
tion of Fe>* ions [11]. Fig. 8b shows the angular dependence of the
critical field in the bc plane measured at a temperature of T = 4.2 K. In

50

40 |
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20 -

H,, kOe
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Fig. 7. Temperature dependences of the critical transition fields at H||b (curve
1) and H||c (curve 2) and weak ferromagnetic moment m, (curve 3).
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addition, the data of the magnetic measurements at ¢ = 0° and 90° are
presented (triangles). A certain discrepancy between the magnetic and
microwave measurement data for the c axis is most likely caused by a
slight deviation of the sample rotation plane from the rhombic bc plane.

Since the size of Mn-doped single crystals was insufficient, we could
only measure the magnetodielectric properties at the electric field
orientation E||c, while the magnetic field was applied along the three
rhombic axes. The field dependences of the relative change in the
capacitance of a capacitor with the Mn-doped single crystal measured at
T = 4.3 K and different orientations of the magnetic field are shown in
Fig. 9a. Fig. 9b shows these dependences for the undoped PbyFesGesOg
crystal from [6]. For convenience of the comparison, the plots were built
in the same scale along the vertical axis. The capacitance change AC4/Cy
was normalized to its value at H = 0. At the E||c and H||a orientations,
the magnetodielectric response in the Mn-doped crystal is almost inde-
pendent of the magnetic field. In the magnetic field applied along the b
axis, the response depends on the field very weakly; however, no
anomalies were found in the region of the orientational transition. Only
in the magnetic field H||c, we observed a sharp jump in the magneto-
dielectric response around the orientational transition. The value of this
jump is about 0.9%, which is approximately 3 times greater than the
maximum jump in the response during the spin-flop transition in the
undoped crystal [6]. In addition, we should note the hysteresis of the
magnetodielectric response, which corresponds to the hysteresis of the
orientational transition at the forward and inverse magnetic field
scanning.

4. Discussion

In [5], we attempted to explore the magnetic structure of pure
PbyFeyGeo0Og by elastic neutron scattering. The neutron diffraction data
clearly demonstrated that the magnetic structure of the crystal is com-
plex antiferromagnetic, but the detailed magnetic structure was not
established. However, the magnetic study allowed us to unambiguously
state that the equilibrium direction of the antiferromagnetic vector in
this crystal coincides with the ¢ axis and the spin-flop transition was
observed in the same direction. In the doped crystal, the orientational
transitions occur both in the b and ¢ orthorhombic direction. In addition,
due to doping, the spontaneous weak ferromagnetic moment in the a
axis direction vanished. The temperature dependences of the magnetic
susceptibility for the doped and pure crystals also differ, pointing out a
significant change in the magnetic structure upon doping.

Such significant changes can be explained in several ways. At first
sight, it seems that doping of the crystal with the highly anisotropic
Mn®" ion caused such a change in the magnetic anisotropy of the crystal
that the equilibrium direction of its easy anisotropy axis deviated from
the c axis. This can happen if the local easy anisotropy axes for the Mn>*
ion are close to the b axis. Due to the competition of anisotropic con-
tributions in the crystal, an inclined magnetic structure forms, in which
the antiferromagnetic vector lies in the rhombic bc plane and, when the
field is oriented along both the b and c axis, projections of the spin-flop
transition to these directions are observed. Moreover, the critical field
for the c direction is significantly weaker than for the b axis, which
suggests that the easy magnetization direction lies in the bc plane closer
to the c axis. The angular dependence of the critical field in this plane
does not contradict this fact; the minimum critical field in this depen-
dence corresponds to the field orientation at an angle of ¢ ~ 15-20° to
the c axis.

Meanwhile, some experimental facts are inconsistent with this
explanation. First, in this case, the angular dependence of the critical
field would have to be described by the simple relation H(p) =
H™" /cos(¢ — ¢q). This dependence is shown in Fig. 8b (solid line) and
its agreement with the experimental data is unsatisfactory.

Another issue that contradicts this explanation is the fundamental
difference between the behaviors of the field dependences for the b and ¢
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axes. Under magnetization along the b axis, the above-mentioned ratio
between the magnetic susceptibilities above and below the transition is
observed. At the same time, the initial magnetic susceptibility for the ¢
axis is not only no lower than the susceptibility above the transition, but
even slightly exceeds it. The temperature dependences of the transition
critical fields for the b and c axes are also different.

All these facts allow us to assume that the magnetization jumps
detected in the field dependences for the b and ¢ axes correspond to
different orientational transitions. Let us consider the field dependence
of the magnetization at H||b (Figs. 4 and 5). The shape of this depen-
dence is typical of the spin-flop transition at which the loss of the
magnetic anisotropy energy in the spin-flop state is covered by the gain
in the Zeeman energy due to the difference between the magnetic sus-
ceptibilities (x,— x|)- This gives us grounds to believe that, in the Mn-
doped crystal, the b axis becomes the easy magnetization axis, in
contrast to the pure crystal, in which the antiferromagnetic vector in the
ground state is directed along the ¢ axis [5,6]. The nonmonotonic
character of the temperature dependence of the critical field HE, (see
Fig. 7) is typical of such a mechanism of the orientational transition.

Let us compare the magnetic structures of the pure and Mn-doped
crystals using the thermodynamic potential for a two-sublattice
rhombic crystal and a centrosymmetric exchange structure with the
second-order axis along the rhombic b axis, relative to which the anti-

ferromagnetic structure is even [17-19]
F = Am* + a\m’ + a;m? + b, + byl + dymyl, + dym, 1, — hm. @

The expansion was made over the components of the ferromagnetic
vector m = (M; +M,)/2M, and the antiferromagnetic vector I =

(My, — M3)/2My; A is the exchange constant; aj, ay, by, and b, are the
magnetic anisotropy constants; d; and dg are the constants at the in-
variants responsible for weak ferromagnetism; and h = H - 2 M.

According to the analysis made in [17], if the antiferromagnetic
vector in the pure crystal in the ground state is directed along the z axis
(the c axis), then the existence of weak ferromagnetism along the a axis
due to the invariant myl, leads to the field dependence of the magneti-
zation in this direction [17]:

_di+h,
_A+a1 —bz

mk
H (2)
with the weak ferromagnetic moment M, = m,-2M, ~ Hd‘l

E

M.

Under magnetization along the rhombic ¢ axis in the spin-flop state,
the vector [ is parallel to the a axis and the weak ferromagnetic moment
m, in the ¢ axis direction is caused by the invariant my,ly. This configu-
ration leads to the field dependence of the magnetization for this state
[17]:

_ dathy
T AF a — by’
" 3
with the weak ferromagnetic moment M. = m.-2M, ~ H"‘Mo
£

Let us now pass to the Mn-doped crystal. In this crystal, the anti-
ferromagnetic vector in the ground state is directed along the b axis.
Such a change in the magnetoanisotropic properties follows from doping
with the highly anisotropic Mn®* ion. The magnetic phase diagram of
this crystal upon magnetization along the b axis is illustrated in Fig. 8a.
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According to the form of thermodynamic potential (1), which does not
include the mixed invariants with Iy, the spontaneous weak ferromag-
netism is absent in this case (see state 1 in Fig. 10a). The absence of the
spontaneous (i.e., for the magnetic field H — 0) weak ferromagnetism in
this state is confirmed by the initial portions of the field dependences of
the magnetization for all the rhombic axes (Fig. 4). Under magnetization
along the b axis, a spin-flop transition is observed, which is induced by
the difference between the magnetic susceptibilities above and below
the transition. The absence of the myl; invariants in the thermodynamic
potential prevents the occurrence of weak ferromagnetism along the b
axis in the spin-flop state. However, in this state, weak ferromagnetism
can arise in the transverse a or c direction, depending on orientation of
the antiferromagnetic vector along the c or a axis in the spin-flop state
(states 2 or 3 in Fig. 10a). Since, for this crystal, the anisotropy constants
required for comparing the energies of these states are unknown, one of
them can be chosen when measuring the field dependences of the
transverse magnetization in the a and c axes directions for H||b.

In this crystal, the most interesting case is magnetization along the ¢
axis, which can be explained as follows. At this magnetization, when the
magnetic field is perpendicular to the antiferromagnetic vector, the
initial magnetization portion is determined by the magnetic suscepti-
bility x,. When a certain critical field is reached, the antiferromagnetic
vector reorients stepwise to the rhombic a axis direction, which is
accompanied by a magnetization jump induced by the weak ferromag-
netic moment occurring in the ¢ axis direction (state 4 in Fig. 10b,
coinsiding with state 3). As in the pure crystal, this moment is induced
by the invariant m,l; and the field dependence of the magnetization
above the critical field is described by Eq. (3). Obviously, in this state,
the field dependence is also determined by the perpendicular magnetic
susceptibility y, . The similar transitions were observed, for example, in
orthorhombic antiferromagnets with weak ferromagnetism YFeO3 and
YCrO3 [20,217.

Thus, in the Mn-doped crystal, the spin reorientation in the ¢ axis
direction is not related to the difference between the perpendicular and
parallel susceptibilities, but originates from the occurrence of a weak
ferromagnetic moment in the field-induced state. The different nature of
the orientational transitions under magnetization along the b and c axes
leads to different temperature dependences of the critical field.

For the pure PbyFesGeoOg crystal, the ground state is described by
configuration 2 in Fig. 10a; configuration 3 corresponds to the spin-flop
state upon magnetization along the c axis.

It is noteworthy that the weak ferromagnetic moments My, for the
pure crystal and the crystal doped with Mn>* ions are similar. It is well-
known [17-19] that weak ferromagnetism in these antiferromagnets is
caused by the two mechanisms: single-ion and Dzyaloshinskii-Moriya.
Obviously, doping with the highly anisotropic Mn>" ions significantly
affects the single-ion contribution. The estimates obtained for pure
PbyFesGeyOg [6] suggest that the contribution of the antisymmetric
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Dzyaloshinskii-Moriya interaction is dominant. The same ratio between
the contributions of the single-ion and antisymmetric interactions to
weak ferromagnetism was found in [21] for the YFeOs and YCrOj
compounds, in which the ratios |Hy/Hp| are no higher than 0.02 and
0.05, respectively. At such ratios between the single-ion and antisym-
metric contributions, the similarity of the weak ferromagnetic moments
My, for the pure and doped crystals is quite natural.

The proposed magnetic phase diagrams allow us to make an
assumption about the nature of jumps in the magnetodielectric response
during the spin-reorientation transitions in the pure and Mn-doped
PboFesGeyOg crystals. According to the magnetic phase diagram of the
pure crystal in the magnetic field H||c, in the ground state before the
spin-flop transition the weak ferromagnetic moment My, is directed
along the rhombic a axis and, during the transition, it reorients stepwise
to the c axis. It is reasonable to attribute the jump in the magnetodi-
electric response during the spin-flop transition to the change in the
magnetization in the direction of the applied electric field E, i.e.,
perpendicular to the capacitor plates. In other words, in pure PbyFes.
Ge20o, the jump of the magnetodielectric response in the geometry E||c,
H||c (Fig. 9b) is caused by the occurrence of the moment M| |E, at the
spin-flop transition and the response jump in the geometry E||a, H||c is
explained by vanishing of the moment My, |E, during the same transi-
tion. The jump at E||a twice as small as the jump at E||c can be attrib-
uted to the fact that, in the spin-flop state, the moment My, is almost
twice as high as the moment My,. At the other combinations of the
mutual orientation of the magnetic and electric fields in pure PbyFes.
Gey0g, no sharp magnetization changes occur in the direction perpen-
dicular to the capacitor plates, which explains the very weak field
dependence of the magnetodielectric response for these directions.

Let us consider the data of magnetodielectric measurements on the
Mn-doped crystal. According to the magnetic phase diagrams proposed
for this crystal (Fig. 10), under magnetization along the c axis in the
initial state, the antiferromagnetic vector 1 is directed along the b axis
and m = 0. In the spin-flop state, the vector 1 reorients to the a axis;
during this transition, in the c¢ axis direction, the weak ferromagnetic
moment My arises stepwise. Therefore, in the geometry E||c, H||c,
during the transition, a magnetodielectric response anomaly is observed,
which is related to the magnetization jump in the direction perpendic-
ular to the capacitor plates. In the magnetic field H||a, orientational
transitions do not occur and we have m = 0; therefore, the field
dependence of the magnetodielectric response is almost absent and no
anomalies are observed. At the H||b orientation, the orientational
transition to one of two possible states 2 or 3 with the weak ferromag-
netic vector m directed along the a or ¢ axes occurs. The absence of
anomaly in the magnetodielectric response in this case suggests that,
most likely, in the state after the orientational transition, the configu-
ration with 1||c and m||a is implemented, which corresponds to state 2
in Fig. 10a. Then, the magnetization jump during the transition occurs in
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Fig. 10. Magnetic phase diagrams of the PbyFe; 5,Mng 43Ge2Og crystal at the magnetic field orientations (a) H||b and (b) H||c.
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the capacitor plane, rather than perpendicular to it, which explains the
absence of anomaly in the response during such a transition.

An indirect confirmation in favor of configuration 2 for the spin-flop
state at H||b can also be the occurrence of a parasitic weak ferromag-
netic moment upon magnetization in this direction. A feature of these
single crystals is that they crystallize in the form of a parallelepiped
elongated along the c axis with side faces parallel to the (110) diagonal
planes. With such a single crystal habit, the inaccuracy of sample posi-
tioning just in the ab plane is the most probable. In the spin-flop state,
the inaccuracy of setting the sample in the b axis direction leads to
admixture of the weak ferromagnetic moment arising in configuration 2
in the a axis direction.

The possible origin of the anomaly of the magnetodielectric response
during the orientational transition in the undoped crystal was discussed
in [6]. It was shown there that the observed jumps in the response AC/C
~ 31073 cannot be explained by the effect of magnetostriction, since it
would require too large magnetostriction constants. In the Mn-doped
crystal, the response jump increased to about AC/C ~ 1 - 1072, which
so much the more allows us to exclude the magnetostriction mechanism.
Another possible explanation of the effect can be based on the permit-
tivity variation at the spin-reorientation transition due to the mag-
non-phonon coupling [6]. The partial substitution of the highly
anisotropic Mn®* for iron ions apparently led to the significant
strengthening of the magnon-phonon coupling, which intensified the
response at the orientational transition by a factor of 3 as compared with
the undoped crystal.

In addition, we synthesized the PbyFez yMn,GeyOg (x = 0.2) single
crystals (according to the charge composition) and preliminary inves-
tigated their magnetic properties. The data obtained suggest that the
magnetic structure of these crystals is intermediate between the struc-
tures of the compositions with x = 0 and 0.43. The antiferromagnetic
vector in the crystal most likely holds a position in the rhombic bc plane
that is intermediate between [||c in the pure crystal and I||b in the doped
crystal with x = 0.43. After thorough investigations of the magnetic and
thermodynamic properties of the crystal, the results will be reported
elsewhere.

5. Conclusions

The PbyFes xMnyGesOg (x = 0.43) orthorhombic antiferromagnet
single crystals were synthesized by a modified spontaneous crystalliza-
tion pseudo-flux technique with partial substitution of the highly
anisotropic Mn>* ion for iron ions.

The measured temperature and field dependences of the magneti-
zation are indicative of a drastic change in the magnetic structure as
compared with that of the undoped crystal. In the magnetic field ori-
ented along the orthorhombic b and ¢ axes, magnetization jumps were
detected, indicating the occurrence of orientational transitions under
magnetizing in these directions. In both cases, the significant magneti-
zation hysteresis observed during the transitions pointed out that the
transitions were first-order. The weak ferromagnetism characteristic of
the pure crystal in the rhombic a axis direction was not found.

The field dependences of the magnetization of the pure and Mn-
doped crystals were analyzed based on the thermodynamic potential
written with allowance for the crystal symmetry. It was shown that, in
the Mn-doped crystal, the antiferromagnetic vector in the ground state is
parallel to the rhombic b axis; in this state, there is no weak ferromag-
netism. Under magnetization in this direction, we observed a conven-
tional spin-flop transition induced by the difference between the
perpendicular and parallel magnetic susceptibilities. When the crystal is
magnetized along the rhombic c¢ axis, then, after reaching the critical
field, the antiferromagnetic vector rotates stepwise from the b to a axis
and a weak ferromagnetic moment arises in the c axis direction, leading
to the magnetization jump. Based on the field dependences of the
magnetization measured at different temperatures along the rhombic b
and c axes, the magnetic phase diagrams of the Mn-doped crystal in the
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magnetic fields H||b u H||c were built.

In the Mn-substituted crystal at E||c and H||c, a jump in the mag-
netodielectric response induced by the orientation phase transition was
found. This jump was 3 times as high as the analogous jumps in the
undoped crystal. At the magnetic field orientation H||b, no anomalies in
the magnetodielectric properties around the spin-flop transition were
observed and, at H||a, the field dependence of the response was also
almost absent. The anomalous behavior of the magnetodielectric prop-
erties near the orientational transitions in the pure and Mn-doped
crystals were analyzed using the magnetic phase diagrams for both
crystals. It was assumed that, in both crystals, the anomalies in the
magnetodielectric properties induced by the orientation transitions can
be related to the fact that, during the transition, a weak ferromagnetic
moment arises or vanishes in the direction parallel to the electric field in
the crystal.
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