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We present temperature- and field-dependent inelastic light-scattering studies of multiferroic TbMnO;. By
carefully examining the evolution of magneto-elastic modes in various phases of TbMnOs, our study reveals
several features of the field-induced incommensurate-commensurate (IC-C) transition in TbMnOs;. We find
that, for fields applied along the b axis, there is a coexistence of distinct structural phases in the intermediate
field regime (H=4-7 T) around the IC-C-phase transition. We present evidence for the existence of dynamical
fluctuations of the C phase for fields lower than the critical field for H along the b axis, H <Hf,. Furthermore,
we present evidence for strong spin-lattice coupling effects in TbMnOjs in the form of zone-boundary phonon
modes that strongly couple to the spins by modulating the exchange interaction in this material.
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I. INTRODUCTION

TbMnOj is one of several multiferroic materials in which
strong magnetoelastic coupling results in an interaction be-
tween magnetism and ferroelectricity, and in particular in
magnetic-field-induced rearrangements of the polarization
vector."? Several recent studies have demonstrated that this
coupling arises from geometrical frustration: the end member
of the RMnOj series, LaMnQOs, is known to be an A-type
antiferromagnet—consisting of ferromagnetically aligned
planes of Mn ions that are stacked antiferromagnetically—
because of the antiferro-orbital arrangement of the 3d;2_ 2
orbitals.>* However, substitution of La with a smaller triva-
lent R cation leads to a rotation of the MnOgy octahedra, and
a consequent decrease in the nearest-neighbor FM interac-
tion, a suppression of T, and frustration of the A-type AFM
order. For R=Gd, Tb, and Dy, A-type antiferromagnetic
(AFM) order is supplanted by more complex, incommensu-
rate (IC) magnetic order.> For example, below a Neel tem-
perature of Ty~41 K, TbMnOj; exhibits a longitudinal spin-
density wave (SDW) associated with the Mn spins, with a
modulation wave vector that is directed along the b axis,
k%“:(o,lﬁ 5%[“,0), where the incommensurability 55‘3“
~0.29 at Ty.'” Accompanying the magnetic ordering is a
lattice modulation having &=24,,. At still lower tempera-
tures, below 7,.=28 K, TbMnOj; exhibits a second transition
into a spiral magnetic phase, in which the spins have an
elliptic cycloid structure with spins rotating around the a
axis.!® This phase is associated with the appearance of a
spontaneous electric polarization P along the ¢ axis direction
(Pllc) (Refs. 5 and 6) due to an inverse Dzyaloshinski-
Moriya coupling between pairs of the noncollinear spins S;
and S; separated by a distance r;;: Pocr;; X (S, XS)). Interest-
ingly, extended x-ray-absorption fine structure (EXAFS)
measurements place upper limits on the possible displace-
ments of any atoms in the ferroelectric phase of TbMnO; at
less than 0.005-0.01 A.

The inherent magnetic frustration and noncollinear mag-
netic order responsible for multiferroic behavior in TbMnO;
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is understandably sensitive to an applied magnetic field, and
leads to strong magnetoelastic coupling and hybridized
phonon-magnon excitations.?~!? Recent field-dependent neu-
tron and x-ray diffraction measurements demonstrated that
an applied magnetic field above H.~4.5 T (along the b axis
direction at T~2.6 K) relaxes the magnetic frustration
caused by the GdFeOs-type distortion.? It thereby induces a
linear magnetoelastic coupling that drives a magnetostruc-
tural transition from an IC phase with P|lc to a commensu-
rate (C) phase in which P flops along the a axis, Plla.> The
critical field, H,, at which this IC-C transition occurs is a
function of temperature, increasing for instance to H,
~6 T at T~10 K.? X-ray diffraction measurements by Ali-
ouane et al.® showed that, for fields applied along the b axis,
HI| b, there is a discontinuous transition from the IC to the C
phase at 4.5 T that is coincident with the polarization flop. In
addition, these measurements demonstrated that there is a
coexistence of IC and C phases between 4-5.5 T in TbMnO;
for HIlb at 2.6 K. The IC-C transition coincides with a ferro-
electric polarization flop from Plic to Plla, which is likely
driven by the change in the spin-rotation axis of the spiral
from the a to the ¢ axis.!! This change in the spin-rotation
axis requires a degree of magnetic anisotropy that is most
likely provided by the rare-earth spins.!! However, the
change to a commensurate phase appears to be accidental, as
6 is close to the commensurate value of 1/4. Indeed,
DyMnO; exhibits a field-induced polarization flop Plla simi-
lar to that in TbMnOj; but this flop is not associated with a
commensurate high-field phase.'> Whatever the exact mecha-
nism of the polarization flop in TbMnOs;, the phase coexist-
ence of the IC and C states in the intermediate field regime
suggests the possibility of dynamical (fluctuational) contri-
butions to the phase transition that are commonly observed at
discontinuous magnetic transitions;'>!> unfortunately, there
has been little or no investigation of TbMnO; using inelastic-
scattering techniques that would be sensitive to the fluctua-
tional dynamics near the temperature- and field-dependent
phase transitions of this system.
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In this paper, we use inelastic light (Raman) scattering to
explore the structural changes and domain fluctuations that
accompany the field- and temperature-dependent transitions
in TbMnO;. Because it is exquisitely sensitive both to struc-
tural order and magnetic degrees of freedom, field-dependent
inelastic light-scattering measurements are ideally suited to
studying magnetoelastic coupling and multiferroic phases
in materials such as TbMnO;.!°"!® Further, by providing
information about the energies, intensities, and lifetimes
of modes present in different ground states of complex
materials, inelastic light scattering provides an excellent
means of probing the evolution of both fluctuational and
long-lived excitations through pressure- and field-tuned
quantum (7~ 0) phase transitions.'*>! By carefully examin-
ing the temperature- and field-dependent evolution of
magneto-elastic modes in various phases of TbMnO;, we
uncover several features of the IC-C transition in TbMnOs,
including: (i) the coexistence of distinct structural phases in
the intermediate field regime around the IC-C-phase transi-
tion, (ii) the evidence for dynamical fluctuations of the field-
induced C phase at fields significantly lower than the estab-
lished IC-C-phase boundary at H,, and (iii) evidence for
strong magnetoelastic coupling effects associated with the
appearance of additional temperature- and field-dependent
modes in both the IC and field-induced C phases in TbMnOs.
These modes are suggested to be zone-boundary phonon
modes that strongly couple to the spins by modulating the
exchange interaction in TbMnOs; the intensities of these
modes therefore reflect the sublattice magnetization of
TanO3.

II. EXPERIMENTAL PROCEDURE

The Raman-scattering measurements in this study were
performed on TbMnOj single crystals, which were grown in
a floating zone furnace under an Ar atmosphere at the Hahn
Meitner Insitut. The phase purity of the crystals was checked
by performing x-ray and neutron-diffraction measurements,
which indicated that the samples were single phase ortho-
rhombic TbMnOs;. The Raman measurements were per-
formed in a true backscattering geometry using the 647.1 nm
line from a krypton laser. The incident power was limited to
15 mW with a ~50-um-diameter laser spot size to reduce
laser heating of the sample. Temperature values associated
with Raman spectra in this paper include an estimated 5 K
contribution associated with laser heating. A modified triple
stage spectrometer was used to analyze the spectra. The
sample was placed in a variable temperature, pumped Oxford
continuous-flow cryostat, which was mounted in the bore of
an Oxford superconducting magnet, allowing measurements
in the temperature range of 4-350 K and the magnetic-field
range of 0-9 T. Magnetic-field measurements were per-
formed in the Voigt geometry with the magnetic-field direc-
tion oriented along either the a or b axis crystallographic
directions. The incident light was circularly polarized using a
Berek compensator to avoid Faraday rotation effects.

III. RESULTS AND DISCUSSION

A. Temperature-dependent spectra

The room-temperature Raman spectrum of TbMnOj; is
presented in Fig. 1(a), showing several optical phonon

PHYSICAL REVIEW B 78, 134407 (2008)

2
Z|@) |
> M
'8 ‘\\Ag(s)/
s Al
= Aqg4) MH‘ “\ ;'/\\
2| R-mode / W
_.CIC_.E T e WP\MJMW'W"W MW“WMV/ %mwwww”’/ \M%\
= el e : v ‘.“ v I I
200 300 400 500
Energy Shift (cm-")
] 0] [(©)
(H[| b)
H=0T
4T

)

c

>

=

\c_s/ I ! I

= H=8T

w

[

i)

[

- HI| b

135 150 120 135 150
Energy Shift (cm-7)

T
120

FIG. 1. (Color online) (a) Room temperature Raman spectrum
of TbMnOs. (b) Temperature dependence of the zero-field Raman
spectra in the 115-155 cm™! spectral range showing the evolution
of the IC mode at 125 cm™'; the dashed line is a guide to the eye.
(c) Field dependence of TbMnO5 at T=10 K for Hllb (top) and
Hlla (bottom) axes. The C mode is induced at 137 cm™! for
H>4 T along the b axis but is not present up to H=8 T for ap-
plied fields along the a axis.

modes in the 110-550 cm™' spectral range, including a
number of modes that have been previously observed and
identified by Martin-Carrén et al?* and Iliev and
co-workers.?>?* For example, the 147 cm™! phonon mode in
Fig. 1(b) is an A,-symmetry mode associated with displace-
ments of the Tb>* ions (R mode).?? In order to explore the
low-temperature (7T<Ty) and field-dependent phases of
TbMnOs in this paper, it is sufficient to focus attention on the

Raman spectra between 115-160 cm™'; details of the tem-
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FIG. 2. (Color) The established phase diagram for TbMnO;
(from Ref. 2) overlaid with our data for the IC and C modes, rep-
resented by green circles and red squares, respectively. The sizes of
the circles and squares provide a rough indication of the relative
intensity of the IC and C modes, respectively.

perature and field dependence of the entire phonon spectrum
will be published elsewhere.

Figure 1(b) illustrates the temperature dependence of the
Raman spectrum in the range of 115-160 ¢cm™!, highlight-
ing several interesting spectroscopic features. For example,
Fig. 1(b) shows that a broad mode near 125 cm™!' evolves
below the transition to the IC longitudinal SDW phase at
Ty~42 K. We attribute this IC-phase mode to the magne-
toelastically induced lattice modulation that accompanies IC
magnetic ordering below T.">¢ Such a lattice modulation is
expected to result in the appearance of modes associated
with the incommensurate wave vector of the lattice modula-
tion in TbMnOj; (6,=26,,~0.58 at Ty, where & and §,, are
the lattice and spin incommensurabilities, respectively®), as
has been observed in the incommensurate phases of other
materials.?>?¢ In particular, an incommensurate lattice modu-
lation is known to be associated with the appearance of both
amplitude and phase vibrational modes;?’ the amplitude
mode involves lattice fluctuations that preserve the symmetry
of the incommensurate lattice modulation and are therefore
Raman active.? Our interpretation of the 125 ¢cm™' IC mode
as an amplitude fluctuation of the incommensurate lattice
modulation is supported by several features of the data: first,
the 125 cm™' IC mode softens slightly and broadens as
T— Ty [dashed line in Fig. 1(b)], as expected of “soft” am-
plitude modes, and second, the intensity of the 125 cm™! IC
mode not only disappears above the IC-phase transition,
T>Ty, but also disappears with increasing field into the
field-induced commensurate C phase [H=8 T spectra in Fig.
1(c)]; the latter is associated with the field-induced destabi-
lization of the lattice modulation that leads to commensura-
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FIG. 3. (Color) Field dependence of TbMnOjs at (a) 10 and (b)
25 K. Dashed lines illustrate Lorentzian fits to the C and 147 cm™!
modes, used to extract intensity and linewidth parameters for the C
mode. (¢) Summary of the linewidth (circles) and lifetime (squares)
of the C mode as a function of applied field at 7=10 K. The line-
width values include a ~0.3 ¢cm™' contribution associated with the
instrumental resolution of the instrument.

tion of the magnetic and atomic lattices above H,~5.5 T at
10 K (HIIb5). We also note that the broad linewidth associ-
ated with the 125 c¢cm™' IC mode is consistent with inhomo-
geneous broadening associated with a slight k smearing of
the incommensurate wave vector; indeed, a smearing of the
incommensurate wave vector in the IC phase of TbMnOsy is
supported by the observation that the width of the second-
harmonic IC lattice reflection in x-ray diffraction measure-
ments is significantly broader than that associated with the C
lattice reflection for H> H".°

B. Field-dependent spectra

Figure 1(c) shows that, in addition to a high-field suppres-
sion of the IC mode, a narrow field-induced mode near
137 cm™! appears at H~4 T for HIlb in the vicinity of the
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field-induced IC-C transition. The integrated intensity of this
C-phase mode grows with increasing field in the C phase,
saturating at H=6 T, the field at which the electric polariza-
tion flops from P|lc to Plla.""? This is shown in Fig. 2, which
summarizes some of the temperature and field values at
which the IC (green circles) and C (red squares) modes are
observed on the established phase diagram of TbMnO;.>¢
We attribute this C phase near 137 cm™' mode to a zone-
boundary phonon mode that is folded to the zone center due
to the quadrupling of the unit cell by the magnetic sublattice
in the field-induced C phase of TbMnQ5.% This identification
is supported by several features of the data: first, this mode
appears near the field-induced IC-C-phase boundary at this
temperature, H.~5.5 T, for Hllb. Second, a similar mode is
not observed at H=8 T in the Hlla spectra [see bottom spec-
trum, Fig. 1(c)], in which field orientation the field-induced
C phase occurs outside the magnetic-field range of this
study, H2>9 T.° Finally, the evolution of the field-induced
C-phase mode in TbMnOj is similar to that theoretically pre-
dicted for magnetic-order-induced folded phonons?®?° and
experimentally observed in the Raman spectra of magnetic

1.250
2.000
2.750
3.500
4.250
5.000

FIG. 4. (Color) Contour plots of the (a) line-
width and (b) intensity of the C mode as a func-
tion of temperature and applied field (HI|5). The
dashed lines indicate the established phase
boundary lines from Ref. 2. The insets shows
12.00 summary plots of the (a) linewidth and (b) inten-
15.66 sity vs field of the C mode at different

19.31 temperatures.
2297

26.63
30.29
33.94
37.60

systems such as RuSr,GdCu,04,** Cu0,*! and VI,.*? In par-
ticular, magnetic-order-induced folded Raman modes in
these systems are associated with a strong modulation of the
exchange coupling constants by specific normal-mode vibra-
tions of the lattice, which contributes a spin dependence to
the mode intensity:*832 I, ~[M(S;-S )|, where S; and S, are
the spins on sites i and j, respectively, M is the spin-
dependent Raman tensor,” and {...) represents a statistical
average over all lattice sites. Therefore, the presence of these
magnetic-order-induced zone-folded modes not only directly
illustrates the strong spin-lattice coupling in these materials
but the temperature- and field-dependent changes of their
intensity directly reflect changes in the sublattice magnetiza-
tion of the materials. In the specific case of TbMnO;, the
rapid growth of the C mode shown in Fig. 3(a) is consistent
with that predicted for phonon modes that strongly modulate
the exchange coupling of magnetic materials.?%*? This folded
mode may involve longitudinal vibrations of the O ions, as
these are expected to strongly modulate ferromagnetic (FM)
and AFM exchange couplings in TbMnO; by modifying the
Mn-O-Mn angle.
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Because of its sensitivity to the sublattice magnetization
of TbMnO3, the field- and temperature-dependent linewidth
and intensity of the C mode provides us with an opportunity
to identify several interesting properties of the IC-C transi-
tion in TbMnO;. Figure 3 presents the detailed field depen-
dence (HIIb) of the IC and C modes at two temperatures (a)
T=10 and (b) 25 K. With increasing magnetic field, the
125 cm™ IC mode is suppressed while the 137 cm™ C
mode appears near the IC/C-phase boundary (H,~5.5 T at
10 K), exhibiting a systematic decrease in linewidth and an
increase in intensity with increasing field, as illustrated in
Fig. 3(c). The linewidth and intensity of the C mode was
extracted from Lorentzian fits to the C and 147 c¢m™! modes;
these fits are illustrated for some select fields as dashed lines
in Fig. 3(a). Additionally, there is a dramatic softening in the
A, symmetry Tb mode with increasing magnetic field from
~147 cm™! in the low-field IC phase to ~144 cm™ in the
high-field C phase. This softening indicates that there is a
structural change, likely involving the Tb** ions, through the
field-tuned IC-C-phase transition. The exact nature of this
structural transition is not clear from our data but it may
reflect an abrupt change in the lattice modulation associated
with the Tb ions through the field-induced IC-C transition.
Interestingly, x-ray scattering provides evidence for a strong
coupling between the Tb and Mn sublattices below 7T, (Ref.
33) so it is likely that this change in modulation through the
IC-C transition in TbMnOj affects the Mn ions as well.

Notably, the field dependence of the C mode intensity and
linewidth also provides strong evidence for fluctuating
C-phase domain regions that appear at magnetic fields and
temperatures well outside the established IC-C-phase bound-
ary, H.~5.5 T (at 10 K). This is illustrated by plotting the C
mode linewidth [Fig. 3(c)] and intensity [inset of Fig. 4(b)]
for T=10 K, which shows that for H>H_. the C mode
is strong, with a resolution-limited linewidth, indicative
of a long-lived excitation and the presence of long-range
commensurate order. However, in the vicinity of the field-
induced IC/C-phase boundary, the C mode has a weak
intensity and a linewidth three to four times its resolution-
limited value. Taken together, these results suggest that the
onset of long-range commensurate order at the critical
field, H., in TbMnO; is preceded at lower fields by fluc-
tuations of commensurate domains that coexist with in-
commensurate domain regions near the IC/C-phase boundary
of TbMnO;. A similar dynamical coexistence of phases
has also been observed using Raman scattering near the
quantum neutral-ionic phase transition of isostructural
charge-transfer complexes’! and near the x-dependent quan-
tum (7T~0) charge-density-wave/superconductor transition
of Cu,TiSe,.**

Figure 4 illustrates the wide range of the phase diagram
over which dynamical fluctuations of domains are evident in
TbMnO;. Specifically, Fig. 4 shows contour plots of the
~137 ecm™! C mode (a) linewidth and (b) integrated inten-
sity as functions of both magnetic field and temperature.
Shown in the inset of Fig. 4(a) are the linewidths as a func-
tion of applied field at several different temperatures. Also
shown for comparison are the established phase boundary
lines for the TbMnOj; system (dashed lines) from Ref. 2. The
noteworthy features of Fig. 4 are the following: first, the C
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FIG. 5. (Color online) Field dependence (at T=10 K) of the (a)
integrated intensity and (b) frequency of the A, symmetry Tb-
phonon mode associated with the IC phase (blue squares), where
the phonon frequency is ~147 cm™!, and with the C phase (red
circles), where the phonon frequency is ~144 cm™!. The gray
shaded area highlights a region of coexistence of the 144 and
147 cm™' Tb modes, indicating a coexistence of IC and C phases in
this intermediate field region. The inset illustrates Lorentzian fits to
the raw 10 K spectrum in the intermediate field regime (H=6 T),
showing the coexistence of 144 and 147 ¢cm™' Tb modes in this
region.

mode attains its maximum value and has a resolution-limited
linewidth inside the established C-phase boundary line, again
indicating the presence of long-range commensurate order.
However, a fluctuational C mode contribution—
characterized by an enhanced linewidth (darker red regions)
and weakened intensity (lighter green regions)—is clearly
evident outside the established IC/C-phase boundary line,
suggesting the presence of fluctuating C domains over a wide
range of the phase diagram. These results suggest that, with
increasing magnetic field, the C phase nucleates as small
fluctuating domains well before the thermodynamic phase
transition, and that these C-phase domains become more
long-lived and prevalent as H— H., the field at which long-
range commensurate magnetic order develops. Significantly,
this evidence for field-induced domain formation in TbMnOj5
is supported by recent field-dependent neutron-scattering re-
sults on TbMnOs, in which an observed memory effect has
been attributed to the formation of commensurate domains.>
These neutron results further suggest that the C-phase do-
mains are associated with a field-induced flop of the spiral
plane from the bc plane in the IC phase to the ab plane. In
combination with our evidence for fluctuating domains, these
results suggest that strong polarization fluctuations likely ac-
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company the magnetic fluctuations as precursors to the IC-
C-phase boundary.

We note, finally, that the presence of coexisting IC- and
C-phase regions in the intermediate field range H.~4 T
=H=7 T (for T<T,) is also supported by the field depen-
dence of the A,-symmetry Tb-phonon mode. Specifically,
this mode exhibits in the intermediate field range a signifi-
cant linewidth broadening, eventually leading to two-mode
behavior—i.e., the presence of distinct peaks at 144 and
147 cm™! associated with the same vibrational mode (see
inset of Fig. 5)—consistent with the coexistence of IC- and
C-phase regions. The intensity and frequency of the
Ag-symmetry Tb mode is summarized as a function of field
in Figs. 5(a) and 5(b), respectively. That these two peaks are
indeed associated with the same phonon mode is supported
by the observation that increasing magnetic field leads to a
gradual transfer of spectral weight from the 147 cm™' peak,
which is associated with the IC phase, to the 144 cm™' peak,
which is associated with the C phase. The appearance of both
these peaks in the field range H.~4 T=H=6 T of
TbMnOj; corroborates our other evidence that dynamically
fluctuating domains of IC and C phases are present in the
intermediate field regime even for T<T..

In summary, our Raman-scattering measurements on
TbMnO; offer evidence that dynamic fluctuations of the
field-induced commensurate phase are present outside the es-
tablished C-phase boundary both for fields H<H, and tem-
peratures 7>T,. These results suggest that the field-induced
destabilization of the atomic and magnetic lattices through
the IC-C transition in TbMnOj is associated with the devel-
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opment of fluctuating IC and C domains, which may be in-
strumental to the field-induced polarization flop from the ¢ to
the a axis. We suggest that these magnetic fluctuations are
also accompanied by strong polarization fluctuations that
should also be observable as precursors to the field-induced
IC-C-phase boundary. Our results also reveal the appearance
of additional temperature- and field-dependent modes in the
different magnetic phases of TbMnO; that reflect strong
spin-phonon coupling effects, which likely arise from the
strong modulation of the exchange interaction by zone-
boundary phonon modes. This coupling results in additional
modes whose intensities reflect the temperature- and field-
dependent sublattice magnetizations of TbMnOs. Finally, our
data provides evidence for a structural change that accompa-
nies the field-induced IC-C transition. This structural change
is likely associated with an abrupt change in the modulation
wave vector of the Tb and Mn ions but x-ray and neutron-
scattering experiments would help elucidate the exact nature
of this field-induced structural modification.
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