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In order to investigate the effects leading to the strong magnetoelectric coupling in the type II multiferroic
TbMnO; we have studied the thermal properties and temperature dependence of the lattice vibrations of
TbMn!®0; and its isotopically substituted counterpart TbMn'®0s. Heat capacity measurements on powder
samples revealed no significant change in the Mn** and Tb*" magnetic phase transition temperatures, as well
as the multiferroic ordering temperature upon isotope substitution, indicating that a change in the dynamical
modulation of the MnOg octahedral distortions and rotations altering the Mn-O-Mn bond angles has no influence
on the magnetic properties of TbMnO;. Raman light scattering experiments have been performed on isotopically
substituted single crystals to determine the temperature induced changes in phonon energies and linewidths at
the sinusoidal and multiferroic phase transitions. A detailed modeling indicates that the spin-phonon coupling
can be accounted for the pronounced anomalies in the temperature dependence of the phonon behaviors at the
transition to the sinusoidal spin phase at 7)™ = 41 K and to the multiferroic spin-spiral phase at Tz = 28 K. No
further effects such as the appearance of the electric polarization or the electromagnon were required to explain

the data, especially below the multiferroic phase transition.

DOLI: 10.1103/PhysRevB.105.174438

I. INTRODUCTION

Multiferroic materials have drawn tremendous interest due
to their potential for the development of new and innovative
applications in solid-state technologies [1—4]. They exhibit
coexisting ferroelectricity and magnetic order and in the case
of type II multiferroics both properties can even be switched
by each other [1,5,6]. This makes them extremely useful, for
example, in spintronics [7], novel sensor applications [8], or
as memory devices in IT technology where the data storage
capacity could be increased by five to six orders of magni-
tude [9]. Terbium manganite (TbMnO3) is such a multiferroic
material which demonstrates a strong magnetoelectric (ME)
coupling and has therefore been the subject of intensive re-
search in particular on the investigation of the mechanisms
behind its ME coupling [5]. However, due to the complex
spin, charge, and orbital interactions in these systems, the un-
derlying quantum-mechanical processes responsible for these
phenomena are still not fully understood.

Essentially, two approaches provide explanations for the
microscopic mechanism for the ME coupling in TbMnOs.
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The semiempirical Dzyaloshinskii-Moriya interaction (DMI)
model of Sergienko and Dagotto considers the interplay be-
tween the DMI and the elastic energy of the crystal for a
noncollinear spin ordering [10]. This leads to a relative dis-
placement between the Mn** and O?~ ions and hence induces
an electric polarization. In the model of Katsura, Nagaosa,
and Balatsky, a spin-current induced by a spin-spiral gen-
erates an electric polarization, which is proportional to P o
r; ; x (S; x S;) [11], where r; ; is the propagation direction
of the magnetic spiral (i.e., along the b axis in TbMnO3), and
S; x S; describes the spin rotation axis, which is perpendic-
ular to the spin rotation plane, the bc plane in the case of
TbMnOs. The resulting electric polarization in TbMnO; is
therefore along the ¢ axis as observed in experiments [5,6].
However, the model does not specify whether the mecha-
nism is a purely electronic phenomenon caused by charge
displacements, or if it involves atomic displacements [4]. To
achieve the value of the experimentally determined electric
polarization, the expected atomic displacements would be
in the range of 0.001 A, which is at the limits of current
diffraction techniques. Walker et al. used circularly polar-
ized synchrotron x-ray diffraction with an applied magnetic
field and determined that the displacement of the Tb** ions
of —21(3) fm caused by exchange striction is the origin of
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the electric polarization [12,13]. By simultaneously analyz-
ing high resolution x-ray synchrotron and powder neutron
diffraction data of oxygen-isotope substituted DyMn'805 and
DyMn'60; we have determined that the atomic displacements
are in the order of 0.5 x 107!2 m, i.e., in the subpicometer
range [14]. However, the precise mechanism of the ME cou-
pling in TbMnOs still remains unsolved.

TbMnOj; crystallizes in the orthorhombically distorted per-
ovskite crystal structure with the space group Pbnm, D%Z
(No. 62 in the “International Tables for Crystallography”
[15]) and the corresponding lattice parameters are a = 5.3 A,
b=15.86 A, and c =7.49 A at 300 K [16]. This structure
can be regarded as a three-dimensional network of corner-
sharing MnOg octahedra. The GeFeOs;-type distortion leads to
MnOg octahedral rotations that are antiferrodistortive (out of
phase) around [100]. and [010]., and ferrodistortive (in phase)
around [001], (a~a~b* in Glazer notation) in the pseudocubic
notation of the unit cell. Upon cooling, TbMnO3 undergoes
three magnetic phase transitions: 73" = 41 K, Ty = 28 K,
and TNTb =7 K [16-18]. At 41 K, the Mn>**+ spins order in an
incommensurate sinusoidal magnetic structure with a propa-
gation vector along the b direction and (0, k & 7, 1) where
7, is ~0.29. At Tgg = 28 K, TbMnOj3 undergoes a combined
magnetic and ferroelectric phase transition. An electric polar-
ization appears along the c axis that is relatively weak (P, ~
8 x 10~* C m~2 at 10 K) as compared to typical proper ferro-
electrics [19]. However, the interest in TbMnO3; comes from
its strong ME coupling between the electric and magnetic
degrees of freedom [19]. At the ferroelectric phase transition,
the Mn>* spins reorient from a sinusoidal to a spin-spiral
structure with a magnetic propagation vector along the b axis
and the spins being arranged within the bc plane. The length
of the propagation vector decreases systematically from 7, ~
0.288 at T3 =41 K to 1, ~ 0.2765 near 32 K, and then
remaining almost constant down to lowest temperatures with
small changes at the ferroelectric/spin-spiral phase transition
at 28 K and upon the sinusoidal ordering of the Tb** moments
at 7 K [16-18]. This indicates that the spin structure remains
incommensurate and no lock-in transition occurs in the entire
temperature range. The resonant magnetic x-ray scattering
experiments by Prokhnenko et al. showed that an induced
ordering of Tb’* moments sets in already at about Tpg =
28 K with a modulation identical to the Mn*" spin-spiral
order, i.e., 7/° = ™" ~ 0.28 [20]. A similar behavior was
observed for DyMnOj [14]. Furthermore, the magnetoelastic
coupling induces a lattice modulation with 7; = 0.56 = 27,
below the ferroelectric phase transition [5,21]. This displace-
ment is symmetric and therefore does not contribute to the
electric polarization. Finally, below TNTb = 7 K, the ordering
of the Tb** moments occurs with 7J° = 0.426.

The incommensurate magnetic structure of TbMnOs is
the result of competing short-range nearest-neighbor (NN)
and long-range next-nearest-neighbor (NNN) magnetic in-
teractions. Along the ¢ direction, the antiferromagnetic
(AFM) exchange interaction J. > 0 is a combination of both
anisotropic e;,-O(Zp)-eé and isotropic t23g-0(2p)-t§g interac-
tions. In the ab plane, the NN interaction is composed of
a strong anisotropic ferromagnetic (FM) e}{—O(Zp)—e; and a
weaker isotropic AFM t23g-0(2 p)—tfg interaction, overall giving
a FM J,, < 0. In addition, an AFM next-nearest-neighbor

interaction in the b direction J, > 0 exists via a Mn-O-O-Mn
exchange path [5,22,23]. Furthermore, exchange interactions
between the Tb*™ and Mn>* ions (Jy.1v) may also require
careful consideration [20]. Overall, the competition between
NN and NNN interactions in the ab plane results in a highly
frustrated magnetic spin system in TbMnOj3 and is the reason
for the sinusoidal and spiral-spin structures.

In order to further elucidate the mechanism that leads to
the magnetoelectric coupling in multiferroic TbMnOs, we
have performed Raman light scattering and specific heat
measurements on TbMn'®O3 and its isotopically substituted
counterpart TbMn'305. Changing the oxygen mass affects the
lattice vibrations directly and therefore alters the magnetic
exchange interactions through the modulation of the Mn-O-
Mn bond angles and octahedral distortions. In our previous
high resolution x-ray synchrotron and neutron diffraction ex-
periment we have determined the precise crystallographic and
magnetic structure of DyMn'®0; and its isotopically sub-
stituted counterpart DyMn1803 [14]. The data show distinct
differences in the crystal structure between both isotopically
substituted DyMnOj; samples. For example, the Mn-O2(a)
bond length inside the MnOg octahedra increases and the bond
length Mn-O2(b) decreases for the Q'8 substituted sample,
while the bond length Mn-O1 remains almost constant.

To determine the isotope effect on the different magnetic
phase transitions in TbMnOs, precise heat capacity measure-
ments were performed. It has previously been demonstrated
that isotope substitution can result in dramatic changes of the
electronic and magnetic properties of transition metal oxides.
For example, in the 1950s isotope substitution did provide key
evidence for a phonon-mediated coupling mechanism of the
Cooper pairs in superconductors, supporting the development
of the BCS theory [24,25]. However, for high-temperature
superconductors such as YBa,Cus 05, the substitution of O'®
with the heavier O'® resulted in a significantly smaller shift
of the superconducting phase transition as expected for the
Frohlich interaction, which indicated that lattice vibrations
are not the main contribution to the coupling mechanism of
Cooper pairs [26-30]. In (Lag 25Pro.75)0.7Ca93MnO3 the tem-
perature of the metal-insulator transition drops almost linearly
from 95 K for pure 0'° to 50 K for 39% Q'8 content, where
the material becomes metallic [31]. A further example is
quantum paraelectric SrTiO3; where the decrease of the soft
phonon mode with oxygen isotope substitution results in a
phase transition to a ferroelectric state at finite temperature
[32-34]. Isotope substitution therefore provides an important
avenue to explore the role of lattice dynamics on the physical
properties of a material, that is otherwise inaccessible with
other techniques. This is of particular importance for RMnO3
multiferroics, where according to the DMI model the electric
polarization originates from a relative displacement between
the Mn** and O>~ ions.

Raman light scattering experiments were performed to
reveal the temperature dependence of the phonon modes
upon entering the magnetic and multiferroic phases. The ob-
served pronounced changes in the temperature dependence
of the phonon energies and linewidths can serve as an
indication for subtle changes in structural, magnetic, and
ferroelectric degrees of freedom, i.e., they can be caused
by spin-phonon coupling [35,36] or by interactions with the
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FIG. 1. A comparison of the Raman spectra of 0'® and Q8-
substituted TbMnOj single crystals taken at 300 K. The upper panel
shows the data taken in z(xx)z and the lower panel the data taken
in z(xy)zZ polarization. The dashed lines indicate the assignment of
the observed phonon modes according to Iliev et al. [42,43]. In
the O'8-substituted sample the phonon modes which involve the
movement of oxygen ions, appear at ~5% lower energy as compared
to TbMn'%05. From this shift in phonon frequency the concentration
of the oxygen-isotope O'® was determined to be 97.7 & 1.0% in
TbMn'*0s.

electric polarization (i.e., polarons [37-39]). Therefore, Ra-
man light scattering experiments offer further insights into
the mechanism responsible for the magnetoelectric coupling
in multiferroics such as TbMnOs.

II. EXPERIMENTAL DETAILS

A large high-quality TbMnOj single crystal was grown
using the traveling solvent floating-zone technique. The sam-
ple was then divided into two daughter crystals. Both were
subsequently annealed at elevated temperatures under identi-
cal condition, with one sample being annealed in O'8-isotope
atmosphere and the other in pure oxygen in its natural abun-
dance of 99.762% O'©. As such, this sample can be regarded
as TbMn'®03. Raman scattering data taken at a temperature
of 300 K are shown in Fig. 1. Changing the mass of the

oxygen changes the frequency of a phonon mode in first
approximation by +/k/M, where k is the force constant which
is related to the interatomic potential and M is the reduced
mass of the corresponding vibration. Here k can be assumed to
be constant [40]. From the observed oxygen-isotope induced
phonon shifts we were able to determine the O'® oxygen
content for the O'¥-treated crystal sample to be 97.7 £ 1.0%
in the surface region. A cut through the TbMn'30; single
crystal did indicate that during annealing the O'® atoms had
a finite penetration depth into the crystal. However, this did
not affect the results of the Raman light scattering experiment
due to the finite penetration depth of light of about 200 nm
with the used laser wavelength of 568 nm [41]. But it did
necessitate the growth of isotopically substituted powder sam-
ples for the specific heat measurements, where the increase in
surface-to-volume ratio overcomes this problem of oxygen-
isotope substitution. A parent sample of TbMnO; powder
was synthesized via standard solid-state reaction methods and
divided into two samples, which were then annealed at iden-
tical temperatures in Q'3-isotope atmosphere and in natural
oxygen. Raman scattering measurements of the phonon en-
ergies of both samples determined an estimated O'® oxygen
content for the TbMn'80; powder sample of 68 £ 3%, in
reasonable agreement with a content of 60 &= 10% determined
via mass thermogravimetry. Specific heat measurements were
then performed using a physical property measurement sys-
tem (PPMS) of the company Quantum Design.

Raman spectra were acquired with a Dilor XY triple-
monochromator spectrometer in backscattering geometry
using the 568 nm laser line of an Ar™/Kr™ mixed gas laser
for excitation. This particular line was chosen because of the
resonance enhanced phonon intensities, the reduced photolu-
minescence background, and the high spectral resolution at
this line. To avoid laser induced heating of the sample, the
power of the incident laser beam was set to 5 mW with a
laser spot size of ~ 100 um diameter at the sample position.
The temperature dependence of the Raman spectrum was
determined in the range from 13 to 300 K using a Leybold
Heraeus cryostat equipped with a helium capillary. The scat-
tering geometry was chosen to be z(xx)z and z(xy)z in the
Porto notation, which allows for the observation of the A, and
B, modes, respectively. The modes were then analyzed by
fitting Voigt profiles to the measured spectra. The Voigt line
shape corresponds to the convolution of a Lorentzian shaped
phonon line with the Gaussian shape instrumental resolution,
which was determined independently to be 2.8 cm~! by taking
calibration scans for each Raman spectrum using the spectral
lines of a neon light source. The calibration scans served also
to determine the precise energy positions of the phonons.

III. RESULTS AND DISCUSSION

A. Heat capacity measurements of the
isotope substituted samples

Figure 2 shows the temperature dependence of the heat
capacity for both the O'® and the 68% isotopically substituted
0'® TbMnOj; powder samples in the low-temperature range.
The specific heat at the phase transitions is A shaped, which
indicates that the transitions are of second order. The precise
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FIG. 2. Heat capacity measurements of the TbMn'®0; and the
68% oxygen-isotope substituted TbMn'80; powder samples. The
phase transition temperatures were determined by fitting A-shaped
curves, which is characteristic for a second-order phase transition,
to the experimental data. The determined magnetic phase transition
temperatures do not show any significant changes upon oxygen-
isotope substitution.

temperature of the magnetic phase transitions was determined
by fitting the formula for the critical exponent to the data.
The magnetic phase transitions appear at 73" = 40.3(1) K
[40.1(1) K] to the sinusoidal AFM order, at Tgg = 24.8(1) K
[24.8(1) K] to the ferroelectric and Mn** spin-spiral order,
and at TNTb = 8.0(2) K [7.8(2) K] to the sinusoidal order of
the Tb* spins for TbMn'%0; and TbMn'805 (in brackets).
The transition temperatures, especially of the transition to the
ferroelectric/spin-spiral phase, are lower than the previously
measured phase transition temperatures in TbMnO; single
crystals, which is in general an indication for the higher qual-
ity of single crystal samples [6,16,18].

Remarkably, the magnetic phase transitions for both
TbMn'®°0; and TbMn'30; samples occur at almost the same
temperatures. This was also observed for oxygen-isotope sub-
stituted DyMn'®/!30;, apart from the ordering temperature
of the Dy moments, which showed a significant shift from
7.0(1) K for DyMn'®03 to 5.9(1) K for DyMn'80; [14].
Oxygen-isotope substitution does not appear to affect the
onset of magnetic ordering of the Mn>* spins to the sinu-
soidal AFM phase or the onset of the multiferroic phase.
This result was unexpected since replacing the oxygen-isotope
0'¢ by the heavier O'® atoms significantly changes the en-
ergies of the corresponding lattice vibrations as shown in
Fig. 1. This would modify the bond length and Mn-O-Mn
bond angles dynamically through the anharmonic lattice po-
tential as in the case of oxygen-isotope substituted DyMn 805
and DyMn16O3 [14]. As a consequence the NN and NNN
exchange interactions J,, and J, would change as a func-
tion of isotope substitution. However, Kimura et al. [5] have

determined the magnetic phase transition temperatures in the
series RMnO3 with R = La-Ho and observed that the mag-
netic phase transition temperatures of TbMnO3; and DyMnOs3
are in a flat minimum when plotted as a function of the Mn-
O-Mn bond angles. Therefore, while the exchange energies
might be changed by oxygen-isotope substitution, the mag-
netic phase transition temperatures remain unaltered.

B. Phonon modes of TbMn'°O; and TbMn'®0;

TbMnOs; crystallizes in the Pbnm space group. The unit
cell consists of four formula units, giving TbMnOs in total
60 phonon modes. The site symmetries of the Tb, Mn, O1, and
02 ions provide an irreducible representation of modes with
a total of 24 Raman-active phonons (7Ag + 7B + 5Bsg +
5B3). Raman spectra of single crystal TbMnOj; samples were
acquired in the frequency range from 20 to 700 cm~!. Figure 1
shows the Raman spectra of the 0'® and O'® single-crystal
samples of TbMnO; taken at a temperature of 300 K in
parallel z(xx)Z (A, modes) and crossed z(xy)z (Bi, modes)
polarization. Within these spectra, five out of seven A, modes
and three out of seven B, modes are identified. The ob-
served peaks in the Raman spectra are in good agreement
with previously published data [43—-47]. The two lowest en-
ergy A, modes, which appear at 111.1 cm™! (110.6 cm™!)
and 138.5 cm™! (138.8 cm™!) for TbMn'°03 and TbMn'20;
(in brackets) can be attributed to vibrations of the Tb ions
within the xy plane. They do not show a shift induced by
the oxygen-isotope substitution within the experimental error
bar of 0.3 cm™!. The remaining five A, modes originate from
collective in-phase or out-of-phase rotational, bending, and
stretching motions of two neighboring MnOg octahedra that
are stacked along the ¢ axis. According to the mode assign-
ment of Iliev et al. for the isostructural materials YMnO;3
and LaMnOs; given in Ref. [42] and for the series RMnO;
with R = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Y given
in Ref. [43], the peak at 378.2 cm™! (360.0 cm™') is the
Ag(4) mode, which is arising from an out-of-phase octahedral
rotation around the z axis. The 488.6 cm~' (464.8 cm™!)
Ag(1)/A,(3) mode is a mixed mode where A,(1) is an in-phase
stretching vibration and A,(3) is an out-of phase bending
vibration of two neighboring MnQOg octahedra, respectively.
Due to their close proximity in energy, the strong coupling
between the pure Ag(1) and A,(3) modes results in an an-
ticrossing of both modes with increasing ionic radius of
the R ion (i.e., a decrease in the GdFeOj;-type distortion
in the RMnOj series [43]) and hence in mixed A,(1)/A,(3)
and Ag(3)/A,(1) modes at 488.6 cm~! (464.8 cm™') and
507.6 cm™! (484.4 cm™!), respectively. It is interesting to
note that the mode mixing occurs at the transition from the
A-type antiferromagnetic structure to the sinusoidal spin ar-
rangement between Sm and Tb. A similar mixing occurs for
the Ag(2)/A4(7) and A4(7)/A(2) modes, which were too weak
to be observed in our Raman light scattering experiments. The
Ag(2) mode is an in-phase rotation of two MnOs octahedra
around the z axis and the A,(7) mode is a motion of the apical
oxygen Ol in the y direction. The B;4(3) mode at 472.6 cm™!
(452.0 cm™") can be attributed to an out-of-phase octahedral
bending, the By,(2) mode at 527.7 cm~! (503.4 cm™!) corre-
sponds to an in-plane in-phase O2 scissorlike vibration, and
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FIG. 3. Raman spectra of the TbMn'®0; (black data) and TbMn'3O5 (red data) single crystals at selected temperatures measured in z(xx)Z
(left) and z(xy)zZ (right) polarization. The insets show the temperature dependence of the integrated intensities of the space group Pbnm
forbidden Bi,(1) mode at 614.8 cm~! taken with the z(xx)z polarization and the forbidden Ay(3)/A4(1) mode at 512.4 cm~! taken with the
z(xy)Z polarization for the TbMn'®O; single crystal. The red lines serve as guides to the eye.

the Bj,(1) mode at 610.6 cm™' (582.8 cm™') is described
by an in-plane, in-phase octahedral stretching motion. The
(anti)stretching A4(3)/Ag(1), Ag(1)/Ag(3), and Bj,(1) modes
are also Jahn-Teller active [43,48,49]. Therefore, these vibra-
tional modes are particularly sensitive to changes within the
MnOg crystal-field environment.

According to Iliev et al. [50,51] the additional peak at
~640 cm™! cannot be assigned to a regular phonon mode.
Rather, it originates from zone boundary phonon contri-
butions; particularly from oxygen vibrations. They become
Raman active through defect induced breaking of the transla-
tional symmetry. The Raman experiments of Iliev et al. show
that the intensity of this mode changes for different samples
[50,51]. In our Raman measurements the relative intensity
of this mode, which possesses two pronounced shoulders at
614.0 cm™! (584.1 cm™!) and 648.2 cm™' (621.2 cm™) in
TbMn'0O3 (TbMn'303) varies with the position of the laser
spot on the sample. This is an indication that this mode is
activated by surface defects.

C. Temperature induced phonon anomalies

The temperature dependence of the Raman spectra of the
TbMn'60; and TbMn!®0; single crystals were measured
in parallel z(xx)z and crossed z(xy)z polarization conditions
in the temperature range from 13 to 300 K (see Fig. 3).
Pronounced changes in the intensities of selected phonon
modes appear in both polarization z(xx)z and z(xy)z spectra
at around 140 K. At this temperature additional modes appear
in parallel and crossed polarization. The modes in parallel
polarization can be attributed to formerly forbidden B}, modes
and the modes in crossed polarization to forbidden A, modes
for the space group Pbnm for the corresponding polarization.

The insets in Fig. 3 show the rapid increases of the integrated
intensities of the Bj,(1) mode at 614.8 cm~! in the z(xx)Z
configuration and the Ag(1)/A,(3) mode at 512.4 cm~! in the
z(xy)z configuration for the TbMn'®0j single crystal. Such a
behavior is characteristic for a change in crystal symmetry. In
their x-ray powder diffraction experiments Agarwal et al. have
determined that the crystal structure of TbMnO; is lowered
from Pbnm at 300 K to one of the polar space groups Pn2;a
or P2yma [52] at a temperature of 2 K. However, for both
proposed space groups the Raman selection rule for the used
polarizations in Fig. 3 are not correct. The point groups C; (1),
Ci(—1), and C,,(2m) would allow for the appearance of the
formerly forbidden B;, modes in parallel polarization z(xx)Zz
and the A, modes in crossed polarization z(xx)z. Among the
possible subgroups of Pbnm (No. 62), two monoclinic space
groups possess the required point group, namely, P2, /m (No.
11) and P2,/c (No. 14) which belong to the point group
C>;,(2/m). Both space groups are centrosymmetric and would
therefore not be ferroelectric. However, a further lowering of
the crystal symmetry cannot be ruled out and more detailed
experiments, using for example high resolution diffraction
techniques, are required.

Figure 4 presents the frequencies and linewidth (full width
at half maximum, FWHM), as determined by fitting Voigt
profiles to the experimental data, for the three most promi-
nent modes: the A,(4) mode at 381.12(7) cm™!' (362.9(2)
cm™!), the Ay(1)/A(3) at 492.37(7) cm™' (468.38(8) cm ™),
and the By,(1) mode at 611.22(7) cm™! (583.4(2) cm™!) for
TbMn'603 and TbMn'30; (in brackets), respectively. The
given phonon frequencies correspond to the values obtained at
13 K. The dotted vertical lines in Figs. 4 and 5 correspond to
the magnetic and ferroelectric phase transition temperatures
obtained on single-crystal TbMnO; [16]. For temperatures
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FIG. 4. Temperature dependence of the phonon energies (upper panels) and linewidth (lower panels) of the A,(4), A,(1)/A4(3), and B;,(1)
modes for single-crystal TbMn'°0; and TbMn'30;. Note, the data of the two samples were shifted for a better presentation. The phase
transition temperatures 7)™ = 41 K and T = 28 K as given by Kenzelmann et al. in Ref. [16] are marked as vertical dashed lines. The
dashed red lines represent the calculated temperature dependence of peak positions and linewidth where only anharmonic phonon-phonon
interactions are considered [Egs. (1) and (2)]. For the solid red lines the additional shift caused by the anisotropic thermal expansion of the
crystal lattice, which starts at about 140 K, were also taken into account. The red and blue areas indicate the additional shifts below the

magnetic and multiferroic phase transitions.

above ~100 K the phonons shift to lower frequencies (wpn)
and their linewidth (I'yp) increases. This is caused by an-
harmonic phonon-phonon interactions, i.e., the decay of an
optical phonon into two phonons of lower energy [53]. In the
first approximation a symmetric decay into two phonons with
the same energy, i.e., wp/2 of the initial optical phonon, can
be considered (Klemens decay [54]). The resulting shift and
line broadening can be expressed as [55,56]

T)=-u, (1 -
wpn(T) wanh.< T exp(ion/2ksT) — 1) Fon
Con(T)=T2, (1 fo.

pn(T) anh.( + exp(fiwy/2kgT) — 1) o @

0 0 .
where the parameters w,, and I'j; are positive constants

arising from the matrix element of the phonon-phonon in-
teraction. The temperature induced shift and line broadening
correspond to the real and imaginary parts of the phonon self-
energy and are coupled through the Kramers-Kronig relation.
In Fig. 4 the dashed red lines indicate the fits of Egs. (1) and
(2) to the experimental data for the temperature range between
100 and 300 K, where the intrinsic phonon frequency wy was

taken as a fixed parameter for both the change in frequency
and the linewidth.

Additional shifts in the phonon energies from the expected
anharmonic behavior occur below about 140 K. This effect is
particularly apparent in Fig. 4 for the A,(4) and B;,(1) modes.
Similar behavior has been observed for DyMnQOj5 [44,57] and
also by Mansouri et al. for TbMnOj3 [47].

Measurements of the thermal expansion of TbMnO; [58]
indicate that at about 140 K the lattice parameters change,
where the expansion of the a axis is compensated by a
contraction of the b axis with decreasing temperature. This
anisotropic thermal expansion is caused by additional tilts
and distortions of the MnOg octahedra. Depending on the
atomic displacements, the corresponding phonon modes are
affected by these lattice distortions. We have qualitatively
modeled the phonon frequency shifts within the framework

. . dw; .
of the Griineisen parameter y;q = f—"%, where By is the
q

bulk compressibility and 38(“—;‘ is the change in frequency of
a particular phonon with pressure P. The corresponding shift
in phonon frequency as a function of the change in volume is
(Awi hat. = —y,wi%. The Griineisen parameters for RMnOj3
with R = Dy, Gd, Eu, Sm, and Pr have been determined
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FIG. 5. Temperature dependence of the phonon frequency of the A,(4), A,(1)/A,(3), and B;,(1) modes for single-crystal TbMn'®0; and
TbMn'805 in the temperature range from 13 to 100 K. The vertical dashed lines correspond to the antiferromagnetic and multiferroic phase
transitions at TI\I,VIn =41 K and Tgg = 28 K, as taken from Ref. [16], respectively. The red line corresponds to temperature dependence of the
phonon frequency in the case of anharmonic phonon-phonon interactions, where effects arising from the anisotropic thermal expansion were
also taken into account. The red and dark-blue areas mark the additional changes below the sinusoidal AFM and multiferroic phase transitions
and the light-blue area indicates the start of the phonon anomalies which occurs already 20 K above the magnetic phase transition. The black
line is the fit of the effect of the spin-phonon coupling using Eq. (5) to the experimental data.

experimentally by Mota et al. [59]. By interpolating their data
to TbMnOs3, the Griineisen parameter for the Ay(4) mode is
y ~ 1.35 and for the By,(1) mode is y ~ 0.98. Using the
anisotropic thermal expansion determined by Meier et al. [58],
we have calculated the addition phonon shift and have added
it to the temperature induced shift caused by the anharmonic
phonon-phonon decay (see red solid lines in Figs. 4 and 5).
Below the magnetic phase transition at T = 41 K and
below the multiferroic phase transition at 7Tpg = 28 K [16],
additional shifts in the phonon energies and linewidth occur.
This is indicated by the dark red and dark blue areas in Figs. 4
and 5, which provides a closer examination of the mode fre-
quencies below 100 K. The most pronounced changes appear
below the magnetic transition into the sinusoidal phase at
TJ™ = 41 K (dark-blue areas). At this transition the phonon
energies soften and the phonon linewidths decrease. An addi-
tional change in the rate of the phonon softening is observed
at the phase transition to the bc-spin-spiral /ferroelectric phase
at Tgg = 28 K, as indicated by the red areas. This is most
pronounced for the A,(1)/A4(3) and Bj,(1) modes. Similar
shifts also occur for the A,(3)/A.(1) and B4(2) modes (data
not shown here). Previously, Laverdieére et al. have mea-
sured the temperature dependence of the Raman spectrum
of RMnO; with R = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and

Y [44] and measured pronounced shifts in the phonon fre-
quencies of, for example, the B,(1) and Ag(1)/A4(3) modes
for the manganates with R = Pr, Nd, Sm, and Dy, but no
shifts were observed for the compounds with R = Eu, Gd, Tb,
Ho, and Y. However, Rovillain et al. [48,49] and Mansouri
et al. [47] observed weak phonon shifts below the magnetic
phase transitions in the Raman spectrum of TbMnOs3. Infrared
measurements performed by Schmidt ez al. [60] and Schleck
et al. [61] demonstrated that the IR-active By,, By,, and B3,
modes also possess additional phonon shifts in the magneti-
cally ordered phases.

The phonon renormalizations observed for the A,(4),
Ag(1)/A4(3), and Big(1) modes are likely not the result of
electron-phonon interactions. TbMnO3; remains an insulator
down to lowest temperatures, and there are no indications
for a phonon asymmetry caused by a Fano peak profile, nor
of a transfer of intensity within the spectral background.
This leaves structural and/or magnetic effects as the main
considerations for the mode anomalies within the magnetic
and multiferroic phases at low temperatures. A possible ori-
gin for the change in mode energies could be the effect
of magnetostriction. At the onset of the magnetic order the
spin exchange energy can alter the interatomic potential be-
tween bonded ions and hence change the atomic distances,
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as observed in DyMn'®0; and its oxygen-isotope substituted
counterpart DyMn1803 [14]. The additional shift in phonon
frequency with temperature is then proportional to the spin-
correlation function (S; -S;). However, the experimentally
determined changes in atomic distances at the magnetic phase
transitions are in the subpicometer range, i.e., below 0.5 x
10~'2m [12-14]. Therefore, the expected change in the in-
teratomic potential is too small to account for the observed
phonon shifts. Furthermore, the change in linewidth below
the magnetic phase transitions cannot be explained with a
spin-lattice coupling effect since it would require a significant
change in the two-phonon density of states.

These considerations leave the spin-phonon interaction as
the most likely effect causing the observed phonon anomalies
in the magnetically ordered phases. Lattice vibrations modify
the exchange integral through the modulation of Mn-O bond
length and Mn-O-Mn bond angles, which modulate the orbital
overlap between the ions. The change in the exchange inter-
action J;;, caused by the lattice vibration of the ath phonon
mode, can be calculated through a Taylor expansion of J;; with
respect to the displacement vector u$ (¢) of the contributing
ion [35,36]:

AJ{'}(ug(t)) = [ug@) - Vi]Jij + 3[u @) Vk]zji» N
3)

The first (linear) term corresponds to a static lattice deforma-
tion and does not contribute to the temperature dependence
of the lattice vibration. Third- and higher-order (anharmonic)
terms would be substantially smaller and can be neglected in
the current approximation. Shifts in phonon frequency due
to coupling with the magnetic system are mainly caused by
the quadratic term and the corresponding shift in phonon
frequency can be expressed as [36]

>SS Si[f@) - Vil @

k

Awy )sph =
( [ )sph Zﬂawa

where [, is the reduced mass of the atoms which are partic-
ipating in the vibration, N is the number of Mn** ions per
unit cell, and @) = uf/|uy]| is the direction of the phonon
displacement. The spin-correlation function (S; - S;) is tem-
perature dependent and can be expressed by the magnetization
of the Mn>t sublattice [My,(T)]?. The sign of the spin-
phonon coupling determines whether a phonon mode softens
or hardens below the magnetic phase transition temperature,
and depends on the sign of the spin-spin exchange interaction
in the direction of the atomic displacement.

Laverdiere et al. [44] extended these considerations in
order to account for competing spin-spin interactions in an
incommensurate magnetic structure. For a sinusoidal or spin-
spiral phase with a propagation vector of the spin modulation
along the b axis (0, &, 0), as in TbMnO3, the spin correlation
function is given by (S; - S;y,) = K(T') cos(2mk, - r), where
K(T) = (M, /4up)* and 27k, - r is the spin canting angle
between two neighboring Mn>* sites. In the case of competing
NN and NNN spin interactions, the induced frequency shift of
a phonon mode is then given by

K(T)
[2D; cos(rky) + Dy cos(2mky) + D31, (5)
Ha o i

Awy =

where the strength of spin-phonon coupling for an incommen-
surate spin structure is strongly dependent on the length of the
propagation vector k, as well as the relative strengths of Dy,
Dz, and D3 [44]

In order to explain the observed shifts in phonon frequency
below T =41 K, we have applied the model of spin-
phonon interactions and have fitted Eq. (5) to the experimental
data. For the temperature dependence of the length of the
magnetic propagation vector k, we have used the data of Ken-
zelmann et al. [16] as input parameter. K(7') is proportional
to [M(T)]>. Given that the intensity of a magnetic Bragg
reflection is proportional to [M(T)]?, we have calculated the
spin-phonon coupling by taking the intensity of the (0 k, 1)
magnetic Bragg peak from Ref. [16]. A good agreement to
the experimental data was obtained for a D:D, ratio of 1 : 28
simultaneously for all three phonon modes. The parameter D;
did not play a role and was not taken into account. Using this
ratio, the phonon shift below 7" = 41 K and the change in
slope of the temperature dependence of the phonon frequency
at around the phase transition from the sinusoidal to the bc
plane spin spiral at 7 ~ 30 K is well reproduced (see red and
dark-blue areas in Figs. 4 and 5). Since at the transition at
28 K no change in the ratio of D;:D; is required, the observed
changes in phonon frequency and linewidth are entirely aris-
ing from the temperature dependence of k,, which decreases
linearly with decreasing temperature in the sinusodial phase
and remains almost constant below about 30 K, with only a
small variation [16]. The fact that the same D:D, ratio was
obtained for all investigated phonons shown in Figs. 4 and 5
and for the A¢(3)/Ag(1) mode at 512.4 (489.2 cm™ 1Y (data not
shown here) confirms the robustness of the used model for
the spin-phonon interaction. Note that D, [see second term in
Eq. (5)] can be referred to the next-nearest neighbor interac-
tion, which is a leading contribution for the formation of the
incommensurate spin-spiral phase. The A4(4), A4(1)/A.(3),
and Bi4(1) modes involve MnOg stretching and bending mo-
tions that modulate the Mn-O bond lengths and Mn-O-Mn
bond angles within the ab plane. The spin induced phonon
softening observed for these modes thus reflects the modu-
lation of both the J,;, and J, exchange interactions in the ab
plane. Since the AFM order along the ¢ axis does not change,
the spin-phonon coupling effects must exclusively pertain to
the ab plane. This is of particular importance for the By,(1)
mode, which shows the strongest shift in phonon frequency
despite the 1/wg dependence of the spin-phonon coupling [see
Eq. (9)].

Although the above given derivation of the spin-phonon
interaction is semiclassical, the self-energy related to the
spin-phonon interaction is based on a microscopic quantum-
mechanical effect. The real part (phonon shifts) and imaginary
part (Ilinewidth) of the phonon self-energy are coupled through
the Kramers-Kronig relation. Therefore, a shift in phonon
frequency must be associated with a change in the phonon
lifetime. Such changes in linewidth are present below Tg™ =
41 K, as shown in Fig. 4. This serves as further evidence
that the changes in phonon frequency and linewidth below the
magnetic phase transition are caused by spin-phonon renor-
malization effects and not through atomic displacements.

Small phonon shifts are already observed in the para-
magnetic phase at temperatures of about 10-20 K above
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the onset of magnetic order (see light-blue areas in Figs. 4
and 5). In this temperature range, short-range, short-lifetime
correlations already form between fluctuating spins AS; and
AS; at neighboring Mn>7 sites [62]. This affects the spin-spin
correlation function (AS; - AS;) and is consequently mani-
fested in an early onset of the renormalizations of phonon
energies and lifetimes. Similar behavior has also been ob-
served for A-type AFM manganites [36,44].

For the two oxygen-isotope substituted TbMnO3; sam-
ples, differences in the phonon behaviors are observed. In
the temperature range between 50 and 300 K, both the
changes in phonon energy and linewidth of the TbMn'®0;
and TbMn'30; are almost identical. However, the spin in-
duced renormalizations are more pronounced for the Q'
substituted sample. This holds for both transitions, the tran-
sition to the sinusoidal spin phase at 41 K and the transition
to the ferroelectric/spin-spiral phase at 28 K. This demon-
strates the strong involvement of the oxygen ions in the
spin-phonon coupling. The mass of the oxygen ions is in-
cluded in Eq. (5) directly through the effective mass u, and
indirectly through the phonon frequency w,,, which is propor-
tional to «/k/uy. According to this consideration, the effect
of the spin-phonon coupling should be more pronounced for
the Tan1603 sample, which was not observed. Nevertheless,
the fitting of Eq. (5) to the experimental data of the phonon
shift with temperature gave the same D;:D, ratio of 1 : 28
for both oxygen-isotope pure samples, i.e., the ratio between
the NN and NNN magnetic exchange interactions does not
change upon oxygen-isotope substitution. This is further sup-
ported by the neutron diffraction data on DyMnO;, where
oxygen-isotope substitution also did not affect the magnetic
propagation vector [14].

IV. CONCLUSIONS

We have investigated the effect of the oxygen-isotope
substitution on TbMnO; with respect to its magnetic and
ferroelectric properties. Even so that the energy of the phonon

modes changes significantly with oxygen-isotope substitution,
heat capacity measurements on powder 0'® and O'® substi-
tuted samples reveal no significant changes in phase transition
temperatures to the spin-sinusoidal and ferroelectric/spin-
spiral phases. This indicates that a dynamical modulation of
the distortion of the MnQOg octahedra or the modulation of
the Mn-O-Mn bond angle has no influence on the magnetic
properties of TbMnO3 and can be explained with the fact
that changes in the Mn-O-Mn bond angle hardly affects the
magnetic phase transition temperatures in TbMnOs3 [19]. The
phonon behaviors of the 0'¢ and O'® substituted single-crystal
TbMnOj3 samples were measured by Raman light scattering
as a function of temperature. Additional phonon modes were
observed at 140 K. This could indicate the breaking of the
crystal symmetry. Deviations from the expected temperature
dependence arising from anharmonic phonon-phonon interac-
tions and the anisotropic thermal expansion of TbMnQOj3 occur
below both the b-sinusoidal and bc-spin-spiral AFM phase
transitions at 41 and 28 K, respectively. We have determined
that the observed mode softening and decreased linewidths at
both phase transitions are the result of spin-phonon interac-
tions induced by phonon coupling to the magnetic exchange
interactions within the ab plane, where the leading term is the
next-nearest-neighbor interactions. No further mechanisms,
which would involve for example atomic displacements upon
entering the ferroelectric phase at 28 K, or effects arising from
the formation of the electromagnon are required. These ob-
servations further support the spin-current model as the main
mechanism for the electromagnetic coupling in TbMnOj.
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