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During the past several years, interest in multiferro-
ics, substances with coexisting magnetic and electric
orderings, has increased sharply [1–3]. On the one
hand, the creation of devices transforming information
in the form of magnetization into an electric voltage
and vice versa on a unified material platform is an
attractive solution to urgent problems of sensor engi-
neering, magnetic memory, and microelectronics,
including spintronics, combining the advantages of
power-independent magnetic memory and high-speed
electric systems for information processing. On the
other hand, owing to the experience accumulated since
the discovery of the first multiferroics (beginning of the
1960s), substances with strong magnetoelectric proper-
ties can be created under usual conditions. For these
reasons, the magnetoelectric subject is undergoing a
renaissance, which is manifested in the appearance of
sections devoted to multiferroics at symposiums on
magnetism, in the appearance of special conferences,
and in the exponential increase in the number of publi-
cations on this subject.

Manganites RMnO

 

3

 

 exhibit a wide variety of physi-
cal properties, depending on the rare-earth element R.
Compounds with a large ion radius of the element R
(La, Pr, Nd, Sm, Eu, Gd, and Tb) are crystallized in the
orthorhombic structure with the space group 

 

Pnma

 

 [4].
Compounds with a smaller ion radius of the element R
(Ho, Er, Tm, Yb, Lu, Y, Sc, and In) exhibit the hexago-
nal crystal structure with the space group 

 

P

 

6

 

3

 

cm

 

 [5].
The hexagonal manganites belong to ferroelectromag-
netic materials in which the transition temperature to
the ferroelectric state, 

 

T

 

C

 

 ~ 600–1000 K, is much higher

than the temperature of antiferromagnetic ordering,

 

T

 

N

 

 ~ 70–130 K [6].

This work is devoted to the investigation of local
magnetic fields and their distribution in multiferroics
HoMnO

 

3

 

 and YMnO

 

3

 

 by the muon method of substance
investigation (

 

µ

 

SR method). The samples were
obtained by the solid-phase synthesis method. The
measurements were performed on the muon channel of
the synchrocyclotron at the Petersburg Nuclear Physics
Institute, Russian Academy of Sciences, using a 

 

µ

 

SR
setup [7].

The time distributions of the positrons, 

 

N

 

e

 

(

 

t

 

), which
are formed in the decay of the 

 

µ

 

+

 

 meson (

 

µ

 

+

 

  

 

e

 

+

 

 +

 

ν

 

e

 

 + ) and are emitted in the direction of the initial
muon polarization in the time window 

 

∆

 

t

 

 ~ 4.5

 

τ

 

µ

 

 after
the stop of each muon in a sample, where 

 

τ

 

µ

 

 is the muon
lifetime, were measured in the experiment. The time
distribution of the positrons is described by the expres-
sion

(1)

where 

 

N

 

0

 

 is the normalization constant or, in other
words, the number of detected positrons; 

 

τ

 

µ

 

 

 

≈

 

2.19711 

 

×

 

 10

 

–6

 

 s is the muon lifetime; 

 

a

 

s

 

 is the initial
asymmetry of the muon decay stopped in the sample; 

 

a

 

b

 

is the background component of 

 

a

 

s

 

 from muons stopped
in the input windows of the cryostat and the master
counter of the muon detector; 

 

G

 

s

 

(

 

t

 

) and 

 

G

 

b

 

(

 

t

 

) are the
polarization relaxation function for the muons stopped

ν̃µ

Ne t( ) N0 t/τµ–( )exp[ ]=

× 1 asGs t( ) abGb t( )+ +[ ] Φ,+
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The magnetic properties of multiferroics HoMnO

 

3

 

 and YMnO

 

3

 

 have been investigated using the muon (

 

µ

 

SR)
method. Analysis of the dependence of the dynamical relaxation rate 

 

λ

 

 and characteristics of the distribution of
local static fields makes it possible to more precisely determine the phase states of the samples under investi-
gation.
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in the sample and background sources, respectively;
and 

 

Φ 

 

is the random coincidence background.

The experimental data are analyzed under the
assumption of the factorization of the relaxation func-
tion:

(2)

where 

 

G

 

d

 

(

 

t

 

) describes the relaxation caused by the
dynamical effects and 

 

G

 

st

 

(

 

t

 

) is the relaxation function in
static fields. When studying the dynamical phenomena
determining the muon spin relaxation, the relaxation
function is specified as

(3)

where 

 

λ

 

 is the dynamical relaxation rate.

Gs t( ) Gd t( )Gst t( ),=

Gd t( ) λt–( ),exp=

 

Figure 1 shows the temperature dependence of the
relaxation rate 

 

λ

 

 of the polarization of muons stopped
in the HoMnO

 

3

 

 sample in zero magnetic field. This
dependence exhibits two peaks at 76 and 40 K, which
correspond to two phase transitions. The first transition
at 

 

T

 

 = 76 K is a transition from the paramagnetic state
to the antiferromagnetic ordering state. The second
transition at 

 

T

 

 = 40 K is associated with the rotation of
the spins of Mn by 90

 

°

 

 (spin-relaxation transition). This
conclusion is in good agreement with the results
obtained by other methods [8, 9].

Detailed analysis of the muon polarization relax-
ation function 

 

G

 

s

 

 makes it possible to determine the
parameters of the distribution of local magnetic fields at
various temperatures of the samples under investiga-
tion. In particular, the relaxation function of the polar-
ization of muons stopped in the HoMnO

 

3

 

 sample, 

 

G

 

s

 

(

 

t

 

),
in zero magnetic field is described by the expression

(4)

where a1 + a2 = as is the initial asymmetry of the decay
of muons stopped in the sample, λ is the dynamical
relaxation rate, Ω1, 2 = 2πF1, 2 are the cyclic frequencies
(associated with the mean local field at the muon local-
ization site), and ∆1, 2 is the frequency spread associated
with the spread of internal magnetic fields.

For example, Figs. 2 and 3 show the polarization
relaxation functions Gs(t) for the HoMnO3 sample at
two temperatures (T = 50 K between the first and sec-
ond phase transitions and T = 30 K after the second,
spin-rotation transition).

Figure 4 shows the temperature dependence of the
frequencies of the muon spin precession for the

Gs t( ) a1 1/3 2/3 Ω1t( ) ∆1t–( )expcos+( )[=

+ a2 1/3 2/3 Ω2t( ) ∆2t–( )expcos+( ) ] λt–( ),exp

Fig. 1. Relaxation rate of the polarization of muons stopped
in the HoMnO3 sample in zero magnetic field.

Fig. 2. Polarization relaxation functions Gs(t) for the
HoMnO3 sample in zero magnetic field at a temperature of
50 K for the parameters a1 = 0.173(9), a2 = 0.099(9), F1 =
58(1) MHz, ∆1 = 48(1) MHz, F2 = 0, and ∆2 = 37(7) MHz.
One channel in the horizontal (time) scale corresponds to
0.8 ns, and the 256th channel corresponds to zero time.

Fig. 3. Polarization relaxation functions Gs(t) for the
HoMnO3 sample in zero magnetic field at a temperature of
30 K for the parameters a1 = 0.100(26), a2 = 0.172(26),
F1 = 75(4) MHz, ∆1 = 24(2) MHz, F2 = 40(1) MHz, and
∆2 = 63(6) MHz. One channel in the horizontal (time) scale
corresponds to 0.8 ns and the 256th channel corresponds to
zero time.
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Fig. 4. Temperature dependence of the frequencies (stars)
F1 and (circles) F2 of the precession observed for the
HoMnO3 sample in zero field.

Fig. 5. Temperature dependence of the asymmetry coeffi-
cients (stars) a1 and (circles) a2, where a1 + a2 = as, for the
HoMnO3 sample in zero field. The lines are drawn to guide
the eye.

Fig. 6. Temperature dependence of the polarization relax-
ation rate for muons stopped in the YMnO3 sample in zero
magnetic field.

Fig. 7. Temperature dependence of the asymmetry coeffi-
cients (stars) a1 and (circles) a2, where a1 + a2 = as for the
YMnO3 sample in zero field. The lines are drawn to guide
the eye.

Fig. 8. Temperature dependence of the frequencies (stars)
F1 and (circles) F2 of the precession observed for the
YMnO3 sample in zero field.

Fig. 9. Temperature dependence of the parameters (stars) ∆1
and (circles) ∆2 for the YMnO3 sample.
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HoMnO3 sample in zero external magnetic field. It is
seen that precession at two frequencies, one of which is
negligibly low as compared to the other frequency
(F1 ≈ 40 MHz and F2 ≤ 1 MHz), is observed for sample
temperatures below T = 76 K. As the sample tempera-
ture is decreased, F1 increases monotonically, whereas
F2 decreases. For sample temperatures below the tem-
perature TSR ≈ 42 K, the frequency F2 increases notice-
ably (almost from zero) and continues to monotonically
increase with decreasing the temperature.

Figure 5 shows the temperature dependence of the
coefficients a1 and a2 [see Eq. (4)]. It is seen that the
relation between the coefficients a1 and a2 changes
sharply at the temperature of the spin-rotation transi-
tion, TSR ≈ 42 K.

Similar investigations were performed for the
YMnO3 sample. Figures 6–9 show the results of the
processing of the experimental data obtained with the
YMnO3 samples. The temperature dependence of the
polarization relaxation rate λ for muons stopped in the
YMnO3 sample exhibits a peak at a temperature of T =
66 K, which corresponds to the paramagnetic–antifer-
romagnetic phase transition (see Fig. 6). A nonmono-
tonic temperature behavior of the parameter λ is seen in
the temperature interval of 45–55 K (see the inset in
Fig. 6). Precession at two frequencies F1 and F2 is seen
in the temperature interval of 20–60 K; the relation
between the frequencies, F2/F1 ≈ 2, holds in the indi-
cated temperature interval (Fig. 8).

Figure 9 shows the temperature dependence of the
parameters ∆1 and ∆2 (frequency spread) in the temper-
ature interval of 20–60 K. Similar results were obtained
in [10].

Note a feature in the behavior of the partial ampli-
tudes a1 and a2 [see Eq. (4)] in the temperature interval
of 20–60 K. A change in the ratio of these parameters,
a1/a2, is observed at a temperature of T ≈ 50 K (see
Fig. 7).

Thus, the temperature dependences of the relaxation
rate of the muon spin (shown in Fig. 6) and partial

amplitudes a1 and a2 (shown in Fig. 7) for the YMnO3
sample exhibit features at a temperature of ~50 K. This
is likely attributed to the partial rotation of the manga-
nese spins in the YMnO3 compound [11].

The temperature dependence of the precession fre-
quency for the HoMnO3 and YMnO3 samples is well
approximated by the Curie–Weiss curve, F ~ Fmax(1 –
T/TN)β with the exponent β = 0.39 ± 0.02, which corre-
sponds to the Heisenberg 3D magnet model.

We are grateful to R.V. Pisarev (Ioffe Physicotechni-
cal Institute, Russian Academy of Sciences, St. Peters-
burg) for the samples placed at our disposal and for
valuable stimulating discussions.
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