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Abstract—The GdMn2O5 multiferroic (a ceramic sample and a sample consisting of a large array of ran
domly oriented single crystals with linear dimensions 2–3 mm) has been studied by the μSR method within
the temperature range 10–300 K. Three anomalies in the temperature behavior of the parameters of the
muon polarization relaxation function, namely, close to the phase transition driven by the onset of longrange
magnetic order in the manganese ion subsystem (TN1 = 40–41 K), near the lockin transition initiated by an
abrupt change of the wave vector of magnetic order (TL = 35 K), and close to the Gd3+ ion ordering temper
ature (TN2 = 15 K), have been found. An analysis of the time spectra of muon spin precession in the internal
magnetic field of the samples has revealed two positions of preferable muon localization sites in samples,
which differ in precession frequencies and the character of their behavior with temperature. The lowerfre
quency precession driven by Mn4+ ions, ferromagnetic Mn4+–Mn4+ + muonium complexes, and Gd3+ions
is observed throughout the temperature region T < TN1 and is practically independent of temperature. At tem
peratures T < TL = 35 K, a higherfrequency precession associated with Mn3+ ions appears also. It is charac
terized by a temperature dependence ~(1 – T/TN1)β with the index β = 0.39, which is typical of Heisenberg
type 3D magnets. For T < TN1, a deficiency of the rest total asymmetry is observed. This phenomenon can
probably be assigned to formation of muonium, which suggests that charge transfer processes play an impor
tant role in formation of longrange magnetic order.
DOI: 10.1134/S1063783413030311
†

1. INTRODUCTION

The development of materials with controllable
magnetic and electrical properties gives new impetus
to studying multiferroics with close temperatures of
magnetic and ferroelectric orderings, which are char
acterized by strong magnetoelectric interaction. Spe
cific examples of multiferroics of this type are RMnO3
rareearth manganites with perovskite structure [1, 2]
and the RMn2O5 family of crystals (R stands here for
the rareearth ion, as well as Y and Bi) [3–5].
At room temperature, RMn2O5 crystals possess
orthorhombic symmetry with space group Pbam. They
have a complex crystal structure containing Mn3+ and
Mn4+ ions in different lattice sites, which differ in the
type of oxygen environment (Mn4+O6 octahedra and
Mn3+O3 pyramids) [5]. The competing Mn–Mn and
Mn–R magnetic interactions initiate formation of
complex magnetic structures in these crystals. The fer
roelectric ordering in RMn2O5 is most probably driven
by special types of charge and magnetic orderings,
† Deceased.

which break the central symmetry of the lattice [6, 7].
The charge and spin orderings in a chain of manganese
ions along the b axis are described by alteration of
manganese ions of different valences, which differ also
3+
4+
3+
in mutual spin orientation ( Mn ↑ –Mn ↑ – Mn ↓
chains). In the undistorted Pbam structure, the dis
3+
4+
tances d↑↑ (between Mn ↑ and Mn ↑ ions with paral
3+

lel spin orientation) and d↑↓ (between Mn ↓

and

4+
Mn ↑

ions with antiparallel spin orientation) are the
same. The exchange interactions between Mn3+–
Mn4+ pairs with different spin orientations differ. This
results in a shortening of the d↑↑ distances as compared
with d↑↓, a factor accounting for the symmetry lower
ing down to the noncentral Pb21m one and formation
of the ferroelectric state [6, 7].
Cooling initiates in RMn2O5 crystals a successive
series of phase transitions [3–5]. Longrange mag
netic order with an incommensurate phase sets in at
the Néel temperature TN1 ≈ 40–45 K. It is specified by
a wave vector q(1/2, 0, z), where z = 0.25–0.37,
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depending on the type of the R3+ ion [5]. Close to TL ≈
35 K, a lockin transition occurs to change in a jump
the wave vector of the magnetic structure, which at
T < TL becomes commensurate with a wave vector
q(1/2, 0, 1/4). Close to this temperature, at TC1 ≈ TL
ferroelectric ordering with the polarization oriented
along the b axis of the crystal sets also in RMn2O5. As
the temperature is lowered still more, one sees another
phase transition to occur close to TC2 ≈ 20–25 K,
which is accompanied by a steep variation of the elec
tric polarization. Here, the commensurate magnetic
phase converts to another, an incommensurate phase.
Finally, at temperatures TN2 ≤ 10 K longrange mag
netic order sets in the system of R3+ magnetic ions.
This succession of phase transitions was identified in
studies of some RMn2O5 crystals by neutron diffrac
tion [4, 5].
In this study, we have addressed the problem of
investigation of specific features in the GdMn2O5
magnetic structure by the μSR method. The large
cross section of neutron absorption by Gd nuclei
argues against the possibility of studying the magnetic
structure of this crystal by neutron diffraction. At the
same time, addressing this goal with μSR is possible
and, as illustrated by the specific example of our pre
ceding study by this method of the EuMn2O5 manga
nite [8], this approach offers a possibility of gaining
information on some details of the magnetic structure
and specific features of phase transitions impossible to
obtain by integrated methods of investigation.
There is presently a fairly rich experimental infor
mation concerning the magnetic and ferroelectric
properties of GdMn2O5 obtained by integral
approaches. One has studied electric polarization and
magnetoelectric (ME) effect [9–12], magnetization,
and the effect of a strong magnetic field on magneto
striction, polarization, and magnetic susceptibility
[12, 13], dielectric permittivity and magnetic suscep
tibility, microwave and ME dynamics [13, 14]. In these
cases, the succession of phase transitions revealed in
GdMn2O5 is, on the whole, similar to the series of
phase transitions observed in studies of other RMn2O5
crystals by neutron diffraction. Some differences,
however, have been revealed to exist too.
The magnetic state of GdMn2O5 is mediated by the
subsystems of the Mn3+, Mn4+, and Gd3+ ions. As in
other RMn2O5 crystals, longrange magnetic order
sets in GdMn2O5 at the Néel temperature TN1 ≈ 40 K.
For T < TN1, GdMn2O5 demonstrates the following
sequence of phase transitions. The transition near
TL = 35 K may be considered to be similar to the lock
in transition in other RMn2O5 compounds occurring
into the commensurate structure with wave vector
q(1/2, 0, 1/4). But, contrary to expectations, one does
not observe in GdMn2O5 close to this temperature the
transition to the ferroelectric state. This transition
realizes at a lower temperature TC1 ≈ 30 K (literature
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demonstrates a scatter in the values of TC1 = 25–30 K).
At TC2 = 20–22 K, there is a phase transition accom
panied by a sharp change of electric polarization.
Finally, at TN2 = 15 K a phase transition establishing a
longrange magnetic order in the Gd3+ ion system
obtains.
Because the Gd3+ ion features the highest magnetic
(pure spin) moment (7/2 μB) among all the R3+ ions,
one could expect the Gd3+ ions to exert a strong influ
ence on the properties of the GdMn2O5 compound.
Indeed, one has observed an effect of Gd–Mn
exchange interaction in the Gd–Mn system on the
ME dynamics and phase transitions in strong mag
netic fields [12–14]. The shift of the ferroelectric
phase transition point in GdMn2O5 to lower tempera
tures compared with other RMn2O5 crystals could be
assigned to the effect of this exchange interaction [14].
What is more, longrange magnetic order in the Gd3+
ion subsystem emerges at a temperature higher than
that in other RMn2O5 compounds.
The μSR study of GdMn2O5 conducted in the
present work has demonstrated the significant role
played by charge transfer processes between Mn3+–
Mn4+ pairs of ions in formation of longrange mag
netic order. A similar effect was revealed in a μSR
study of EuMn2O5 [8], which strongly suggests that the
effect of charge transfer between manganese ions of
different valences in RMn2O5 multiferroics follows a
common pattern. Studies of the second optical har
monic in TbMn2O5 [15] likewise stressed the impor
tant role associated with charge transfer processes.
2. EXPERIMENTAL DETAILS
AND TREATMENT OF EXPERIMENTAL DATA
The experiments were carried out at μSRsetup
positioned at the exit from the muon beam of the
Petersburg Nuclear Physics Institute synchrocyclo
tron. The muon beam had momentum pμ = 90 MeV/c,
momentum spread (FWHM) Δpμ/pμ = 0.02, and lon
gitudinal polarization Pμ ~ 0.90–0.95. The samples
were fixed in a cryostat whose temperature could be set
and controlled in the 10–300K region to within ~0.1
K. The Helmholtz coil system used permitted one to
sustain in the bulk of a sample an external magnetic
field of up to 1.5 kOe. The stability of coil power sup
ply was maintained at a level of ~10–3. The magnetic
field homogeneity at the sample was estimated by μSR
measurements on a nonmagnetic sample (Cu). The
parameter λ of the muon Pμ polarization relaxation
rate (Pμ ~ exp(–λt)) in Cu is λ = (0.0053 ± 0.0031) μs–1,
thus making it possible to conduct μSR measurements
in magnetic materials.
The time spectra of positrons produced in muon
decay were measured in two ranges (10.0 and 1.1 μs)
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with scale division values 4.9 and 0.8 ns/channel,
respectively.
For μSR studies requiring largevolume samples
two GdMn2O5 samples were fabricated. The first sam
ple was a ceramic disk 30 mm in diameter and 12 mm
thick prepared by solidstate reaction synthesis. The
grains of its structure were a few tens of microns in
size. The structure and singlephase composition of
the ceramic sample were attested by Xray phase anal
ysis. The second sample represented actually an array
of GdMn2O5 single crystals with linear dimensions
~2–3 mm grown by spontaneous crystallization. The
single crystals were placed in a container of the same
size as the one for the ceramic sample. The μSR mea
surements were conducted on single crystals of the
same lot on which measurements of the magnetic and
dielectric susceptibilities and magnetic dynamics were
performed [13, 14]. Both samples (referred to in what
follows as the ceramic sample and the singlecrystal
combined sample) had random orientation of crystal
axes and differed only in the sizes of their “structural
units.”
A detailed description of the equipment employed,
data recording system and method of data treatment
can be found in our previous publications [16, 17].
The experimental time spectra of muon decay
positrons were described by the following relation
N e ( t ) = N 0 exp ( – t/τ μ ) [ 1 + a s G s ( t ) + a b G b ( t ) ] + B, (1)
where N0 is the normalization constant, as and ab are
asymmetries of the muon decay positrons which
stopped in the sample (as) and in parts of the equip
ment (ab); Gs(t) and Gb(t) are the corresponding muon
polarization relaxation functions, and B is the random
coincidence background. The level and the time struc
ture of the latter were derived from an analysis of the
events that occurred in the initial region of the time
spectrum (before the muon stopped in the sample),
where neither the relevant nor background events pro
duced in the body of the equipment could occur. The
asymmetry ab and the parameters of the background
function Gb(t) for each sample were obtained from an
analysis of the time spectrum which was measured in
an external magnetic field at the Néel temperature of
the sample (T < TN1). In this case, the observed ampli
tude of precession frequency in a specified external
magnetic field is equal to the contribution ab to total
asymmetry. In the same treatment one finds the polar
ization relaxation rate λb of the muons that had
stopped in the body of the equipment. Thus we come
to complete determination of the temperatureinde
pendent term abGb(t) = ab exp(–λbt).
The processing of experimental data was based on
the standard assumption of factorization of the relax
ation function
a s G s ( t ) = a s G d ( t )G st ( t ).

(2)

Here, Gd(t) = exp(–λt) is the dynamic relaxation func
tion describing the magnetic fluctuations of magnetic
field in a sample with time during the muon lifetime.
Gst(t) is the static relaxation function whose actual
form and parameters are governed by the distribution
of local magnetic fields in the areas preferable for
muon localization after its slowing down in the sample
and completion of the process of its thermalization. In
the vicinity of these positions of muon localization,
fast shortterm fluctuations set in, and the Gst(t) func
tion varies much faster than Gd(t) does. In these condi
tions, the Gst(t) relaxation function can be factorized
[18–21].
Introduction of the concept of residual asymmetry
as provides a possibility of taking into account the loss
of the initial (total) asymmetry a0 as a result of emer
gence of additional muon depolarization channels
brought to life by variation of the sample temperature.
The parameter a0 was derived from experimental data
obtained in an external magnetic field when the sam
ple resided in paramagnetic state.
3. RESULTS OF THE EXPERIMENT
The experimental data obtained were used to derive
the temperature dependences of the parameters spec
ifying the polarization relaxation function of the
muons which stopped in the sample.
The behavior with temperature of the dynamic
relaxation rate λ in the 10–80K interval is visualized
in Fig. 1. We carried out measurements at T = 300 K
as well, and it turned out that the value of λ at T =
300 K coincides with that measured at 80 K. Most
probably, the parameter λ does not change in the tem
perature region from 80 K to 300 K. Note the unusu
ally high value of λ (~1 μs–1) which does not change
throughout the temperature region covered here, and
against this background one observes anomalies near
the phase transitions. Such a large value of the back
ground λ in GdMn2O5 and its independence of tem
perature may tentatively be ascribed to the existence in
the samples, within a broad range of temperature, of
limited regions of shortrange magnetic order. Mea
surements of the magnetic susceptibility performed in
multiferroics of the RMn2O5 family suggest that their
Curie–Weiss temperature θCW Ⰷ TN1, and that there is
a fairly high frustration ratio θCW/TN1 ≈ 6–7 [22, 23],
which implies that RMn2O5 crystals are magnetically
frustrated multiferroics. It is known that in such sys
tems above the TN1 temperature, within the tempera
ture interval specified by the frustration ratio, a
strongly correlated paramagnetic state usually evolves
[24]. That the background values of λ at 20 K < T < TN1
and in the paramagnetic region coincide suggests that
a strongly frustrated state of the crystal is present at
T < TN1 as well.
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Anomalies of the λ parameter are observed at phase
transition temperatures near which magnetic proper
ties undergo pronounced changes, as established by
measurements performed by other methods (Fig. 1),
namely: TN1 = 39–41 K (onset of longrange magnetic
order in the manganese ion subsystem); TL = 35 K
(lockin transition involving a change of the wave vec
tor of magnetic ordering to a state commensurate with
the lattice), and TN2 = 15 K (magnetic ordering in the
Gd3+ ion subsystem). The structural phase transition
near 22–26 K observed in measurements of the ME
effect and polarization and the onset of ferroelectric
ordering at T ≈ 30 K established in our measurements
manifest themselves not so clearly. This appears only
natural, because the μSR method is capable of probing
the magnetic structure of a material only.
The measurements on the ceramic sample were
conducted in two regimes, namely, with the sample
cooled from 100 to 15 K, and, subsequently, under
heating from 10 to 32.5 K. In the latter case, the sam
ple was first cooled from room temperature down to 10
K (during ~1 hour). As seen from Fig. 1a, within the
temperature interval from 20 to 32 K, the λ(T) graph
reveals hysteresis.
The effect of external magnetic field was also stud
ied at some temperatures. The design of the equip
ment permitted one to operate with an external mag
netic field oriented perpendicular to the muon beam.
This is not really essential, because in both samples the
axes of individual crystals are isotropically random
oriented. We readily see (Fig. 1) that application of a
field H = 280 Oe brings about a noticeable decrease of
the dynamic relaxation rate λ below TN1 while practi
cally not affecting its level in the paramagnetic region.
At temperatures 10–15 K, the λ parameter also
falls off, particularly steeply for the ceramic sample,
most likely as a result of the onset of longrange mag
netic order in the subsystem of Gd3+ ions. Incidentally,
application of a magnetic field at T > 20 K and order
ing in the Gd3+ ion system (at H = 0) at T ≤ 15 K lower
the λ parameter to about the same level.
We consider the behavior with temperature of the
residual asymmetry as (Figs. 2 and 3). In the paramag
netic region (T > TN1), the magnitude of as is practi
cally temperature independent and remains equal to
the total asymmetry a0. We note that the residual
asymmetry at T = 300 K has the same value as that at
40 K < T < 80 K. At temperatures T < TN1, the asym
metry as should be equal to 1/3a0. The point is that
when a sample resides in paramagnetic state, the decay
asymmetry of a fully polarized muon beam is a0. Below
TN1, magnetic ordering orients the magnetic field in
each crystal of a sample in a specified manner relative
to the crystallographic axes. Because, however, the
“structural components” proper of the sample are
randomly oriented, the effect of the pattern averaged
over the axis directions is the same as if for 1/3 of all
PHYSICS OF THE SOLID STATE
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Fig. 1. Temperature dependence of the dynamic relaxation
rate λ: (a) ceramic sample and (b) singlecrystal sample.
Filled dots relate to measurements performed under heat
ing, open dots, to those under cooling, and triangles, to
measurements in external magnetic field H = 280 Oe.
Arrows specify phase transition temperatures.

muons the magnetic field were aligned with their spin
(and maintained the decay asymmetry equal to a0),
while for the remaining 2/3 of all muons it were cross
oriented, initiated muon spin precession and, as a
consequence, an asymmetry equal to zero. In the final
count, the observed asymmetry turns out to be 1/3a0.
The experimentally observed value of as drops, how
ever, substantially lower than 1/3a0, particularly for
the sample combined of single crystals. This suggests
emergence of an additional channel of muon polariza
tion loss for T ≤ TN1. This channel could be the forma
tion of muonium Mu = μ+e–. It is probable that below
TN1 the probability of charge (electron) transfer
between the Mn3+ and Mn4+ ions (double exchange)
increases to make possible muonium formation. The
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Fig. 2. Temperature dependence of residual asymmetry as
normalized against total asymmetry a0: (a) ceramic sample
and (b) singlecrystal sample. The levels of normalized
asymmetry as/a0 = 1/3 (T < TN1) and as/a0 = 1 (T > TN1)
are identified by dotanddash lines. Filled dots refer to
measurements performed under heating, open ones, to
those under cooling, and triangles, to measurements in
external magnetic field H = 280 Oe.
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Fig. 3. Same as in Fig. 2 but for the temperature region
T < TN1.

The fast processes involved in muon depolarization
can be specified with the static relaxation function of a
collinear ferromagnet

effect of muon polarization loss was observed earlier in
studies of EuMn2O5 manganite samples [8].
Application of an external magnetic field brings
about an increase of asymmetry loss for the ceramic
sample only, while not affecting in any way the asym
metry as for the sample of single crystals (Figs. 2 and 3).
Two modes chosen for variation of the temperature
of the ceramic sample produce two branches illustrat
ing the behavior of residual asymmetry with hysteresis
(Fig. 3a). The sample combined of single crystals was
studied under heating only. Incidentally, hysteresis was
revealed earlier in a study of the dielectric permittivity,
magnetic susceptibility and magnetic dynamics of
GdMn2O5 at T ≤ TN1 [13, 14].

a s G st ( t ) =

∑G

i
st ( t ),

(3)

i

i

G st = a i [ 1/2 + 2/3 cos ( Ω i t ) exp ( – Δ i t ) ],

i = 1, 2.

Here, ai are partial amplitudes of the observed muon
spin precession frequencies in a local internal magnetic
field (a1 + a2 = as). The frequencies Ωi = 2πFi(T) and
the precession damping rates Δi(T) depend on the mag
nitude of the local magnetic field and the scatter of
these fields in the vicinity of the points of localization of
a muon at the instant of its stopping in the sample.
Figure 4 exemplifies graphically the relaxation
functions Gs(t) for two values of the temperature of the
ceramic sample, which were derived from the experi
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Fig. 4. Relaxation function Gs(t) at temperatures (a) TL =
35 K and (b) TC2 = 22 K for the ceramic sample. Solid lines
were obtained by leastsquares fitting of the parameters
with (a) one or (b) two precession frequencies; the value of
1 channel is 0.8 ns.

mental data. At TL = 35 K, a state with only one pref
erable site of localization of a muon with one preces
sion frequency is realized in the sample (Fig. 4a). At
the temperature TC2 = 22 K, two such localization
points with two precession frequencies exist (Fig. 4b).
The behavior with temperature of the observed
muon precession frequencies in the internal magnetic
field is visualized in Fig. 5. One immediately sees a
number of features in these graphs. Just below TN1 one
observes within the temperature interval from 40 to
35 K only one frequency F1, which reaches fairly
steeply a plateau in the temperature dependence (at a
level of 20–25 MHz). At a temperature TL = 35 K, an
additional precession appears in both samples at a fre
quency F2, which grows monotonically with decreas
ing temperature. The temperature dependence of fre
quency F2 can be approximated in regions outside the
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Fig. 5. Temperature dependences of precession frequen
cies in the internal magnetic field of the sample: (a)
ceramic sample and (b) singlecrystal sample. Filled dots
relate to frequency F1, and open ones, to frequency F2.
Arrows identify phase transition temperatures TL = 35 K
and TN1 = 40 K. Dotted curve was obtained by least
squares fitting: F2 ~ (1 – T/TL)β, TL = 35 K; β = 0.39 ±
0.02.

phase transition zones with the Curie–Weiss function
F2 ~ (1 – T/TL)β with the index β = 0.39 characteristic
of Heisenbergtype 3D magnets.
The partial contributions a1 and a2 for each preces
sion frequency to the residual asymmetry as were
determined with an error larger than those of the pre
cession frequencies (Fig. 6). Nevertheless, some fea
tures can be established with an acceptable degree of
reliability; as an example, the partial asymmetry a1
corresponding to the precession frequency F1 falls
down at TL ≈ 35 K, but remains within the temperature
interval 20–35 K less than the partial asymmetry a2
corresponding to the precession frequency F2. At
lower temperatures, the behavior of the partial asym
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Fig. 6. Temperature dependences of normalized partial
contributions: (a) ceramic sample and (b) singlecrystal
sample. Filled dots relate to the parameter a1/as, and open
ones, to a2/as. Arrows identify phase transition tempera
tures TN2 = 15 K and TL = 35 K.
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Fig. 7. Temperature dependences of static relaxation rates:
(a) ceramic sample and (b) singlecrystal sample. Filled
dots relate to the parameter Δ1/2π, and open ones, to
Δ2/2π.

metries is determined with a large error, particularly
for the sample fabricated from single crystals. The
temperature dependences of the static relaxation rates
Δ1, 2 are determined with a still larger error (Fig. 7),
which makes their adequate analysis practically
impossible. This likewise argues for the crystal being
strongly frustrated at T < TN1 as well.
4. DISCUSSION OF THE RESULTS
The evolution with temperature of the parameters
of the muon relaxation function observed in this study
is driven primarily by changes of the magnetic state
and phase transitions in the crystals under investiga
tion.
A specific feature of the RMn2O5 manganites con
sists in a layerbylayer arrangement of magnetic ions

in the lattice; indeed, Mn3+ ions occupy the layer z =
1/2c, Mn4+ ions—layers z = 1/4c and z = 3/4c, and
ions R3+, the layer z = 0 [5]. Longrange magnetic
order is sustained by exchange interactions between
pairs of Mn ions both in the same and different valence
states. A positively charged muon is naturally localized
near an electrically negative oxygen ion in the Mn–
O–Mn chain. The spin precession frequency of a
muon in a local magnetic field and the probability of
its localization near different Mn ion pairs is deter
mined by the magnitudes of exchange interaction
among these ions.
There are three different chains of indirect
exchange interaction involving oxygen ions: Mn3+–
O(1)–Mn3+, Mn4+–O(4)–Mn4+ and Mn3+–O(3)–
Mn4+ (Fig. 8). Besides, there exists a substantially
stronger double exchange [25, 26] realized through eg
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electron transfer between Mn3+ and Mn4+ ions
Mn4+ + eg). The Mn3+ ion has one delocal
(Mn3+
ized eg electron bound strongly to the oxygen ion, and
three localized t2g electrons. The Mn4+ ion has only
three localized t2g electrons, which are bound weaker
to the oxygen ion. As a result, exchange interaction in
the Mn3+–O(1)–Mn3+ chain is substantially stronger
than that in the Mn4+–O(4)–Mn4+ chain. This
accounts for our assumption that the higher preces
sion frequency F2 and the probability to find a muon
close to the O(1) ion observed below the transition
temperature TN1 = 40 K define the situation in which
the muon is localized in the Mn3+–O(1)–Mn3+
chains.
A specific situation is realized with Mn3+–Mn4+
pairs between which double exchange is possible. This
exchange is described by a Hamiltonian [25, 26]
H DE = – t cos ( θ/2 ).

Mn4+

O(3)
Gd

O(4)

O(2)
Mn3+

I

Mn4+
O(1)

II

Mn3+

(4)

Here, θ is the angle between the directions of spins S1
and S2 of neighboring Mn3+ and Mn4+ ions, and t is the
charge transfer integral (t ≈ 300 meV). This exchange
mechanism gives rise to ferromagnetic orientation of
the S1 and S2 spins and of the spin of the eg electron in
the original antiferromagnetic RMn2O5 matrix [25,
26]. In view of the possibility for a muon to stop close
to such a ferromagnetic Mn3+–Mn4+ pair, one can
visualize a scenario of muonium formation (when a
muon absorbs the eg electron involved in the double
exchange). This results in formation of a ferromag
netic complex Mn4+–Mn4+ + muonium. Near this
complex, frustration sets in the original magnetic and
charge order, which damps efficiently the internal field
at temperatures below 40 K. Besides, this increases
efficiently the number of Mn4+ ions in whose vicinity
muon localization results in a lower precession fre
quency and a decrease of the corresponding partial
amplitude a1 (Fig. 6). We note also that the behavior of
the ferromagnetic moments of Mn4+ ion pairs
(belonging to muon complexes) does not depend on
temperature. For this reason, the lower precession fre
quency F1 is practically temperature independent
(Fig. 5).
Significantly, transformation of Mn3+–Mn4+ ion
pairs into the muonium complex Mn4+–Mn4+ + muo
nium may account for the decrease of residual asym
metry as below 40 K (Figs. 2, 3). This mechanism is
apparently typical of all RMn2O5 crystals containing
both Mn3+ and Mn4+ ions. This effect was observed by
us earlier in EuMn2O5 [8]. Theoretical investigation
[6, 7] revealed that the charge ordering processes and
transfer among Mn ions in different valence states
(double exchange) play an important role in formation
of the multiferroic state in RMn2O5 [5].
As already pointed out, GdMn2O5 crystals are
strongly frustrated systems within a broad temperature
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0

1Å

Fig. 8. Crystal structure of GdMn2O5: (I) ions in planes z
= 0 and z = 1/2c, and (II) ions in planes z = 1/4c and z =
3/4c. Solid lines are the bonds between nearest ions, and
dotted line is the distant bond for Mn3+ ion.

range. Studies of microwave radiation absorption,
dielectric permittivity and magnetic susceptibility
revealed below TN1 hysteresis phenomena [14, 15].
Formation of the Mn4+–Mn4+ + muonium complexes
increases the degree of crystal frustration because of
the additional spin and charge distortions and entails
intensification of hysteresis phenomena.
Let us address now the differences in the extent of
as asymmetry losses in the ceramic and single crystal
arranged samples, as well as the different effect of
magnetic field on as in these samples. Asymmetry
losses in a single crystalarranged sample are larger
than those in a ceramic one. At the same time, appli
cation of a magnetic field increases the magnitude of
as in the ceramic sample up to approximately the level
of losses in the sample combined of single crystals
(Figs. 2 and 3). The sizes of grains in the ceramic sam
ple are smaller by far than that of separate single crystal
sizes in the corresponding sample. Also, the bound
aries between ceramic grains are considerably thinner
than gaps between separate single crystals. Charge
transfer among individual single crystals is impossible,
whereas it can cross (although not freely) the bound
aries separating grains in a ceramic. As a result, in the
ceramic sample the whole bulk of the crystal (both the
grains themselves and the boundaries) take active part
in the process of charge transfer among Mn ions in dif
ferent valence states, whereas in the sample combined
of single crystals this occurs in the bulk of individual
single crystals only. The developed surface of bound
aries among grains in the ceramic sample reduces the

2013

474

VOROB’EV et al.

probability of charge transfer processes across these
boundaries. The increase of asymmetry losses initiated
in the ceramic sample by application of an external
magnetic field suggests that it is pinning of the random
spin orientation of Mn3+ and Mn4+ ion pairs at these
boundaries that acts as the main factor blocking
charge transfer across the boundaries of ceramic
grains. Enhanced spin orientation of the Mn3+–Mn4+
ions pairs along the applied magnetic field increases
the probability of double exchange, charge transfer
among these pairs (see Eq. (4)) and formation of muo
nium complexes. This entails the increase of asymme
try losses in the ceramic sample.
In the vicinity of T = 22–25 K, the contributions of
the a1 and a2 partial amplitudes to the total asymmetry
as change, with the a1 contribution decreasing notice
ably. These changes are more clearly pronounced for
the ceramic sample, although the associated accuracy
of determination of the partial amplitudes drops in
both samples (Fig. 6). As already mentioned, integral
methods reveal at these temperatures a structural
phase transition involving a sharp change of electric
polarization. Near T = 25–30 K, ferroelectric order
ing develops in GdMn2O5, in which, by analogy with
other RMn2O5 crystals, symmetry drops to the non
central Pb21m [6, 7]. The transition to the ferroelectric
state at 30 K was studied on ErMn2O5 [27] by xray
diffraction in synchrotron radiation. It was established
that this transition involves displacement of oxygen
ions in the Mn–O–Mn chains, which entails a change
of interionic separations and bond angles in the
Mn⎯O–Mn chains. This should bring about redistri
bution of partial asymmetries.
Below 22 K, the magnetic subsystem of Gd3+ ions
also comes to life. The response of Gd3+ ions becomes
dynamic close to the temperature TN2 = 15 K. Mag
netic ordering develops in the Gd3+ ion system. One
could have expected this to initiate formation of a third
precession frequency. This does not happen, however,
and one observes instead only redistribution of the
partial asymmetry amplitudes indicating relative
growth of the effective Mn4+ ion concentration. One
could mention in this connection that the magnetic
states of Gd3+ ions (which reside in the S state) and of
Mn4+ ions (with three localized electrons in t2g state
and frozen orbital moments in ground state) are simi
lar, and, possibly, the internal magnetic field in the
vicinity of Gd3+ ions is similar to that near the Mn4+–
Mn4+ + muonium complexes.
5. CONCLUSIONS
The GdMn2O5 samples (a ceramic one and a sam
ple composed of single crystals) have been studied by
the μSR method.
Anomalies have been revealed in the temperature
dependence of the parameters of the muon polariza

tion relaxation function close to three phase transi
tions, to wit, TN1 = 40 K, TL = 35 K, and TN2 = 15 K.
It has been established that below the temperature
of the onset of longrange magnetic order, TN1 = 40 K,
the Mn ion system undergoes loss of the total residual
asymmetry, which may be assigned to muonium for
mation and is indicative of the significant role played
by the processes of charge transfer among Mn3+ –
Mn4+ ion pairs in the formation of longrange mag
netic order in the GdMn2O5 multiferroic.
Two frequencies of muon precession in the internal
field of samples have been identified. They differ sig
nificantly in the behavior with temperature. The lower
frequency F1 appears in the region TN1 < 40 K and is
practically temperatureindependent (except for the
immediate vicinity of T ≈ TN1). The muon spin preces
sion at this frequency owes its existence to Mn4+–O–
Mn4+ ion chains, formation of single isolated ferro
magnetic muonium complexes and an ordered Gd3+
ion subsystem. The second, higher precession fre
quency F2 appears at temperatures T < TL = 35 K and
originates from muon localization close to Mn3+–O–
Mn3+ ion chains. Its temperature dependence is fitted
by the Curie–Weiss law F2 ~ (1 – T/TL)β, with the
index β = 0.39 typical of Heisenbergtype 3D mag
nets.
The specific features observed in the temperature
behavior of the dynamic relaxation rate λ and of the
partial contributions a1 and a2 to the total residual
asymmetry in the vicinity of T = TN2 = 15 K derive
from magnetic ordering in the Gd3+ ion system.
The μSR studies show GdMn2O5 to reside in a
strongly frustrated magnetic state within a broad
temperature range, both below and above the tem
perature TN1.
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