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In this work we present a comprehensive study of the spin dynamics and fluctuations in the ordered magnetic
phases of the prototype multiferroic material TbMnO3. From the temperature dependence of the dynamical and
static components of the time-dependent asymmetry, we demonstrate the existence of strong local magnetic-field
disorder arising from the modulated Mn3+ spin arrangement and the effect of the Tb3+ ordering at low temper-
atures. We provide evidence for an unusual magnetostructural coupling in the paramagnetic phase of TbMnO3

by means of muon spin spectroscopy. No short-range magnetic ordering definitively occurs in the paramagnetic
phase and the unusual properties found in the temperature dependence of the magnetic susceptibility are due to
a magnetostructural coupling, likely involving oxygen displacements.
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I. INTRODUCTION

TbMnO3 has found a special position in the condensed-
matter research field because it exhibits intrinsic magnetoelec-
tric multiferroic phases at low temperatures [1–5]. TbMnO3

crystallizes at room conditions in the orthorhombic Pbnm
structure [5]. The Mn3+ cations are in an octahedral oxy-
gen environment, while the Tb3+ ions occupy a distorted
oxygen dodecahedra. Due to both the octahedra tilting and
the Jahn-Teller activity of the Mn3+ cations in the high-spin
configuration, the oxygen polyhedra are distorted. At TN =
41 K, the Mn3+ spins order in a collinear sinusoidal incom-
mensurate modulated antiferromagnetic structure, with the
modulation running along the b axis [4]. On further cooling,
the modulation wave vector continuously decreases and at
Tc = 28 K, a second antiferromagnetic phase transition takes
place into a modulated cycloidal spiral antiferromagnetic spin
ordering in the bc plane, developing along the b axis [6]. This
antiferromagnetic structure allows for ferroelectricity, with
spontaneous polarization along the c axis, which is well de-
scribed by the Dzyaloshinskii-Moriya model [4]. The electric
polarization flips from the c axis to the a axis when a magnetic
field (B > 5 T) is applied along the b axis, due to the rotation
of the spin cycloid from the bc- to the ab plane [4]. The
Tb3+ spins align antiferromagnetically below TN2 = 7 K in a
quasi–long-range ordering [5].

Although the low-temperature phase sequence has been
extensively studied, the spin dynamics, local magnetic-field
distribution, and magnetic disorder arising from the different
Mn3+ spin structures and the Tb3+ spin ordering have not
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been properly addressed. Furthermore, intriguing abnormal
features in the temperature dependence of structural, mag-
netic, and thermal properties of TbMnO3 have been reported
in the paramagnetic phase, well above TN . These include the
deviation from the Curie-Weiss law of the magnetic suscepti-
bility along the b axis below 200 K [7,8], and the anomalous
temperature behavior of optical phonons [8], thermal conduc-
tivity [9], lattice parameters [10], and elastic moduli [11] in
the 90 to 200 K range. Moreover, the Eω ‖ a-polarized THz
absorption spectra exhibit a broad and weak band at around
20 cm−1, at room temperature, whose intensity gradually in-
creases on cooling from 150 K, while the oscillator strength
of the lowest-lying optical polar phonon concomitantly de-
creases [12]. This temperature evolution does not follow the
expected behavior of a usual paramagnetic insulating phase.

Two controversial interpretations have been proposed. The
anomalous temperature dependence of the thermal conductiv-
ity coefficients has been interpreted as a resonant-scattering
process of phonons between different energy levels of the 4 f
Tb3+ multiplets, where the Mn3+ magnetism plays a minor
role [8,9]. The temperature anomalies of lattice phonons, stud-
ied by polarized Fourier transform infrared spectroscopy and
Raman scattering, have been attributed to local displacements
of the oxygen atoms, as a result of the crystal-field energy
level shifts below 120 K [8,12]. Another picture is based on
short-range magnetic clusters established in the paramagnetic
phase, below 150 K, which would explain the deviation of
the magnetic susceptibility from the Curie-Weiss law and the
observation of bands in the THz absorption spectra assigned
to electromagnons [13].

More recently, low-field temperature-dependent muon spin
ressonance experiments in TbMnO3 ceramic samples were
carried out in order to get information about the local changes
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which underly the anomalous temperature dependence ob-
served in many physical quantities in the paramagnetic phase,
as referred to above, and the magnetic-field distribution in the
ordered phases, as well [14]. The μSR time signal recorded at
different temperatures in the range TN < T < 150 K exhibits
two distinct relaxing components with anomalously high re-
laxation. The temperature dependence of the asymmetries
associated with the two relaxing components and their low
magnetic-field dependence was interpreted as a coexistence
of two states in the TN < T < 150 K range. These features
have been ascribed to the existence of noninteracting isolated
magnetic regions, with a magnetic ordering, within the para-
magnetic matrix [14].

The previous μSR measurements in TbMnO3 ceramic
samples have been rather limited, particularly in the time res-
olution of the spectrometer used, and no accurate information
regarding internal fields could be assessed in the magnetic
ordered phases below TN . In order to characterize the dynamic
and static local magnetic-field distributions due to the Mn3+

and Tb3+ spin order and to get a definitive answer on the
mechanisms underlying the abnormal features observed in the
paramagnetic phase, we performed μSR experiments using
TbMnO3-oriented single-crystalline samples, with a twofold
objective: to characterize the local field distribution and its
temperature dependence for the ordered magnetic phases by
temperature-dependent zero-field measurements, and to study
the local magnetic field at the μ sites by an analysis of the
Knight shift as a function of temperature and applied transver-
sal magnetic field, focusing on the paramagnetic phase. The
present study also reports first-principles calculations, based
on density-functional theory (DFT) [15,16] that aimed to de-
termine all possible muon-stopping sites. We anticipate that
our results will definitively present a view of local magnetism
and answer fundamental questions regarding the macroscopic
features of TbMnO3 in a broad temperature range.

II. EXPERIMENTAL DETAILS

High-quality TbMnO3 single crystals were grown by
floating-zone method in an FZ-T-4000 (Crystal Systems Cor-
poration) mirror furnace, using Tb4O7 and Fe2O3 as starting
materials. The starting materials were mixed in the stoichio-
metric ratio, cold pressed into rods, and sintered at 1100 ◦C
for 12–14 h in air. Growing was performed in air atmosphere;
feed and seed rod were rotated with a speed of 30 rpm in
opposite directions and a pulling speed of 6 mm/h was used.
The typical length of a grown ingot was between 3 and 5 cm
[17,18].

The Pbnm phase and single-crystalline character of
the used samples were previously confirmed by room-
temperature x-ray diffraction and Raman spectroscopy. No
spurious phases could be detected. The quality of the sam-
ples was also confirmed by the critical temperature values;
ascertained from the temperatures was that the specific-heat
and the magnetization data exhibit anomalies (see Fig. S1 of
Supplemental Material [19]). The results obtained are found
to agree with those reported earlier for TbMnO3 [7].

Muon-spin spectroscopy measurements were performed
on the oriented TbMnO3 single-crystalline samples, at the
Swiss Muon Source (SμS) of the Paul Scherrer Institute (PSI).

Zero-field measurements were undertaken at the GPS in-
strument at fixed temperatures between 2 and 50 K. Mea-
surements with a applied high magnetic field in transverse
geometry were performed at the HAL-9500 instrument in
the temperature range 10 to 300 K. Muons with 100% spin
polarization and a kinetic energy of 4 MeV were implanted in
the crystals, with the spin polarization parallel to the c axis in
both experiments; in the transverse geometry measurements,
the magnetic field was applied along the b axis (i.e., the
Mn3+ spin modulation direction). The time evolution of the
muon0spin polarization was determined from the asymmetry
of the decay positrons and analyzed with the WIMDA and
MUSRFIT software [20,21].

First-principles calculations were performed using the
VASP code [22–24]. These are based on spin-polarized DFT
with additional Hubbard-type interactions for the on-site cor-
relations between the manganese 3d electrons [25]. A value
of U for the on-site potential equal to 2.0 eV was used,
in agreement with earlier DFT+U studies of the TbMnO3

compound [26–28]. The core-valence interactions were de-
scribed by pseudopotentials that were constructed within the
projector augmented-wave method [29]. For Mn3+ the 3p
states were treated as valence states together with the 3d and
4s electrons, while the 4f electrons of Tb were assumed to
be core states. The semilocal Perdew-Burke-Ernzerhof func-
tional based on the generalized-gradient approximation was
employed for treating the exchange and correlation effects
between the electrons [30]. The valence crystalline wave
functions were expanded in a plane-wave basis limited by
an energy cutoff of 420 eV. Muons were represented by the
positively charged interstitial H+ nuclei, since both of these
particles are expected to have almost identical ground-state
properties [31]. Although zero-point effects sometimes play
a non-negligible role in the comparison of the ground-state
properties of the proton and of the positive muon [32], in
this case we are mostly concerned with the ground-state site,
which is expected to be the same taking into account that
the energy barriers around the site are usually larger than
the zero-point energy corrections [33] The defect calculations
were performed using an 80-atom supercell with fixed lattice
parameters, doubled along the a- and b axes, with periodic
boundary conditions. A 2 × 2 × 3 Monkhorst-Pack k-point
mesh was chosen for the Brillouin-zone integrations, with fer-
romagnetic alignment of the Mn3+ spins [34]. Effects due to
spin-orbit coupling were found to be small. The final equilib-
rium sites of H+ were determined from energy minimization
using a conjugate-gradient algorithm.

III. EXPERIMENTAL RESULTS

A. Zero-field measurements in the ordered magnetic phases

Representative examples of time-dependent zero-field (ZF)
asymmetry, recorded at different fixed temperatures in the
2 to 50 K range, are displayed in Fig. 1. As expected,
a damped oscillatory signal is observed below TN = 41 K,
typical for magnetically ordered phases. However, the ampli-
tude of the oscillations rapidly decreases on cooling towards
2 K, in such a way that the oscillations fade out after
0.015 µs, as it can be ascertained from the data recorded below
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FIG. 1. Representative ZF μSR time-dependent asymmetry sig-
nal of TbMnO3 recorded at several fixed temperatures in 2 to
50 K range. Solid lines were determined from best fit of Eq. (1)
to experimental data. Horizontal gray lines mark baseline for each
temperature.

10 K. This result points to a very wide distribution of the
local magnetic field that becomes wider as the temperature
decreases, as expected from the coexistence of both cycloidal
modulated spin structures and Tb3+ spins quasi–long-range
ordering, below 7 K [5]. This interpretation is supported by
the appearance of a diffuse neutron-scattering signal, which
superimposes the magnetic diffraction satellite peak of the
Mn3+ spin-modulated structure, as temperature approaches
7 K [35].

The time-dependent asymmetry A(t) recorded in the
collinear sinusoidal incommensurate antiferromagnetic phase
can be described in the t � 0.05 − µs time interval by Eq. (1)
[36]:

A(t ) = A1e−λ1t jo(2π f1t ) + A2e−λ2t , (1)

where jo is the zero-order Bessel function, f1 = γμBμ/2π is
the muon-spin precession frequency associated with the cutoff
field, Bμ, of the sinusoidal distribution of the internal mag-
netic field at the muon site, γμ is the muon gyromagnetic ratio,
A1,2 are the asymmetries, and λ1,2 are the relaxation rates.

The first term in Eq. (1) accounts for the relaxed oscillating
component, as expected for a spatially collinear modulated
spin structure, with an additional relaxation λ1. This term
is suitable to describe the ZF μSR data in the Tc = 28 K �
T � TN = 41 K range. However, we have kept this model to
analyze all collected data because the time-dependent signal
does not show significant changes that require a modification
of the model in the other magnetically ordered phases. The
model modification also could introduce meaningless physical
temperature variations of the fitting parameters. The second
term in Eq. (1) describes a spin relaxation λ2 of the nonoscil-
lating component. λ2 has a dynamical character, which is
bound to affect as well the oscillating component of the signal.
Its presence indicates the influence of spin fluctuations in
the ordered phases of the Mn3+ spins, both in the collinear
sinusoidal incommensurate phase (TC < T < TN ) and in the
cycloidal phase below TC . The solid lines in Fig. 1 were
determined by the best fit of Eq. (1) to the experimental data
for t � 0.05 μs. The recorded spectra are well described by
Eq. (1), except for the extreme cases at T = 2 and 50 K. For
the former case, as the data in Fig. 1 illustrate, the extremely
high value of the relaxation implies that the definition of the
muon-spin precession parameters becomes correspondingly
difficult; higher frequencies may be present as well, but a clear
separation is not possible with the present data. For the latter
case, above TN = 41 K, we chose not to present the fit in order
to call the reader’s attention to that the model of Eq. (1) is not
expected to be physically adequate at this temperature. The
structural characterization by x-ray diffraction and Raman-
scattering spectroscopy of the TbMnO3 sample used in this
work, do not detect any spurious phases, precluding that these
oscillations observed at 50 K arise from magnetic impurities.
In fact, μSR experiment at 200 K (for calibration purposes)
does not reveal any oscillations (see Fig. S2 of Supplemen-
tal Material [19]). Previous neutron-scattering experiments
excluded the existence of long-range magnetic ordering just
above TN . Thus, the nature of the oscillations potentially ob-
served just above the Néel temperature may be associated with
correlated regions in the samples, with low spin dynamics,
but the present data do now allow to clarify this question.
This interpretation is supported by the experimental evidence
of a spin-phonon coupling observed in TbMnO3 just below
100 K, ascertained by THz absorption spectroscopy [12]. The
temperature dependence of the parameters determined from
the fitting procedure is presented in Fig. 2.

From the fitting procedure, only one oscillating component
could be observed; the temperature dependence of the pre-
cession frequency is shown in Fig. 2(a). The dashed line in
Fig. 2(a) is a guide for the eyes. With the exception of the
point at 2 K, where the fitting procedure is most difficult due
to the extreme value of the spin relaxation, the spin precession
frequency f1(T ) monotonously decreases on heating up to
TN , with no anomalies observed at Tc. The low-temperature
value of the oscillation frequency corresponds to a local field,
found to be Bint = 0.161 T. The local internal field does not
vanish on approaching TN from below, as a value of 0.135 T
is found close to TN . Moreover, nonvanishing oscillations are
still observed at 50 K, 9 K above TN (cf. Fig. 1). These results
contrast with the ones reported for LaMnO3, for which two
oscillating components are found in the μSR time-dependent
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FIG. 2. Temperature dependence of (a) precession frequency, (b)
asymmetries, and (c) relaxation rates, obtained from best fit of Eq. (1)
to experimental data. Vertical lines mark transition temperatures
between paramagnetic (PM), Mn3+ sinusoidal (sin), and cycloidal
(cyc), and Tb3+ spin-ordered phases. Dashed line in (a) is guide to
eyes.

asymmetry in LaMnO3 below TN (one with similar value
as that we obtained for TbMnO3) and both spin precession
frequency and asymmetry vanish at TN = 139 K [37].

The asymmetry of the oscillating component (A1) in-
creases as temperature decreases, with the asymmetry of the
nonoscillating component (A2) decreasing, since the total
asymmetry (A1 + A2) was fixed constant during the fit. The
amplitude of the oscillating signal depends on the angle be-
tween the local magnetic field and the muon spin. The gradual
increasing of the asymmetry of the oscillating component
as temperature decreases below TN evidences that the local
field direction at the muon-stopping site changes from one
magnetic phase to the other.

Regarding the relaxation rates, we note that within the
experimental errors, associated with the difficult fitting of
Eq. (1) to the extremely damped time spectra of Fig. 1, both
the dynamical relaxation λ2 and the relaxation λ1 associ-

ated with the oscillating component are comparable in the
collinear sinusoidal incommensurate phase (Tc < T < TN ).
On cooling below Tc, the relaxation rate λ2 and the asym-
metry associated with the nonoscillating component of the
time-dependent μSR signal decrease, pointing out a slowing
down of the spin-fluctuation rate with decreasing temperature,
becoming nearly negligible below the ordering temperature of
the Tb3+ spins. On the contrary, the relaxation rate λ1 of the
oscillating component and its asymmetry increase on cooling,
λ1 saturating at around 300 µs−1 in the Tb3+ ordered phase,
below TN2 = 7 K. Below this temperature, the λ1 relaxation
now includes the additional static broadening of the internal
magnetic field at the muon site. In the framework of the model
expressed by Eq. (1), the combination of the λ1 relaxation
with the maximum cutoff frequency f1 indicates a maximum
internal magnetic field around 3 T. The simple deviation of the
cycloidal order with respect to the sinusoidal incommensurate
and collinear spin ordering is not sufficient to explain the
increase of the relaxation λ1 of the oscillating component,
which we, therefore, assign to the ill-ordered Tb3+ spins under
the influence of the magnetic field of the Mn3+ spin sublattice.
This interpretation is based on the observation of a diffuse
neutron-scattering signal, better observed below 12 K in the
neighborhood of the satellite peak associated with the mod-
ulated Mn3+ spin structure [35]. This result, along with the
increasing trend of λ1 on cooling, points to an increasingly
wider distribution of the local magnetic field and disorder
induced by the Tb3+ spins.

B. Transverse field measurements above TN

In this section, we will report the results of the temperature-
dependent transverse magnetic field (TF) μSR experiments
from 10 to 300 K, the external magnetic field applied along
the along the b axis. The spectral components in the measured
signal were obtained by the corresponding Fourier trans-
forms from the analysis using the MUSRFIT software [20], and
are presented in Fig. 3, for the highest (8-T) magnetic-field
strength, as a representative result. The Fourier transforms for
1-, 3-, 5-, and 6.5-T magnetic-field strengths can be found in
Fig. S3 of Supplemental Material [19].

A prominent spectral component is always observed in
the entire temperature/magnetic-field ranges, peaking near the
muon Larmor frequency, associated with the applied mag-
netic field. The nominal Larmor frequency is marked in
Fig. 3 by the vertical solid line. The Fourier transform of
the time-dependent TF μSR signal reveals the existence of
other spectral components that can be grouped into two main
sets: one at frequencies close to the Larmor frequency, and
another set at lower frequencies. The existence of different
spectral components in the time-dependent TF μSR signal
evidences for different muon-stopping sites, which probe dif-
ferent local magnetic fields strengths. The set of frequencies
close to the Larmor frequency includes a small contribution
from muons stopping in the silver sample holder. This set
likely includes as well a distribution of frequencies associated
with muons stopping in slightly magnetically inequivalent
sites, but our data do not allow a clear separation of these
components among themselves or of the silver contribution.
The description of this complex shape is not straightforward
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FIG. 3. Representative Fourier transform of time-dependent TF
μSR signal of TbMnO3, with corresponding best fits, recorded at
several fixed temperatures in 10 to 300 K range, with applied trans-
verse magnetic field of 8 T, applied along b axis. Vertical gray line
marks corresponding nominal gyromagnetic frequency.

and several fitting schemes were tried; we finally found that
this spectral distribution around the Larmor frequency is de-
scribed in a reasonable way for all temperatures and fields by
a Lorentzian-damped oscillation, which essentially describes
a rather temperature-independent contribution (including that
of the muons stopping in the silver sample holder) and a
Gaussian-damped oscillation which describes a contribution
with a slight temperature dependence. As we will discuss be-
low, this work is not focused on these components, but rather
on the spectral weight shifted to lower frequencies, which
captures clearly the temperature dependence of the observed
Knight shift.

The spectral components found at frequencies significantly
shifted to values much lower than the Larmor frequency also
include at least two distinct components, which are rather
broad in the fast Fourier transform spectra, shown in Fig. 3.
This is basically described by two components with a Gaus-
sian relaxation. As the temperature decreases from 300 K,
these two peaks are observed to shift to lower frequencies
and progressively broader up to 50 K (also deviating from
the Gaussian shape). Below 50 K, well within the ordered
magnetic phases, it is still possible (although very diffi-
cult) to fit this low-frequency part with two highly shifted
broad peaks, which qualitatively corroborate the broader lo-
cal magnetic-field distribution associated with the modulated
spins structures and the Tb3+ spin ill-ordering. The relaxation
rates at 10 K are of the order of tens of µs−1; this is about the
same order of magnitude as that of the nonoscillatory compo-
nent in ZF measurements, which was assigned to a dynamical
relaxation. The fit curves at T = 10 K should nevertheless
be considered as a mere suggestion, since the magnetic-field
distribution within the magnetically ordered phase is clearly

not captured by the fitting model used for the paramagnetic
phase.

The time-dependent TF μSR signal was therefore fitted
with four oscillating components using the MUSRFIT soft-
ware: two Gaussian relaxing describing the low-frequency
part and a set of a Gaussian relaxing and a Lorentzian relax-
ing describing the high-frequency peaks around the Larmor
frequency. The analysis reveals no significant variations of
the two components at higher frequency, as well as of the
relative oscillating amplitudes and phases. This fitting scheme
captures the essential behavior of the overall temperature and
field dependence of our data and reveals a significant depen-
dence with temperature of the frequencies and relaxation of
the two components at lower frequency. For the highest fields
(B = 6.5 and 8 T), a mismatch between the fit curve and
the data is evident just below the high-frequency peaks for
T � 200 K, being more pronounced at 10 K. This mismatch
at 10 K corroborates the magnetic field-induced effects on
the magnetic structure leading to the reorientation of the spin
cycloid from the bc plane to the ac plane and the polarization
flop observed for B � 5 T at 10 K [4], likely associated with
the Tb momenta, which changes the shape of the local field
distribution at the muon site(s) [7]. The cases between 50
and 200 K will be addressed later on. Figure 4 shows the
temperature dependence of the frequency and relaxation rate
of each component for the representative case of 8 T (the
corresponding parameters calculated for the remaining data
recorded at other applied magnetic fields may be found in
Fig. S4 of Supplemental Material [19]).

We therefore focus our analysis on the lower-frequency
components (blue triangles and green circles in Figs. 4 and
S4 of Supplemental Material [19]). The negative frequency
shifts from the nominal value of the Larmor frequency as
temperature decreases are attributed to the increase of the
local magnetic susceptibility, as discussed below, whereas the
increase of the relaxation rate points to a less homogeneous
magnetic-field distribution in the sample at lower tempera-
tures or different spin dynamics.

In the paramagnetic phase, a shift of the muon frequency is
usually observed, because the local magnetic field is different
from the applied one. This is defined as the experimental
Knight shift Kexp, expressed as [38]

Kexp = �Bext · ( �Bloc − �Bext )

B2
ext

= (Bloc − Bext )

Bext
=

2π
f
γ

− Bext

Bext
,

(2)

where Bext is the applied magnetic-field strength, Bloc is the
local magnetic field at the muon position, calculated from
the frequency ( f ) divided by the muon gyromagnetic ratio
(γ ). As discussed above, the high-frequency components in-
clude a contribution from muons stopping in the silver sample
holder and precessing (within the very small diamagnetic shift
in silver, of the order of a few ppm) at the muon Larmor
frequency. We cannot clearly separate the silver component
and therefore used the frequency of the Gaussian-relaxing
component (red triangles in Fig. 4) as the reference for Bext;
this may introduce a systematic error in the calculation of the
corresponding Knight shift, leading to a vertical displacement
that is estimated to be smaller than 0.1%. The Knight shift is
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FIG. 4. (a) Frequency and (b) relaxation-rate temperature depen-
dence of oscillating components obtained from fit to time-dependent
μSR signal of TbMnO3 recorded for magnetic field of 8 T, re-
spectively, applied along b axis. Vertical dashed lines mark Néel
temperature TN . Gaussian shape of relaxation was adopted for all
components except for component indicated with black squares
(where Lorentzian shape was adopted).

very significant for the lower-frequency components, which
are strongly temperature dependent and therefore present a
larger negative Knight shift, as can be observed in Fig. S5
of Supplemental Material [19]. As we will discuss below, the
S-shaped anomaly of the Kexp(T ) curve obtained for these two
components resembles the anomalous temperature behavior
of the magnetic susceptibility χb(T ). As observed for the
χ−1

b (T ) curve, a linear temperature dependence of Kexp(T ) is
found in the 150 to 300 K range, with a clear deviation below
150 K (see Fig. S5 of Supplemental Material [19]).

In the paramagnetic phase of an insulating oxide, the muon
Knight shift should scale with the magnetic susceptibility, as
follows [38]:

Kμ

b = Kexp − (
1
3 − N

)
χb, (3)

where ( 1
3 − N )χb is the correction accounting for the Lorentz

and demagnetization fields, N is the demagnetization ratio,
and χb is the bulk magnetic susceptibility, measured along the
b axis. The N value was estimated from the sample dimen-
sions assuming a parallelogrammical shape, with the table

FIG. 5. Muon Knight shift calculated from oscillation frequency
of lower-frequency components (as discussed in text) as function of
χb component of susceptibility tensor of TbMnO3 for 8 T of applied
transverse magnetic field along b axis.

presented in Ref. [39], resulting in N ≈ 0.2. On the other
hand, the Knight shift is a consequence of both the dipolar
field of localized magnetic momenta, associated with the Mn
3d and Tb 4 f electrons, and the contact field, due to the
field-induced magnetic polarization of the local moments.

Following the current literature, when the magnetic field is
applied along the b axis, we have [38]

Kμ

b (T ) = (
Dbb

�rμ
+ Acont, f d,�rμ

)
χb(T ), (4)

where Dbb
�rμ

is the bb (yy) diagonal dipolar and Acont, f d,�rμ
is the

contact tensor elements, both measured at the muon site �rμ.
Figure 5 shows the muon Knight shift as a function of the
χb component of the magnetic susceptibility tensor, obtained
from the experimental values of the two lower-frequency
components at 8 T (see Fig. S6 of Supplemental Material
for 1, 3, 5, and 6.5 T [19]). Remarkably, despite both the
muon Knight shift and the inverse bulk magnetic anoma-
lies presenting deviations from linearity in their temperature
dependences (for temperatures below 150 K, as shown in
Fig. S2 and in the S-shaped anomaly in Fig. S5), the linear
dependence of the muon Knight shift as a function of the bulk
magnetic susceptibility is observed for both components in
the entire temperature range down to 50 K, above TN = 41 K
(Fig. 5). This means that the local and macroscopic magnetic
susceptibilities exhibit the same temperature behavior, within
experimental error, in the 50–300 K range. Consequently,
this result clearly rules out the existence of any short-range
magnetic ordering well above TN , as it has been assumed to
be present in the TN < T < 150 K [13]. If it existed, it would
change the local magnetic susceptibility and the linearity
between Knight shift and macroscopic magnetic susceptibil-
ity would not occur. This is evident for the data points at
10 K, where the fully developed magnetic ordering at that
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FIG. 6. Relaxation rate of highest relaxing component as func-
tion of applied magnetic-field strength divided by corresponding
temperature. We used relaxation values of highest relaxation compo-
nent (represented as blue triangles in Figs. 4 and S4 of Supplemental
material [19]). Dashed line is guide for eyes. Inset: Temperature
dependence of linear slope obtained from best linear fit of relaxation
rate value (300 to 150 K) against applied magnetic-field strength.

temperature causes it to be clearly deviated from the linearity
found between 50 and 300 K.

This interpretation is fully corroborated by the analysis of
the effect of the applied magnetic field on the relaxation-rate
value of the muon precession signal. To get more reliable
results, we chose to analyze the data concerning the spectral
component with the highest relaxation value (blue triangles in
Figs. 4(b) and S4 of the Supplemental Material [19]). In the
paramagnetic phase, the muon relaxation rate is expected to
be proportional to the net induced macroscopic magnetization
by the external field which, in turn, is proportional to the
B/T ratio [40]. The unique linear relationship found between
the relaxation rate values and B/T, between 100 and 300
K, depicted in Fig. 6, definitively excludes the existence of
short-range magnetic interactions above 100 K, contrary to
what has been assumed before [13]. At 50 K, a slight devia-
tion already occurs (not shown), most likely associated with
the precursor effects already discussed in the zero-field μSR
data (cf. Fig. 1). Further confirmation comes from the lack
of anomalous temperature behavior of the slopes obtained
from the best linear fit between relaxation value and applied
magnetic field, for each temperature between 150 and 300
K, shown in the inset of Fig. 6 (the linear fits are shown in
Fig. S7 of Supplemental Material [19]). So, we conclude that
TbMnO3 behaves as a usual paramagnet above 50 K.

IV. UNUSUAL MAGNETOSTRUCTURAL COUPLING
IN PARAMAGNETIC PHASE

DFT calculations were performed to obtain the theo-
retically predicted stable muon-stopping sites, in order to
contribute to the interpretation of the experimental data.
The obtained minimum-energy configurations after structural
relaxation are shown in Fig. 7, which depicts the nearest

FIG. 7. Atomistic structures of all minimum-energy H+ config-
urations. Dashed lines connect H+ to their next-nearest neighbor
oxygen ions, ONNN. The H+, O2−, and Tb3+ are depicted by red,
blue, and large green spheres, respectively, with Mn3+ at MnO6

octahedra centers. View is perpendicular to crystallographic c axis,
with being O1 apical oxygens and O2 basal ones.

corner-sharing MnO6 octahedra. The introduction of the H+
nuclei in the host lattice did not lead to any breaking of Mn–O
bonds. For all distinct muon sites, there is a strong tendency
to bind to oxygen ions of the lattice, with the formation of
a short O–H bond with length about 1.0 Å. The next-nearest
oxygen neighbors are also depicted by the dashed lines. In
contrast, all muon-stopping sites were found to be at least
2.0 Å away from the nearest Mn3+ and Tb3+ ions, a finding
that very likely originates from the electrostatic repulsion
with these positively charged ions. We ascertained that for all
the possibilities the muon in TbMnO3 is always located near
the oxygen ions. This is in good agreement with the stable
muon-stopping sites in the structurally homologous rare-earth
orthoferrites (RFeO3), where the formation of the hydroxyl
O–H bond was also inferred [31]. See Supplemental Material
for more information [19]. It is also important to clarify here
that the different zero-point energy (ZPE) between the proton
and the muon may lead to some different behavior since the
muon is capable of accessing larger regions around its equi-
librium site by local vibrations, owing to its smaller mass. The
magnitude of ZPE, however, for either particle will not modify
the site identification presented here and both particles will re-
main localized at the determined sites. Furthermore, it is very
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unlikely that the muon can access its high-amplitude vibra-
tional states for the low and moderate temperatures treated in
this work. In fact, earlier DFT-based calculations in perovskite
type and other oxides reported ZPE corrections for proton
migration equal to 0.12 eV [33,41]. Assuming a harmonic
approximation by taking into account the different isotopic
mass (mμ = 0.113 mp) this translates to about 0.36 eV for the
ZPE of the muon. Nonetheless, activation energies of proton
diffusion from conductivity measurements in classes of doped
perovskite-type oxides that are known proton conductors were
reported to be within a range from 0.43 to 0.50 eV [42].
For TbMnO3 these energies should be expected to be even
higher. Therefore, albeit large, the ZPE of the muon is not
large enough to lead to migration and site changes.

In the previous section, we concluded that the mechanism
responsible for the abnormal temperature dependence of both
magnetic susceptibility and Knight shift cannot be ascribed to
magnetic correlations above 50 K. As it was referred to above,
many physical quantities exhibit abnormal temperature de-
pendence below 200 K, still in the paramagnetic phase. Figure
S8 of Supplemental Material [19] depicts a collection of such
results from the literature, involving thermal expansion [10],
magnetization [7], and electromagnon oscillator strength [13]
occurring in TbMnO3. The results unequivocally ascertain a
magnetoelastic coupling in the paramagnetic phase of this ma-
terial. Detailed temperature-dependent infrared spectroscopy
has shown that the wave number and oscillator strength of
polar phonons assigned to MnO6 octahedra exhibit anoma-
lies at around 200 K [8,12]. These internal polar vibrations
involve both Mn–O and O–Mn–O bond vibrations, and evi-
dence for octahedral distortions occurring in this temperature
range [8,12]. Following this idea, the oxygen position shift
would change the electronic orbital overlapping and, conse-
quently, the superexchange integral values, as demonstrated
both theoretically and experimentally [43,44]. Although the
mechanism underlying the lattice distortion is still unknown,
the octahedra distortion will promote the changes in the local
magnetic properties. From our DFT calculations showing that
in all the muon-stopping sites, the muon lies preferentially
much closer to the oxygen ions, we interpret that the oxygen
shift below 200 K affects the local magnetic field at the muon-
stopping sites, causing the S-shaped curvature of the Knight
shift versus temperature. This fully explains our results, with
no short-range magnetic ordering being necessary. Regarding
the mismatch between the fit curve and the data for the highest
magnetic fields (B = 6.5 and 8 T), between 50 and 200 K,
observed in Fig. 3 and Fig S3 of the Supplemental Material
[19], we must not exclude that the magnetoelastic coupling

here evidenced may be responsible for this mismatch between
experimental data and the simple model used to describe it.

V. CONCLUSIONS

In this work, we were able to ascertain the extremely broad
distribution of the local magnetic field in TbMnO3 at low
temperatures, from the high relaxation rate observed in the
muon spin oscillations at zero-field. A local magnetic field
of 0.161 T was extracted at low temperatures, but the width
of the distribution was estimated to be much higher and the
maximum internal field was estimated at about 3 T. This
wide distribution of the local magnetic field arises from both
from the modulated spin orderings of the Mn3+ and from the
quasi–long-range ordering of the Tb3+ spins.

The experiments under applied transverse magnetic field
up to room temperature show that although the Knight shift
expected from the paramagnetic phase has an anomaly with
temperature around 150 K, it scales linearly with the magnetic
susceptibility, which shows an anomaly at the same tempera-
ture. Moreover, the relaxation rate also scales linearly between
100 and 300 K with B/T. This indicates that TbMnO3 remains
purely paramagnetic at these temperatures, with the magnetic
susceptibility being the same macroscopically and at a local
length scale. We are thus allowed to conclude that a shift of
the oxygen positions, to which the muon is attached, and con-
comitant effect on the Tb3+ crystal-field levels, produces all
the experimental anomalies reported in this temperature range
by different characterization techniques, namely changing the
magnetic susceptibility via magnetoelastic effect.
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E. Queiros, P. B. Tavares, A. Almeida, and M. Zentková, Phys.
B: Condens. Matter 506, 163 (2017).

[18] M. Mihalik, M. Zentková, A. Maia, R. Vilarinho, A. Almeida,
J. Agostinho Moreira, J. Pospíšil, and K. Uhlířová, J. Magn.
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