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Multiferroics are promising materials for the pro�
duction of elements of devices transforming magnetic
signals into electric ones. This property is due to the
large magnetoelectric effect observed in a number of
compounds, in particular, in RMn2O5 manganites
(R is a rare�earth element) in which the antiferromag�
netic and ferroelectric orders coexist at low tempera�
tures [1, 2]. Their crystal structure corresponds to an
orthorhombic lattice and was studied in, e.g., [3].

Most RMn2O5 manganites have three magnetic
subsystems (R3+, Mn3+, and Mn4+). One of the exclu�
sions is the EuMn2O5 compound, where the Eu3+ ion
is nonmagnetic in the ground state, and its magnetic
properties are determined only by the Mn3+ and Mn4+

ions. A sample is paramagnetic at high temperatures.
At the Néel temperature TN = 40 K, the Mn3+ and
Mn4+ ions are ordered and a long�range magnetic
order appears. The effect of the magnetic scattering of
neutrons is observed [4] and, simultaneously with a
weak anomaly of the magnetic susceptibility χ [5], the
temperature dependence of the dielectric constant
ε(T) has a sharp peak at the temperature TFE1 = 35 K
close to the Néel temperature [1, 5, 6]. A shift of the
Raman spectrum is also observed in this range [7]. It
had been found that these phenomena are due to the
ferroelectric transition stimulated by the appearance
of the long�range magnetic order at the temperature
TN = 40 K, which results in an additional distortion of
the positions of the Mn3+ ions along the a�axis. The
next phase transition occurs at the temperature TFE2 =
22 K and is accompanied by an increase in the inten�
sity of the magnetic scattering of neutrons [4], a weak

anomaly in the magnetic susceptibility χ [1], a sharp
peak of the dielectric constant [1, 5, 6], and a jump in
the intensity of the passage of millimeter electromag�
netic radiation [6]. The analysis of the data indicates
that this structure phase transition is initiated by the
rotation of the magnetic moments of the Mn3+ and
Mn4+ ions and by the shift of the Mn4+ ions along the
c�axis.

A wide anomaly in the temperature dependence of
the dielectric constant ε(T) was also revealed in the
temperature range T = 13–23 K [1, 4–6], which is
correlated with the bends in the temperature depen�
dence of the magnetic susceptibility χ(T) and with the
features of the magnetic scattering of neutrons. These
effects can imply the existence of magnetic and struc�
tural inhomogeneities.

Unusual phenomena were also revealed at high
temperatures (at 100–130 K), but they likely have
another nature and are attributed to the existence of
limited correlated magnetic regions [5].

The experimental data considered above demon�
strate a strong correlation between the electric and
magnetic phenomena (magnetoelectric effect) and
indicate the relation between the structural and mag�
netic properties.

In this work, the comparative muon�spin�relax�
ation (μSR) investigation of EuMn2O5 samples of two
types (consisting of single crystals and ceramic grains)
is performed in the temperature range of 15–140 K
and indicates the qualitative difference between their
properties. The time spectra of decay positrons are
measured and used to obtain the temperature depen�
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dences of the relaxation parameters of the muon
polarization, the frequencies of the muon spin preces�
sion in the internal magnetic fields of the samples, and
the partial contributions of various precession modes
to the total asymmetry.

The samples were studied on a setup mounted at
the exit of the muon channel of the synchrocyclotron
at the Petersburg Nuclear Physics Institute, Russian
Academy of Sciences. The setup, the procedure of the
measurement of the μSR spectra, the processing of the
spectra, and the procedure of obtaining the relaxation
parameters of the muon polarization; the frequencies
of the muon spin precession in the internal magnetic
fields of the samples; and the partial contributions to
the total asymmetry of the muon decay were described
in detail in [8, 9]. Polarized μ+�muons having the
momentum distribution with a mean momentum of
p0 = 90 MeV/c and a FWHM of Δp/p = 0.02 stopped
in a target, which was a container with 2–3�mm single
crystals randomly oriented with respect to the muon
spin or a ceramic sample manufactured by solid�phase
synthesis with a diameter of 35 mm and a thickness of
about 5 mm. The sample was placed in a cryostat,
where the necessary temperature in the range under
investigation was maintained with an accuracy of
±0.2 K.

The time spectra of decay positrons were measured
in long (~10 μs ≈ 4.5τµ, where τµ = 2.19711 μs is the
muon lifetime) and short (~1.1 μs) ranges with chan�
nel steps of 4.9 and 0.8 ns, respectively. These spectra
were approximated by the expression

(1)

where N0 is the normalization constant proportional
to the number of detected positrons; as and ab are the
contributions to the observed decay asymmetry from
muons stopped in the sample and the construction
elements of the setup, respectively; Gs(t) and Gb(t) are
the respective polarization relaxation functions; and B
is the contribution from the random coincidence
background. The parameter ab is determined from the
processing of the time spectrum measured in the
external magnetic field at the sample temperature
below the Néel temperature (~25 K). The parameter
as can depend on the sample temperature if the varia�
tion of the temperature is accompanied by the appear�
ance of additional polarization loss channels (e.g., the
formation of muonium with the subsequent fast depo�
larization).

The polarization relaxation function can usually be
represented in the form

(2)

Such a representation is valid beyond the region of
critical fluctuations and phase transitions. The
dynamic function Gd(t) = exp(–λdt) describes the

Ne t( ) N0 t/τµ–( ) 1 asGs t( ) abGb t( )+ +[ ]exp B,+=

Gs t( ) Gd t( )Gst t( ).=

average spatial fluctuations of the internal magnetic
fields of the sample at large distances (about the muon
diffusion length). The form and parameters of the
static function Gst(t) are determined by the structure of
the sample at a given temperature and, as a result, by
the distribution of magnetic fields in regions preferable
for the localization of muons after their deceleration in
the sample and the end of their thermalization pro�
cess.

The static relaxation function of the muon polar�
ization for magnets below the temperature TN of the
paramagnetic–antiferromagnetic transition has the
form

(3)

where Ω = 2πF is the frequency of the muon spin pre�
cession in the local magnetic field acting on the muon
and Δ is the rate of precession damping due to the
spread of the local magnetic fields. It is easy to see that
in the limiting cases, Gst(t) = 1 (in the paramagnetic
state) and Gst(t) ≈ 1/3 (if the sample is in a magnetically
ordered state and other depolarization channels are
absent) at times t � 1/Δ when the static relaxation of
the polarization can be neglected.

From the processing of the experimental data in
the time range t = 0.6–10 μs, where the effect of static
magnetic fields is negligibly small, the dynamic relax�
ation rate λd and the residual asymmetry as were
obtained throughout the temperature range under
investigation. The initial asymmetry a0 was deter�
mined from the processing of the measured time spec�
tra of the muon spin precession in the external mag�
netic field at temperatures T > TN = 40 K when the
sample is paramagnetic. The results are presented in
Figs. 1 and 2. The ratio as/a0 is also shown in Fig. 2.

The temperature dependences of the parameter λd

are the same for both samples and exhibit a sharp peak
at the temperature TN ≈ 40 K, which is attributed to
the paramagnetic–antiferromagnetic phase transi�
tion.

Anomalies in the behavior of λd are observed at
temperatures of 30 K (FE1 transition) and 22 K
(FE2 transition).

The behavior of the residual asymmetry (see Fig. 2)
remains almost unchanged above the Néel tempera�
ture TN ≈ 40 K. However, the residual asymmetry as/3
below the Néel temperature TN is much smaller than
a0/3, indicating the appearance of the additional
channel of muon depolarization, e.g., on the forma�
tion of long�lived muonium Mu (the μ+e– bound
state) in the samples. Muonium is rapidly depolarized
and, thus, the observed asymmetry is partially lost.
However, for the formation of muonium, it is neces�
sary to change the electron (charge) density. The
charge density decreases at the sites where muons pre�
fer to stop. The redistribution of the charge density is

Gst t( ) 1/3 2/3 Ωt( ) Δt–( ),expcos+=



514

JETP LETTERS  Vol. 91  No. 10  2010

VOROB’EV et al.

likely due to the appearance of the internal magnetic
field below the temperature TN [10].

Both samples exhibit the same behavior of the
residual asymmetry almost throughout the tempera�
ture range under consideration. Exceptions are the
measurements in the external magnetic field and the
measurements after the switching�off of the magnetic
field.

The residual asymmetry changes significantly in
the uniform transverse external magnetic field (at 25
and 30 K for the ceramic sample and sample consist�
ing of single crystals, see Figs. 3 and 4, respectively).
The external magnetic field apparently leads to the
redistribution of the charge density and to the
enhancement of the muonium formation channel
[11].

An unusual behavior of the residual asymmetry is
observed at the time when the external magnetic field
is switched off. The residual asymmetry in the ceramic
sample (see Fig. 3) quite rapidly (t < 10 min) reaches
the average level. The residual asymmetry in the sam�
ple consisting of single crystals (see Fig. 4) decreases at

the time when the external magnetic field is switched
off and returns very slowly (in about 10 h) to the level
corresponding to the asymmetry in zero magnetic
field.

Figures 5 and 6 show the time evolution of the rate
of the dynamic relaxation of the polarization, λd, after
switching�off the external magnetic field. It is seen
that λd decreases when the external field is switched on
(see Fig. 5). After switching�off the magnetic field in
the ceramic sample, λd returns almost instantaneously
to the average value. In the single crystal sample (see
Fig. 6), λd increases strongly at the time when the
external magnetic field is switched off, then decreases,
and reaches the average value. Thus, the effect of
“memory” about the action of the external magnetic
field on the sample consisting of single crystals exists.
The relaxation time of such memory most likely
depends on the sizes of the crystals in the sample.

Measurements for the ceramic sample were per�
formed in different sample cooling regimes. In one
regime, the temperature is monotonically decreased
from the values for the paramagnetic region to low
temperatures (60  15 K, open points in Fig. 7). In
the other regime, the minimum temperature of 15 K is
first established rapidly (in about 1.5 h) and, then, the
measurements were performed with a monotonic
increase in the temperature (15  60 K, the closed
points in Fig. 7). As is seen in Fig. 7, the residual asym�
metry depends on the cooling regime. This means that
the structural properties of the sample possibly depend
on its cooling regime. We emphasize that the observed
effect is independent of the sample thermalization
time, because the statistics collection time at each

Fig. 1. Temperature dependence of the dynamic relaxation
of the muon polarization for the (a) sample consisting of
single crystals and (b) ceramic sample. The arrows mark
the anomalies discussed in the main text.

Fig. 2. Temperature dependence of the relative residual
asymmetry as/a0 for the (closed circles) sample consisting
of single crystals and (open circles) ceramic sample. The
arrows mark the transition temperature T ≈ 30 K for the
single�crystal sample and the magnetic ordering tempera�
ture TN ≈ 40 K.
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point is several hours (exposition times at each closed
and open points were 3 and 8 h, respectively).

Below the Néel temperature TN ≈ 40 K, the long�
range magnetic order appears in the samples. The best
approximation of the time spectra is obtained with the
static relaxation functions in the form

(4)
asGst t( ) a1 1/3 2/3 Ω1t( )cos+[=

× Δ1t–( )exp ] a2 1/3 2/3 Ω2t( ) Δ2t–( )expcos+[ ].+

The muon spin precession was observed with the
angular frequencies Ω1, 2 = 2πF1, 2 (see Figs. 8, 9), fre�
quency spread (Δ1, 2), and partial contributions a1 and
a2 (see Figs. 10 and 11) in the observed residual asym�
metry as = a1 + a2 of the decay of muons stopped in the
corresponding samples.

For both samples (consisting of single crystals and
ceramic grains), the two frequencies F1 and F2 are
present in the spectra throughout the temperature
range below the Néel temperature TN; the relation
between their partial contributions remains almost

Fig. 3. Time dependence of the residual asymmetry as for
the ceramic sample in (circles) zero magnetic field and
(star) a field of 280 G.

Fig. 4. Time dependence of the residual asymmetry as for
the sample consisting of single crystals in (circles) zero
magnetic field and (star) a field of 280 G.

Fig. 5. Time dependence of the dynamic relaxation of the
muon polarization for the ceramic sample.

Fig. 6. Time dependence of the dynamic relaxation of the
muon polarization for the sample consisting of single crys�
tals.
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unchanged (within the errors). The ratio of the
observed frequencies (F2/F1 ≈ 3) is constant through�
out the temperature range below the magnetic order�
ing temperature (T < TN). The frequency for the sam�
ple consisting of single crystals increases with a
decrease in the temperature according to the Curie–
Weiss law

F1 = 39(1 – T/TN)0.39 and F2 = 109(1 – T/TN)0.39.

A sharper increase in the frequencies F1 and F2 is
observed near T ≈ TN in the ceramic sample.

The phase transitions in the samples at the temper�
atures TFE1 ≈ 30 K and TFE2 ≈ 22 K, which are mani�
fested in the λd(T) dependence (see Fig. 1), almost do
not affect the behavior of the frequencies F1 and F2 and
partial asymmetries a1 and a2.

Fig. 7. Temperature dependence of the relative residual
asymmetry as/a0 for the ceramic sample measured in two
sample cooling regimes (for details, see the main text). The
arrows indicate the sequence of the measurements.

Fig. 8. Temperature dependences of the precession fre�
quencies (open circles) F1 and (closed circles) F2 of the
muon in the internal magnetic field of the sample consist�
ing of single crystals. These dependences correspond to the
Curie–Weiss law, F1 = 39(1 – T/TN)0.39 and F2 = 109(1 –

T/TN)0.39.

Fig. 9. Temperature dependences of the precession fre�
quencies (open circles) F1 and (closed circles) F2 of the
muon in the internal magnetic field of the ceramic sample.

Fig. 10. Temperature dependences of the partial contribu�
tions (open circles) a1 and (closed circles) a2 to the total
asymmetry below the Néel temperature TN = 40 K for the
sample consisting of single crystals.

Fig. 11. Temperature dependences of the partial contribu�
tions (open circles) a1 and (closed circles) a2 to the total
asymmetry below the Néel temperature TN = 40 K for the
ceramic sample.
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CONCLUSIONS

Thus, the μSR investigation of EuMn2O5 multifer�
roic again demonstrates the efficiency of this method
for studying magnetic materials. The μSR investiga�
tion of two EuMn2O5 samples (consisting of single
crystals and ceramic grains) has revealed a number of
interesting features of this compound.

(i) The charge density changes locally in both sam�
ples at the temperatures T < TN; this change is mani�
fested in the additional depolarization of muons.

(ii) The external magnetic field also leads to the
loss of the polarization in the samples at T < TN and
likely gives rise to the additional redistribution of the
charge density in the samples.

(iii) The effect of “memory” about the action of the
external magnetic field has been observed in the sam�
ples. The relaxation time of this memory depends on
the sizes of the structural units (single crystals and
ceramic grains).

(iv) The phase transitions observed at the tempera�
tures T < TN are not manifested in the distribution of
the internal local magnetic fields. They are seen only
in the temperature dependence of the dynamic relax�
ation rate λd(T).

(v) The electron density is redistributed at the
phase transition point at the temperature TN. The
mechanism of multiferroicity is possibly associated
with this phenomenon.

A further investigation of such samples with various
sizes of the structure units is of interest. An interesting
question is whether the polarization loss effect exists in
other manganites, e.g., RMnO3, or this is a feature of

the RMn2O5 compound with two manganese ions with
different valences.
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