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An anomalously strong relaxation of the muon polarization in a magnetically ordered state in the TbMnO;
multiferroic has been revealed by the LSR method below the Néel temperature (42 K). Such a relaxation is
due to the muon channel of relaxation of the polarization and the interaction of the magnetic moment of the
muon with inhomogeneities of the internal magnetic field of an ordered state in the form of a cycloid. Above
the Néel temperature, beginning with temperatures depending on the applied magnetic field, a two-phase
state has been revealed where one phase has an anomalously strong relaxation of the muon polarization for a
paramagnetic state. These features of the paramagnetic state are due to short-range magnetic order domains
that appear in strongly frustrated TbMnOs. A true paramagnetic state has been observed only at 7 > 150K.
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1. INTRODUCTION

Multiferroics belong to a class of compounds where
the magnetic and ferroelectric orders coexist. Of par-
ticular interest are multiferroic manganites RMnO;
and RMn,0; (R = Eu, Gd), where the ferroelectric
order is induced by a special type of the magnetic order
reducing the symmetry of a crystal to noncentrosym-
metric. These multiferroic manganites exhibit a giant
magnetoelectric effect, which attracts attention of
researchers [1—7]. The study of features of the mag-
netic structure of such multiferroics is of key impor-
tance for understanding of their polar and structural
states. As is known, the (LSR method provides infor-
mation on local internal fields of magnets in which
muons stop. We previously studied the magnetic
structure of RMn,O; by the SR method [8—10]. The
main feature of RMn,Os is the equality of the numbers
of Mn?** and Mn*" ions; the distribution of such ions
in the lattice (charge ordering) determines both the
magnetic and ferroelectric properties of RMn,Oj5 [5].
We showed in [8, 9] that the relaxation properties of
muons in RMn,0O; and in a doped Eu,3Ce,,Mn,04
sample [10] indeed strongly depend on the spatial dis-
tribution of Mn3* and Mn** ions and the charge trans-

fer (delocalized e, electrons) between them.

In this work, we study the relaxation of the muon
polarization in TbMnO;. At room temperature, this
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compound has an orthorhombic symmetry (space
group Pbnm) with the lattice parameters a = 5.3 A,
b=5.68A, and ¢ =7.49 A [1]. Ions Mn?* are in the
octahedral oxygen environment and their 3d shell
includes three localized t,, electrons and one delocal-

ized e, electron. The ground state of the Tb** ion (' F;,
S =3, L =3) is characterized by a large magnetic
moment (J =9u;), to which both the spin moment
and orbital angular momentum contribute, and a
strong spin—orbit coupling. Ions Tb?* are usually
described in the extremely strong anisotropic Ising
approximation, which rigidly fixes the orientation of
their moments in the ab plane [11].

The magnetic structure of TbMnO; is character-
ized by sinusoidal and cycloid spin states in the Mn3*
subsystem, as well as by ordering in the subsystem of
Tb** ions coupled to the Mn3* subsystem by the Tb—
Mn exchange interaction. The magnetic structure was
studied in detail in works on the scattering of unpolar-
ized and polarized neutrons, as well as on X-ray reso-
nance magnetic scattering [12]. As the temperature
decreases, TbMnO; undergoes three phase transi-
tions. A long-range magnetic order is established at
the temperature 7 = 42 K in the form of a sinusoidal
antiferromagnetic structure along the b axis. The mag-
netic structure of the Mn subsystem is transformed at

the temperature 75 = 28 K to a spiral cycloid with
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spins that rotate in the bc¢ plane as they move along the
b axis and are antiferromagnetically ordered along the
c axis. The ordering of moments of Tb3* ions with the
same period as for the spins of Mn3" ions appears
simultaneously at 7' < 7. In this case, the magnetic
moment along the ¢ axis appears in the Tb3* subsys-
tem [12]. Ferroelectric ordering along the ¢ axis also

appears at Ty = Ty;. The Tb—Tb exchange below
Tn,> = 7 Kiis responsible for a partial rearrangement of

ordered Mn?** and Tb>* subsystems.

A TbMnO; polycrystalline sample was studied by

the WSR method [13], but reliable results in the tem-
perature range of the magnetically ordered state were
not obtained because of methodical problems.

Using the WSR method, we studied the TbMnO;
ceramic sample in the temperature range from 15 to
290 K. The relaxation function of the muon polariza-
tion was obtained and its parameters (asymmetry,
polarization relaxation, and the precession frequency
of the muon spin in the internal magnetic field of the
sample) were found. The results of these studies are
qualitatively different from those obtained for
RMn,05 and Eu, ;Ce,,Mn,05 [§8—10], as well as for
LaMnO; and La,_,Ca,MnO; manganite perovskites
closest in symmetry [14, 15]. Those works were pri-
marily focused on the relaxation of the muon polariza-
tion below the magnetic ordering temperature and the
paramagnetic state was a normal single-phase state
with a weak relaxation of the polarization. Strong nar-
row maxima of the relaxation rate were observed near
the transition temperature T. The separation into two
phases with different polarization relaxation rates,
which is due to phase separation (into the antiferro-
magnetic dielectric and conducting ferromagnetic
phases) characteristic of LaAMnO; manganite per-
ovskites (A = Sr, Ba, Ca), appeared only in doped
Eu, ;Ce; ,Mn,05 and La,_ Ca,MnO; samples at tem-
peratures below 7= Ty [16, 17]. In this case, the fer-
romagnetic conducting phase had an increased relax-
ation rate of muon polarization.

In this work, a sharp increase in the relaxation of
the muon polarization in the magnetically ordered
state is detected below the temperature 7 =42 K. The
parameters of relaxation of the muon polarization
observed in the paramagnetic phase above the tem-
perature 7T = 42 K up to 150 K indicate that the state
of the sample is not a normal paramagnetic state. This
state can be described only under the assumption of
the existence of a two-phase state of the sample, where
one of the phases includes limited noninteracting
magnetically ordered domains with an enhanced
relaxation of the muon polarization in the internal
fields of these regions. The true paramagnetic state is
observed only at temperatures 7 > 150 K.
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2. PREPARATION OF THE EXPERIMENT.
METHOD FOR PROCESSING
EXPERIMENTAL DATA

To study the TbMnO; sample, we used the LSR
setup [18] placed at the output of the muon channel of
the PNPI synchrocyclotron. Time spectra of positrons
from the muon decay were measured in two time
intervals (0—10 and 0—1.1 us) with a step of 4.9 and
0.8 ns/channel, respectively.

The TbMnO; sample with a diameter of 30 mm
and a thickness of 12 mm was manufactured in the
form of a ceramic disk using the solid-phase synthesis
technology. The sizes of grains in its structure was sev-
eral tens of microns. The homogeneity and single-
phase property of the sample were tested by X-ray
phase analysis.

The measured time spectra of decay positrons were
described by the expression

N (1) = Nyexp(=t/T1,)[l + a,G() + a, G, ()] + B,

where N, is the normalization constant; T, is the life-

time of the muon; a, and a, are the contributions to
the observed asymmetry of positrons from the decay
of muons stopped in the sample and in the construc-

tion elements of the setup, respectively; G () and
G, (¢) are the respective relaxation functions of the

muon polarization; and B is the background of ran-
dom coincidences.

The background of random coincidences B was
determined from the analysis of the region of the time
spectrum to the time of stop of the muon in the sample
(events from the sample and background events from
constructive elements of the setup are absent in this
region).

The parameters of the background relaxation func-
tion G,(¢) from construction elements were obtained
by processing the precession spectra of the muon in
the external magnetic field (H = 280 G) at a certain
temperature T < Ty:

G, (1) = exp(—Apt) cos(Q. 7).

In this case, only the contribution from construction
elements is observed at the precession frequency in the
external magnetic field.

The relaxation function of the muon polarization
in the sample was represented in the standard form

G,(t) = G4(1)G(0),

where G,(t) = e is the dynamic relaxation function
describing the effect of fluctuations of the magnetic
field in the sample on the polarization of the muon
during the time of its thermalization in the sample and
G, (?) is the static relaxation function whose form and
parameters are determined by the distribution of local
magnetic fields in the regions of preferable localiza-
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tion of the muon after its deceleration and thermaliza-
tion in the sample.

The asymmetry a, on the sample will be considered
as residual; i.e., it can be different from the initial
asymmetry a, in the paramagnetic region and this dif-
ference reflects the appearance of additional muon
depolarization channels at the variation of the tem-
perature of the sample. The parameter a, was deter-
mined by processing time spectra of precession
obtained in the external magnetic field when the sam-
ple was in the paramagnetic state at room temperature.

The parameters of the relaxation function were
found from the experimental time spectra measured in
the magnetic fields # = 0 and 280 G.

3. RESULTS OF MEASUREMENTS
AND THEIR ANALYSIS
The TbMnO; sample at room temperature is para-
magnetic. The relaxation of the muon polarization in
zero magnetic field (H = 0) is described by the func-
tion G(¢) = exp(—Ar) with the asymmetry a,. When a
transverse external magnetic field (H =280 G) is
switched on, the precession of the magnetic moment
of the muon is observed at the frequency F =

YH = 3.8x10° kHz, where vy =13.5544 kHz/G,
obtained from the relaxation function of the muon
polarization G(¢) = exp(—Af) cos(2¢) with the ampli-
tude a, and angular frequency Q = 2nF . Such a para-
magnetic state of the sample holdsupto 7 = 150 K. In
this state, the precession frequency F (Fig. 1) is inde-
pendent of the temperature, the relaxation rate A
remains low (A = 0.4 us ™', see Figs. 2 and 3), and the
normalized asymmetry a,/a, = 1.0 holds (see Figs. 4
and 5).

At temperatures 150 K > T > Ty, the process of
depolarization of muons cannot be adequately
described by a simple relaxation function G,(f) with a
single relaxation rate A and a single asymmetry
parameter. It is necessary to add a term
~a, exp(—(h,t)?) to the function G,(¢):

a,G (1) = a, exp(—Af) cos(Q?)

+ a, exp(—(kzt)ﬁ)cos(ta), H #0;

aG(1) = @ exp(-Mf) + a, exp(=(A 1)),
B=1/2, H=0.
Thus, the structure of the sample appears to be two-
phase (phases i =1, 2).
The parameter [ for phase 2 was chosen such that

the total asymmetry a, + a,, where the parameters q,

and a, are determined independently, is equal to g, in
the entire temperature range of the existence of the
JETP LETTERS
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Fig. 1. Temperature dependence of precession frequencies
(open circles at 7 < 150 K and triangles at 7 > 150 K) F

and (closed circles at T <150 K and triangles at 7" >
150 K) F, of the magnetic moment of the muon in the

external magnetic field H = 280 G.
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Fig. 2. Temperature dependence of the relaxation parame-
ters (open circles) A ; and (closed circles) A, in the external
magnetic field H = 280 G.
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Fig. 3. Temperature dependence of the relaxation parame-
ters (open circles) A1 and (closed circles) A, in zero exter-
nal magnetic field H = 0. The closed triangle corresponds
to the parameter A in the range 15 K < 7 < 30 K.
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Fig. 4. Temperature dependence of normalized partial
contributions (open circles at 50 K < 7" < 150 K and trian-
gles at 7 > 150 K) a;/ay and (closed circles at 50 K <
T <150 Kand triangles at 7 > 150 K) a,/a to the asym-
metry of decay of the muon in the external magnetic field
H=1280G.

two-phase state. This necessary condition for the
paramagnetic phase could be satisfied under the con-
dition B = 1/2. Then, the parameters of the relaxation
function of both phases are finally determined. The
first terms (phase 1) have the form characteristic of the
paramagnetic phase. The second phase should also be
paramagnetic, but can include limited noninteracting
regions with magnetic correlations. It is noteworthy
that a similar expression (with the exponent [ = 1/2)
was used to process the (LSR data for a diluted disor-
dered magnet [19].

The phase separation of the sample into two phases
at a decrease in the temperature holds down to tem-
peratures depending on the external magnetic field
(see Figs. 4 and 5). At the magnetic field H = 280 G,
this temperature is 7= 70—80 K, whereas it is notice-
ably lower, T = 50 K, at zero magnetic field (H = 0).
The relaxation rate near the lower temperature bound-
ary of the phase coexistence is A, = 8—12 us™!, which

is much lower than A, =40-50 us . Below these
boundary temperatures, only phase 2 continues to
exist down to the temperature Ty; i.e., it determines
the features of the critical region near the transition.
Strong relaxation of the muon polarization in the crit-
ical region indicates the appearance of unstable
regions with a strong inhomogeneity of the internal
magnetic field. The external field stabilizes phase 2,
increases the relaxation rate A,, and expands the criti-
cal region up to 70 K (see Figs. 2 and 3). Figures 4 and
5 show the temperature dependences of the normal-
ized partial contributions to the asymmetry of the
muon decay in the fields # = 0 and 280 G, respec-
tively. The separation into two phases for asymmetries
is observed down to the same temperatures as for
relaxation rates.

ANDRIEVSKII et al.
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Fig. 5. Temperature dependence of normalized partial
contributions (open circles at 50 K <7 < 150 K and trian-
gles at 7 > 150 K) a,/ay and (closed circles at 50 K <
T <150 K and triangles at 7 > 150 K) a,/a to the asym-
metry of decay of the muon in zero external magnetic field
H =0. The closed triangle corresponds to the parameter
asintherange 15 K <7 <30 K.

It is remarkable that the relaxation rate of phase 2 is
anomalously high for the paramagnetic phase and var-
ies only slightly at the application of the external mag-
netic field (see Figs. 2 and 3). Consequently, the state
of this phase is determined primarily by the internal
field, which is much higher than the external one.
Phase 2, remaining paramagnetic, most likely consists
of noninteracting isolated regions with a magnetic
order in the initial paramagnetic matrix. Such a state
exists up to the temperature 7" = 150 K, above which
thermal fluctuations transform the state of phase 2 to
a normal paramagnetic state and the parameters of
phases 1 and 2 become similar to each other (see
Figs. 2—5).

When the temperature of the sample decreases
(T <150 K), the contributions from phases 1 and 2 to
the observed asymmetry change (see Figs. 4 and 5),
but the sum of these partial asymmetries in the tem-
perature range of 50—150 K does not change and is
equal to the initial asymmetry a,. The external mag-
netic field leads to the appearance of correlated anom-
alies of asymmetries of both phases in the temperature
range of 100—150 K and to an increase in the tempera-
ture at which phase 1 disappears under the reduction
of the temperature.

We emphasize that the condition a, = a, + a, can-
not be ensured for TbMnO; within the hypothesis

with two exponentials (~e_>”'), as was accepted in [ 14,
15] for LaMnO; and La,_,Ca MnO;.

AtT < T =42 K, the sample passes to a magneti-
cally ordered state, where the relaxation function of
the muon polarization has the form

G,(t) =[1/3 4+ 2/3exp(—Ar)cos(Qr)]exp(—Ar).

JETP LETTERS  Vol. 106 No.5 2017
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Here, Q = 2nF is the precession frequency of the
magnetic moment of the muon in the internal mag-
netic field, A is the dynamic relaxation rate of the
muon polarization, and A is the corresponding stan-
dard deviation.

As was mentioned above, the study of this tempera-
ture range is complicated because of the strong relax-
ation of polarization of muons stopped in the
TbMnO; sample and measurements were performed
only at several temperatures in the range of 15—30 K.
Since the parameters A, Q, and A and asymmetries a,
at T < Ty usually vary only slightly at a certain dis-
tance from the critical region, we performed the joint
processing of all measured spectra in the temperature
range of 15—30 K and obtained the following parame-
ters of the relaxation function averaged over this tem-
perature range:

A=38+5us”, Q=2nF =2n(22+0.6) MHz,
A=(30+4)MHz, a, =0.22%0.04.

Figure 6 shows the relaxation functions of the
muon polarization in the sample in zero external mag-
netic field in the temperature range of 15—30 K (lower
spectrum, open circles) and at a temperature of 290 K
(upper spectrum, open triangles). According to Fig. 6,
the relaxation of the muon polarization remains strong
in the magnetic ordering region far from the critical
region.

The asymmetry obtained from the precession spec-
trum of the magnetic moment of the muon in the
external magnetic field H = 280 G in the paramagnetic
state of the sample (7=290 K) isa, = 0.252 £ 0.006.

Since a, and a, coincide with each other within the
errors, it is possible to suggest that only one channel of
relaxation of the muon polarization exists in the tem-
perature range of 15—30 K and it is satisfactorily
described by the relaxation function G(¢) used in pro-
cessing. Using these results, one can estimate the inter-
nal magnetic field H and its spatial standard deviation
A, in the relaxation range of 15—30 K at the point of
localization of the muon: H =1.62%0.04 kG,
Ay =0.35£0.05 kG. It is noteworthy that a very
large standard deviation A ;; indicates a large inhomo-
geneity of the internal magnetic field (A, /H = 0.22).

A high dynamic relaxation rate of the muon polar-
ization in TbMnOj; in the temperature range 7' < Ty
can be attributed to the muon channel of the polariza-
tion relaxation [20]. All Mn ions in TbMnO; are triva-
lent and each of them contains one e, electron. In the
temperature range of interest (15—30 K), the spins of
Mn ions are ordered in the form of a cycloid. Such a
state is formed with allowance for the Dyaloshinskii—
Morya interaction, double exchange, Hund exchange,
and Jahn—Teller effect [21]. The spins of Mn3" ions in
the cycloid state are the same and the angle
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Fig. 6. Relaxation functions G(¢) in zero external magnetic

field H = 0 (open triangles) at a temperature of 7= 290 K
and (open circles) in the temperature range of 7= 15—

30 K. The dotted lines are extrapolations to the point ¢ = 0
and the solid lines are simulation results.

0 =0.28m = 50.4° between the spins of the nearest
pairs of these ions holds on the period of the cycloid
[21]. The double exchange J 4, = cos(0/2), which is
responsible for the transfer of e, electrons between
Mn3* ions, results in the formation of muonic atoms

Mu=pu" +e - The transfer integral for the e, electron
is £ = 300 meV [17] and cos(6/2) = 0.9. Thus, the
double exchange between two neighboring Mn3* ions
is weakened insignificantly in the cycloid as compared
to the ferromagnetic state and the formation of muo-
nium is possible.

The muonium mechanism of the muon depolar-
ization is due to the interaction of the e, electron of
the muonium with the inhomogeneous internal mag-
netic field of spins of Mn?* ions in the cycloid. In this
case, the depolarization of the muon spin in muonium
occurs through the hyperfine interaction in the
muonic atom. This mechanism works for all muons
stopped in the sample. The frequency of the hyperfine
splitting in the free muonic atom is v, =

W,/21 = 4.46x10° Hz [22]. The characteristic fre-
quency for double exchange J,, = 270 meV is v =

6.6 x10" Hz. The stochastic change in the spin pro-
jection of the electron is transferred to the spin of the
muon in muonium if v < v [22]. In the case of fast
exchange, when v > v,, the hyperfine coupling in
muonium breaks. In this case, the spins of muons
directly interact with stochastic internal magnetic
fields of the cycloid, which are responsible for the
measured quite large transverse component of the
relaxation function (large standard deviation A). A
high frequency of the reorientation of spins of e, elec-
trons at the appearance and disappearance of the
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hyperfine interaction in muonium is responsible for
the exponential relaxation of the longitudinal muon
polarization. The following expression was obtained in
[20, 22] for the relaxation rate of the longitudinal com-

ponent A atv > v:
A = (0F)°/4v,

where @ is the frequency of the hyperfine splitting of
muonium in the medium and v is the frequency of the
reorientation of the electron spin in muonium. The

frequency of the hyperfine splitting in the medium wg
can be lower than the vacuum value, but we set

oy = m, for an estimate. The experimental value A =

38 us_' givesthe frequency v = 5.2 x 1 0'? Hz. This fre-
quency is lower than the characteristic value

v =6.6x10" Hz for double exchange because some
muons form the transverse component of the relax-
ation function. Thus, the observed strong longitudinal
relaxation of muons in the spin cycloid state in
TbMnO; can really be attributed to a high frequency of

reorientation of the spins of e, electrons in muonium
with allowance for double exchange.

A high relaxation rate in both the magnetically
ordered and near paramagnetic ranges is remarkable
(see Figs. 2 and 3). It indicates the similarity of the
internal magnetic fields determining the parameters of
the relaxation function. At 7 > T}, short-range order
domains apparently have symmetry close to that exist-
ing in the ordered state. The short-range order appears
because of frustrations of the magnetic state of
TbMnO;. Such frustrations can be attributed to the
competition between the main interactions responsi-
ble for the magnetic state of TbMnO; [5, 6]. The com-
petition of the ferromagnetic exchange interaction
between the nearest neighbor spins of Mn** ions in the
ab plane with the antiferromagnetic interaction
between the next-nearest spins in the same plane is
responsible for the noncollinear antiferromagnetic
structure in the temperature range of 29—42 K [21].

It is noteworthy that studies of the temperature
dependence of the magnetization of TbMnO; single
crystals in the magnetic field (H ||c¢, H = 1kG)
revealed an anomaly in the form of a small wide max-
imum in the temperature range of 60—150 K [23]. This
anomaly was the most pronounced only along the ¢
axis of the crystal, for which the prevailing contribu-
tion of the magnetic moments of Tb* ions is absent.
The authors of [23] mentioned that the Curie—Weiss
law is invalid in TbMn,O5 up to a temperature of
150 K. Coexisting phases 1 and 2 in the paramagnetic
region in which the relaxation of the muon polariza-
tion occurs in different ways can be interpreted as fol-
lows. Phase 1 is a paramagnetic state of single Mn and
Tb ions. We attribute noninteracting local domains
with the short-range magnetic order located inside
phase 1 to phase 2. The observed temperature depen-
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dences of the asymmetries of phases 1 and 2 (see Fig. 4
and 5) reflect the relation between these phases for dif-
ferent temperatures and magnetic fields. As a result,
the relation between these phases is unity at compara-
tively high temperatures depending on the external
field: T=80 K (H=0) and T=93 K (H = 280 G).
Phase 2 prevails below the indicated temperatures
down to Ty. As the temperature Ty is approached, the
sizes of short-range order domains increase and the
internal fields in them approach the field in the
ordered domain.

We attribute the anomalies of the asymmetries of
phases 1 and 2 in the temperature range of 100—150 K
to the effect of the applied magnetic field H = 280 G
on short-range order domains (see Fig. 4). These
anomalies are absent in zero external field (see Fig. 5).
The sizes of short-range order domains decrease with
an increase in the temperature above the temperature
Tn- Magnetizing fields for short-range order domains
are the internal field of anisotropy of Tb** ions and the
external field. The internal field decreases sharply with
an increase in the temperature because of a decrease in
the magnetization of Tb ions, which leads (at H = 0)
to linear antiphase temperature variations of the asym-
metries of two phases (see Fig. 5). The internal field
becomes equal to the external field near a temperature
of 100 K. The latter field begins to exceed the anisot-
ropy field up to 150 K (i.e., to the boundary of the exis-
tence of the two-phase state). The manifestation of the
anomaly of the magnetization along the ¢ axis in the
TbMnO; single crystal in the field H =1 kG in [23]
begins with a temperature of 60 K.

4. CONCLUSIONS

The WSR study of the TbMnOj; ceramic sample has
revealed a number of features that were not yet
observed in previously studied multiferroic manga-
nites RMn,0s; and LaMnO;-type manganite per-
ovskites. A single-phase magnetically ordered state
with an anomalously strong relaxation of the muon
polarization exists below the temperature 7y = 42 K.
Such a relaxation is due to the muon channel and to
the direct interaction of the magnetic moment of the
muon with inhomogeneities of the internal magnetic
fields in the cycloidal ordering state.

At T > Ty, we have revealed a two-phase state that
exists in a temperature range depending on the applied
magnetic field. Because of the frustration of the mag-
netic state of TbMnO; at a temperature of 7 > Ty,
there is a wide temperature range of existence of short-
range order domains constituting a rapidly relaxing
phase, where the relaxation rate is comparable with
that at 7 < Ty. The second phase of the paramagnetic
state is a normal paramagnetic phase. There is a wide
temperature range of the critical state near the tem-
perature Ty, which in fact coincides with the range of
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existence of short-range order domains. As the tem-
perature increases, thermal fluctuations destroy short-
range order domains. A true paramagnetic state
appearsonly at 7 > 150 K.
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