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The temperature-dependent Raman spectra of orthorhombic RMnO3 �R=Pr,Nd,Sm,Eu,Gd,Tb,Dy,
Ho,Y� were studied in the 5–300 K temperature range. It was established that while the materials with large
R3+ ionic radius rR and A-type antiferromagnetic order �R=Pr,Nd,Sm� exhibit significant phonon softening
and other anomalies with decreasing temperature near and below TN, the effect of magnetic ordering is much
weaker or negligible in compounds with R=Eu, Gd, Tb, Dy, Ho, and Y, characterized by small rR and
incommensurate magnetic structure. The results are discussed accounting for the variations with rR of the type
of magnetic ordering and related spin-phonon interaction.
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I. INTRODUCTION

The rediscovery of colossal magnetoresistance in mixed
valence perovskitelike manganites R1−xAxMnO3 �R=rare
earth or Y; A=Sr,Ca,Ba,Pb�1–4 has attracted significant in-
terest in the properties of the RMnO3 parent compounds. It
was recently demonstrated that the magnetic and orbital
structures in these materials depend strongly on the ionic
radius rR of the rare earth ion.5,6 In particular, it was shown
that the orbital ordering temperature TOO monotonically in-
creases with decreasing rR, while the magnetic ordering tem-
perature TM decreases. Moreover, with decreasing rR the low
temperature antiferromagnetic �AFM� ordering changes from
A-type AFM to E-type AFM �Ref. 6� through an incommen-
surate �IC� structure. The effect of rR on the crystal structure
is most clearly pronounced in the decrease of the Mn-O-Mn
bond angle from 155° for LaMnO3 �rLa=1.032 Å� to 144°
for HoMnO3 �rHo=0.901 Å�. It is plausible to expect that the
changes with rR of the lattice distortions and magnetic struc-
ture will be reflected in changes of the phonon parameters
and their variations near magnetic ordering temperature. In-
deed, it has been established in the case of LaMnO3 �Refs.
7–9� and NdMnO3 �Ref. 10� that the magnetic ordering be-
low TN results in softening of a Raman active mode near
610 cm−1, involving mainly in-plane stretching oxygen vi-
brations. This softening has been discussed by Granado
et al.8 in terms of spin-phonon coupling caused by phonon
modulation of the superexchange integral. The increase of
orbital coherence length upon cooling and polaronic interac-
tion of the eg orbital electrons with phonons has also been
invoked as a source of softening in LaMnO3.11,12 The verifi-
cation of theoretical models requires a more systematic study

of magnetic-ordering effects on the phonons in the RMnO3
series, particularly through the change from A-type to E-type
AF order. As a first step in this direction, we report and
discuss results of a comparative study of temperature-
dependent polarized Raman spectra of PrMnO3, NdMnO3,
SmMnO3, EuMnO3, GdMnO3, TbMnO3, DyMnO3,
HoMnO3, and YMnO3.

II. SAMPLES AND EXPERIMENTAL

PrMnO3, NdMnO3, and SmMnO3, single crystals were
grown by the floating zone method described in Ref. 13.
Single crystals of DyMnO3 of average sizes 1�1�2 mm3

were prepared following a procedure to be described
elsewhere.14 Orthorhombic YMnO3, HoMnO3 samples were
prepared under pressure as described in Ref. 15. For samples
with R=Eu, Gd, and Tb, stoichiometric powders were heated
at 1130–1160 °C under O2 atmosphere for 24 h. The last
five samples were polycrystalline from which selected mi-
crocrystals were larger than the laser spot. It was possible to
select microcrystals with crystallographic orientations such
that the spectra in parallel and crossed scattering configura-
tions were dominated by Ag or B2g contributions, respec-
tively. For exact separation of the Ag and B2g spectra the
SPECTRA SUBTRACT program of the GRAMS AI software pack-
age was used.

The Raman spectra were measured in backscattering con-
figuration using a Labram-800 Raman microscope spectrom-
eter �spectral resolution 0.5 cm−1� equipped with a liquid-
nitrogen-cooled CCD detector and a micro-Helium Janis
cryostat. The ��exc=632.8 nm� laser, focused on the sample
through 10� or 50� objectives, was kept under extremely
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low irradiance �0.02 to 0.3 mW/�m2 to avoid local heating.

III. EXPERIMENTAL RESULTS

Figure 1 shows the Raman spectra of RMnO3 as obtained
at 10 K in xx �Ag� and xz �B2g� scattering configurations. The
Raman line notations are associated with the type of atomic
motions of the corresponding phonon modes expected for the
Pnma structure. Ag�1� and B2g�1� denote, respectively, anti-
stretching and stretching vibrations of oxygen atoms in the
xz planes, Ag�3� and B2g�3� correspond to bendings of MnO6

octahedra, Ag�4� denotes MnO6 rotations, and “B2g�2�
scissor-like” oxygen rotations.16,17 The shape of Ag�1�, Ag�3�,
Ag�4�, and B2g�1� modes is shown in Fig. 2. With decreasing
rR most Raman lines shift towards higher frequencies. At the
same time there is a transfer of intensity between the two
high frequency Ag lines near 500 cm−1. The latter phenom-
enon is observed in the whole temperature range and has
been explained by the coupling of the Ag�1� and Ag�3�
modes, which is weak for the end members of the RMnO3
series, but particularly strong for R=Eu,Gd,Tb.17 For larger
rR �R=La,Pr,Nd� the lower line corresponds to bending
�Ag�3�� vibrations. With decreasing rR the line hardens and
approaches the higher one �Ag�1��, which exhibits much
weaker dependence on rR. Due to the strong mode mixing,

the two lines cannot any longer be denoted as Ag�1� or Ag�3�
for intermediate rR. With further decrease of rR �R=Ho,Y�
the modes become less coupled. At this end of the RMnO3
series, however, the lower line represents the antistretching
Ag�1� mode.

B2g�1�, Ag�1�, and Ag�3� �or mixed Ag�1� /Ag�3�� modes
frequencies are shown as a function of temperature in Fig. 3.
The dashed line corresponds to the fit of experimental points
above TN with the function

��T� = �0 − C�1 +
2

e�0/kT − 1
� , �1�

where �0 and C are adjustable parameters. ��T� describes
expected temperature dependence of a phonon mode fre-
quency due to anharmonic phonon-phonon scattering.18

With decreasing temperature the B2g�1� modes of
PrMnO3, NdMnO3 and SmMnO3 soften by 1.1–1.2 %, a
value comparable to that reported for LaMnO3.7 Although it
starts above TN, the softening is most strongly pronounced
below TN. The B2g�1� modes of the other RMnO3 samples do
not soften at all except for DyMnO3 which shows a much
weaker softening ��0.3% � with no pronounced anomaly
near TN. The variations with R of the temperature depen-
dence for the remaining Raman modes are similar except
that, if observed, the softening is by a factor 2 to 5 weaker as
compared to the B2g�1�’s. This is illustrated in the right pan-
els of Fig. 3 for the Ag�1� and Ag�3� �or mixed Ag�1� /Ag�3��
modes. The RMnO3 compounds with large rR exhibit another
magnetic-order-related anomaly, namely, significant increase
of the B2g�1� Raman line intensities below TN �Fig. 4�. No
anomaly near TN has been observed in the temperature de-
pendence of the Raman linewidths.

IV. DISCUSSION

The orthorhombic RMnO3 compounds with large rR �from
La to Sm� are characterized by A-type antiferromagnetic
�AFM� structure.5,20–26 In this structure the Mn3+ moments
are ferromagnetically �FM� ordered in the xz �ac� planes and
antiferromagnetically coupled along the y�b� direction �in
Pnma notations�. The Néel temperature TN decreases from

FIG. 1. Polarized Raman spectra of RMnO3 �R
=Pr,Nd,Sm,Eu,Gd,Tb,Dy,Ho,Y� as obtained at 10 K with
xx�Ag� and xz�B2g� scattering configurations.

FIG. 2. �Color online� Main atomic motions of Ag�1�, Ag�3�,
Ag�4�, and B2g�1� modes.
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97 K for PrMnO3 to 76 K for NdMnO3 and 60 K for
SmMnO3.21–26 With increasing structural distortions, the
magnetic structure of RMnO3 compounds with small rR
�from Eu to Ho� changes to an incommensurate �IC� sinu-
soidal AFM structure characterized by a propagation vector
k= �kx ,0 ,0�.5,6,27,28 The origin of such frustrated structures
below TN has been associated with the weakening of the FM
interaction between the nearest-neighbor �NN� eg spins �al-
lowing dominant AFM interaction between the NN t2g spins�
and the anisotropic super-exchange �SE� interaction between
next-nearest-neighbor �NNN� Mn3+ moments.5 For R=Eu
and Gd, kx decreases from TN=51 and 40 K �Refs. 5 and 6�
and A-type AFM and canted AFM structure19 develop at
lower temperatures �46 and 26 K, respectively�. In TbMnO3
�DyMnO3� the kx component of k varies from 0.295 �0.39� at
40 K to 0.28 �0.46� at 30 K �18 K� and remains locked at
lower temperatures.5 Similarly, the kx value for YMnO3 in-
creases from 0.420 at TN=42K and locks at 0.435 below
28 K.28 For HoMnO3 �TN=41 K�, the kx component in-
creases from 0.40 and locks below 29 K at kx=0.5, which

corresponds to the E-type AF structure.27 It is obvious from
our experimental results that while the magnetic-order-
induced phonon softening is strong in RMnO3 with A-type
AFM structure, it is either very weak or absent in the mate-
rials showing incommensurate or E-type AFM structure.

According to the mechanism proposed by Granado et al.8

the effect of phonon renormalization below TN is propor-
tional to the spin-spin correlation function �Si ·S j	 for the
nearest-neighbor spins localized at the ith and jth Mn3+ sites.
In the case of LaMnO3 where A-type ordering takes place the
ith spin can be represented as

Si =
M

4�B
+ �Si,

where M is the average sublattice magnetization per Mn+3

and �Si is the spin fluctuation due to quantum and thermal
effects. In the work of Granado et al.8 the molecular-field
approximation has been employed, which means that �Si is
neglected and the phonon renormalization scales as M2. This
approximation explains fairly well the temperature behavior
of the B2g�1� below TN. However, as evident from the data
for LaMnO3 �Ref. 8� and as follows from our data for
PrMnO3, NdMnO3, and SmMnO3, the onset of phonon
renormalization is located at temperatures well above TN.
This fact has been observed but not discussed by Granado et
al.8 The renormalization of phonon frequencies above TN can
be explain by in-plane ferromagnetic correlations ��Si ·�S j	
which exist even in the paramagnetic phase.

FIG. 3. Frequency variations with T’s of B2g�1� modes �left
panels� and Ag�1�, Ag�3�, and mixed Ag�1� /Ag�3� modes �right pan-
els�. Dashed lines correspond to Eq. �1�.

FIG. 4. Intensity variation with T of the B2g�1� stretching
mode.
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In order to analyze the cases of incommensurate and
E-type ordering, an extension to the above model is neces-
sary. Those orderings result from competition between the
ferromagnetic NN and antiferromagnetic NNN interactions.
As proposed by Kimura et al.5 the incommensurate phases
are described by a three-parameter frustrated exchange
Hamiltonian

H =
1

2

i,r

J�r�Si · Si+r, �2�

where J�r�=J1�0 is a ferromagnetic exchange between NN
spins �r= ±0.5x±0.5z�, J�r�=J2�0 is an antiferromagnetic
exchange between NNN spins along x �r= ±x�, and J�r�
=J3�0 is a very weak ferromagnetic coupling between
NNN for r= ±z. Thus, following Ref. 8 we obtain for the
phonon renormalization

�� =
1

2m�



r

�2J�r�
�u2 �Si · Si+r	 , �3�

where � represents the mode frequency, m the oxygen mass,
u the oxygen displacement.

For an incommensurate phase with k= �kx ,0 ,0� the spin-
spin correlation function is

�Si · Si+r	 = K�T�cos�2	k · r� ,

where K�T� is a temperature-dependent prefactor. Thus, re-
stricting summation up to NNN Mn ions, we get

�� =
K�T�
m�

�2D1 cos�	kx� + D2 cos�2	kx� + D3� , �4�

where Dj =�2Jj /�u2�j=1,2 ,3�.
Our further analysis is based on Eq. �4�. For A-type ma-

terials �R=La,Nd,Pr,Sm� k=0, K�T�
Msublatt
2 , and we ob-

tain a nonzero phonon softening below TN, provided 2D1
+D2+D3�0. The expression of Granado et al.8 for the soft-
ening of B2g mode

�� �
2

m�

�2J1

�u2 �Msublatt�T�
4�B

2

�5�

corresponds to the approximation �D1�� �D2+D3�.
For an E-type ordering �R=Ho� kx=0.5 and we obtain

��
K�T��D3−D2�. As evident, in this case the NN contri-
butions exactly cancel each other since each Mn ion is sur-
rounded by two spin-up and two spin-down ions. The finding
that no phonon softening is observed in the E-phase means
that the second derivatives D2 and D3 of the NNN exchange
integrals are equal between themselves, at least to the accu-
racy limit of the Raman-frequency measurements. This fact
can be interpreted in the frame of a more general symmetry
consideration. The NNN exchange integral J�r� can be rep-
resented as

J�r� = Js�r� + Jd�r� , �6�

where the s-type function Js�r�, transformed as x2+z2, is
characteristic for an idealized tetragonal structure, while the
x2−z2 contribution from Jd�r� arises due to the orthorhombic
distortion of the lattice. It is Jd�r� which is responsible for

the J2−J3 asymmetry. Thus the equality between D2 and D3
implies that the Raman-active phonons in RMnO3 modulate
only the s-wave contribution to the exchange integral. This
fact may have an important impact on understanding the spin
and orbital ordering in the insulating manganites.

Bearing in mind that D2�D3 we obtain for intermediate
kx values

�� =
K�T�
m�

�2D1 cos�	kx� + D2�1 + cos�2	kx��� . �7�

Hence, depending on the relative sign and magnitude of D1
and D2 in the case of incommensurate magnetic ordering one
may have a null effect or phonon renormalization.

Equation �5� describes quite well the softening of the
B2g�1� mode in PrMnO3, NdMnO3, and SmMnO3 as illus-
trated in Fig. 5 for the case of PrMnO3. Given that, in a good
approximation, the B2g frequencies are nearly independent of
R and with the known maximum Mn3+ � values for PrMnO3
���3.5�, NdMnO3 ��=3.22 �Ref. 23��, and SmMnO3 ��
=3.5 �Ref. 26��, the �2J1 /�u2 values of �15.5 mRy/Å2,
�13.5 mRy/Å2, and �12.9 mRy/Å2 for PrMnO3, NdMnO3
and SmMnO3, respectively, were obtained using Eq. �5�. For
LaMnO3 ��=3.65 �Ref. 29�� a �2Jxz /�u2 value of
�16 mRy/Å2 has been reported.8

Although our model shows that a phonon renormalization,
due to spin-phonon coupling is possible, such is undetectable
in the incommensurate antiferromagnetic phase of EuMnO3,
GdMnO3, TbMnO3, HoMnO3, and YMnO3. The clear ab-
sence of phonon softening in EuMnO3 and GdMnO3, how-
ever, challenges the association of magnetic structure below
46 and 26 K, respectively, with A-type AFM ordering.5 The
weak softening observed for B2g and Ag stretching modes in
DyMnO3 starts well above TN and may be related to a small
expansion in the Mn-O distances rather than to direct spin-
phonon coupling. A careful study of the Mn-O distance tem-
perature variations may help elucidate its origin.

The increase in intensity of the phonon modes, which
exhibit strong softenings in A-type AFM compounds �Fig. 4�,
obviously correlates with FM ordering in the xz layers. At
present there is no plausible explanation of this effect.

FIG. 5. Temperature shift of the PrMnO3 B2g�1� stretching
mode frequency. The line represents the square of Msublat /�B cal-
culated in the mean field approximation.
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V. CONCLUSION

In summary, we have studied the temperature-dependent
Raman spectra of orthorhombic RMnO3 �R
=Pr,Nd,Sm,Eu,Gd,Tb,Dy,Ho,Y� and have unambigu-
ously established a correlation between FM ordering in the
xz layers and phonon softening and intensity increase below
TN. The variations with temperature of the phonon line posi-
tions have allowed us to estimate �2J1 /�u2 contribution to
B2g stretching mode concluding that the spin-phonon cou-
pling remains nearly the same for all A-type AFM com-
pounds. The spin-phonon coupling is negligible in RMnO3
with small rR and incommensurate AFM. For E-type AFM

order �R=Ho�, absence of phonon anomaly indicates that the
NNN exchange integrals are equal.
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