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Hyper-Raman scattering from the LO modes of perovskite ferroelectric relaxors
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Hyper-Raman scattering is used to study the temperature dependence of the longitudinal optic (LO) modes
of three prototypical ferroelectric relaxors in a broad temperature range from 20 to 800 K. The three LO bands
observed in all spectra of the three materials are linked to the three transverse optic (TO) modes in cubic relaxors
where LOi is linked to TOi, with i = 1 to 3. The Last, Slater, and Axe eigenvector pictures of the TO modes are
consistent with our observations on LO1, LO2, and LO3, respectively. Within this framework, the splitting of
LO2 would mostly be linked to a structural disorder on the B site while the strength of an anomaly of LO1 near
the freezing temperature Tf relies on the ability of the material to develop a long-range ordering. Moreover, the
more pronounced the splitting, the more important the structural disorder and the lower the value of the dielectric
constant.
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I. INTRODUCTION

For more than 70 years, scientists have been trying to
understand and describe the structure and the mechanisms
underlying the series of phase transitions in ferroelectric re-
laxors. [1,2]. The main challenge is that the latter have an
ordered crystalline-like average structure but strong local dis-
order due to off-center ions with respect to the crystalline
lattice sites [3–7]. This is due to the fact that most of the
widely used relaxors are complex oxide perovskites with two
different cations, B′ and B′′, occupying the B site of the ABO3

lattice. The random substitution of B′ and B′′ gives rise locally
to a strong chemical and mass disorder leading to the intrinsic
positional atomic disorder of these materials [3,8].

At very high temperatures, thermal fluctuations are large
and all relaxors are in the paraelectric state of cubic av-
erage symmetry. Upon cooling, the nucleation of randomly
oriented polar nanoregions (PNRs) [9] starts near a sin-
gular temperature known as Burns temperature Td [10,11].
This is accompanied with a transformation from a para-
electric phase to ergodic relaxor state [12,13]. However,
the absence of charge compensation between the ions of
B′ and B′′ leads to the appearance of very strong local
electric fields. It is these random fields together with the
strong structural disorder which probably prevent a long-
range order. Below Td , the motion of the PNRs slows
down until they are completely frozen below a temperature
Tf , where there is a transition to a nonergodic state [12].
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A similar kind of nonergodicity is a characteristic of a
dipole glass phase [14,15]. The existence in relaxors of an
equilibrium phase transition into a low-temperature glassy
phase is one of the most interesting hypotheses which have
been discussed intensively. The dielectric constant exhibits
a strong diffuse behavior characterized by a temperature-
and frequency-dependent maximum [16–18]. This maximum
occurs at a temperature Tm which does not correspond to
a structural phase transition from the paraelectric to fer-
roelectric state similar to the Curie point TC in normal
ferroelectrics [16].

Lead magnesium niobate PbMg1/3Nb2/3O3 (PMN) [19,20]
is a typical representative of ferroelectric relaxors. It has an
average Pm3m cubic symmetry down to the lowest temper-
ature. At the nanometric scale, the PMN crystal has a lower
symmetry owing to the random distribution of the Mg2+ and
Nb5+ ions occupying the B site of the perovskite and due to the
short- or medium- range displacement order of PNRs that ap-
pear near Burns temperature Td ≈ 630 K [21]. The formation
of polar nanodomains near Td translates into the deviation of
the thermal expansion [22] and the refractive index [21] from
their standard linear behavior. The temperature dependence
of the acoustic emission from PMN crystals shows two quite
sharp peaks near 500 and 630 K correlating with another
singular temperature T ∗ [19,23] and Td , respectively. The
dielectric permittivity of PMN crystals shows a typical relaxor
behavior with a broad and frequency-dependent peak where
the maximum temperature Tm is ≈ 270 K at 10 kHz [24].
A ferroelectric phase transition in the vicinity of the freez-
ing temperature Tf = 220 K [25] can be induced under the
application of an electric field that exceeds a threshold value.

At ambient conditions, lead magnesium tantalate
PbMg1/3Ta2/3O3 (PMT) [26] possesses an average cubic
structure of the Pm3m space group with a lattice parameter
a = 4.04 Å [27]. A high-temperature neutron powder
diffraction experiment [28] of PMT revealed that there is no
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structural phase transition in the temperature range from 1.5
to 730 K. In contrast to PMN, PMT remains cubic even if
an external electric field is applied [28]. It exhibits the usual
relaxor behavior with a Tm ≈ 170 K at 10 kHz [26,29]. A
value of the Burns temperature, Td � 570 K, was estimated
from a comparative Brillouin scattering experiment between
PMT [29] and PMN [30,31]. However, both the lattice
parameter a [28] and the inverse of the dielectric constant
ε−1 [32] of PMT show a deviation from their linear behavior
around 420 K, which means that the value of Td of PMT is
still questionable.

Lead zinc niobate PbZn1/3Nb2/3O3 (PZN) [33] is an-
other prototypical relaxor. The temperature dependence of
its dielectric constant at different frequencies along the
[111] direction shows a typical relaxor behavior with Tm ≈
410 K [34]. Contrary to PMN and PMT, a spontaneous phase
transition from a cubic to a rhombohedral phase occurs in
PZN within the temperature range corresponding to the maxi-
mum of ε(T ). It was first stated that this transition takes place
around 410 K [35,36], but a high-resolution x-ray diffraction
study on single crystals shows that this transition is diffuse
and spreads over the temperature range between 385 K and
325 K with a full establishment of the rhombohedral phase
below 325 K [37]. In addition, high-energy x-ray diffraction
measurements [38,39] revealed that the freezing temperature
Tf of PZN crystal is ≈ 385 K. The acoustic emission signals
from PZN crystal [23] show two sharp peaks near 500 and
740 K corresponding to T ∗ and Td , respectively.

In addition to the usual structural techniques, spectro-
scopic methods sensitive to vibrational modes are widely
used to elucidate phase transition mechanisms. Numerous
studies have been already performed using inelastic neutron
scattering [40,41], Raman scattering (RS) [42–44], and in-
frared reflectivity (IR) [19,45,46]. Owing to the local disorder,
it is difficult to disentangle the numerous vibrational bands
observed in the inelastic scattering spectra of relaxors. For
example, within the Pm3m cubic space group, the irreducible
representation of the modes reads 3F1u + F2u, where the triply
degenerated F1u-symmetry vibrations are polar and the triply
degenerated F2u-symmetry mode is nonpolar and involves
only the oxygen atoms. All of these modes should be inactive
in RS. On the contrary, the Raman spectra of PMN exhibits
a series of broad bands, some being associated to first-order
scattering processes. Some of these unexpected bands are
evidence for the lifting of the cubic selection rules due to
the local structural disorder which persists at temperatures
well above the Burns temperature [42]. It is sometimes in-
terpreted assuming a local tetragonal distortion leading to a
splitting of the three triply degenerated F1u modes into E + A
components, both in IR absorption [47] and in hyper-Raman
scattering (HRS) [48,49].

In this work, HRS is used to study temperature dependence
of longitudinal optic (LO) modes in the ferroelectric relaxors
PMN, PMT, and PZN. According to basic selection rules, all
polar modes are active in HRS, providing a powerful exper-
imental tool to probe spectral lines down to frequencies of
a few cm−1. These unique characteristics provide an alter-
native way to study the behavior of the vibrational spectra
of relaxors in the function of temperature, especially for the
low-frequency soft modes [48,50–53]. In the following, the

experiments will focus on LO modes as a probe to study the
local disorder and the onset of phase transitions.

II. EXPERIMENTAL DETAILS

HRS is a very powerful vibrational tool which nicely
complements RS and infrared absorption (IR) [54,55], due
to the specificity of its selection rules. This is even more
true in partially disordered and amorphous materials, where
the structural disorder (partially) lifts the crystalline selection
rules, and for the study of low-lying vibrations such as the po-
lar ferroelectric soft modes which are difficult to access using
IR [50]. HRS is a three-photon process where two incident
photons produce one scattered photon after interaction with
an elementary excitation in the material (e.g., vibration or re-
laxation motions). For HRS, the law of conservation of energy
relates the incident frequency ωi, the scattered frequency ωs,

and the vibrational frequency ω, where ωs = 2ωi ± ω.
Unpolarized hyper-Raman spectra were collected using

a homemade spectrometer [56–58]. A diode-pumped Q-
switched Nd-doped yttrium aluminum garnet laser emitting
at the wavelength λ = 1.064 µm was used as an exciting
source. The repetition rates are between 1 Hz and 50 kHz
with pulse widths of ∼ 30 ns. The incident peak power is
kept slightly below the optical damage threshold of the sam-
ple, which for most of our ferroelectric samples was about
2 kW. The incident beam is focused on the sample with
a lens L1 of focal length f1 = 47 mm leading to a waist
diameter of ∼20 µm. The scattered light is collected by a
photo-objective lens L2 ( f2 = 50 mm) of numerical aperture
NA = 0.45 followed by another lens L3 of focal length f3 =
230 mm. Both near-forward scattering and backscattering ge-
ometries were used during this study. The HRS spectra are
analyzed with a f /5.6 Jobin-Yvon FHR-640 single-grating
diffractometer of focal length f = 640 mm and detected with
a nitrogen-cooled charge-coupled-device camera with 2048 ×
512 pixels. Two different gratings were used: one with 600
grooves/mm, giving a resolution of ∼ 6 cm−1(FWHM) using
an entrance slit of 100 µm, and one with 1800 grooves/mm
for high-resolution experiments, giving a spectral resolution
of ∼2 cm−1 (FWHM) for a 100 µm entrance slit into the
spectrometer.

III. RESULTS AND DISCUSSION

LO modes usually dominate the HRS spectra of mixed
lead-based perovskites [59]. This is particularly true in
PMN [60,61] and PMT [49], in which the LOs almost com-
pletely mask the signal arising from the transverse optic (TO)
modes, even in backscattering where the former are forbidden
by symmetry [49] in perfect crystals. To get information on
the intensity of the LOs, it is preferable to perform HRS
using a geometry where they are allowed by symmetry, as for
example near-forward scattering. It was shown in PMN [61]
that the ratio between the LO mode strength observed in HRS
and the intensity of the corresponding bands in the –Im[1/ε]
spectrum determined from a far-IR experiment is the same for
all three main LO bands [45]. This leads to the conclusion that
the HRS intensity of the LOs in relaxors mainly arises from
the electro-optic (EO) coupling term of the HRS tensor rather
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FIG. 1. HRS spectra of PMN (a), PMT (b), and PZN (c) at various temperatures. The PMN spectra, the low-temperature PMT spectra
[below the dashed line in (b)], and the PZN spectra are measured in forward-scattering geometry while the high-temperature PMT spectra are
collected in backscattering geometry. Note the increasing background in PZN below T f � 385 K due to the superposition of the HRS with a
growing Raman signal.

from the deformation-potential contribution. This strong EO
coupling in relaxors makes HRS an extremely useful tool for
direct experimental observation of the polar LO modes (with
their relative strength), otherwise only accessible via fitting or
Kramers-Kronig analysis of IR spectra.

Unpolarized HRS spectra of PMN (q ‖ [001]), PMT (q ‖
[001]), and PZN (q ‖ [001]) single crystals at different tem-
peratures obtained with the setup in its low-resolution mode
are shown in Fig. 1. The PMN spectra, the PZN spectra, and
the low-temperature PMT spectra (below 230 K) were col-
lected in near-forward scattering while the PMT spectra above
room temperature were recorded in backscattering geometry.
The different experimental geometries used to perform this
study prevent a comparison of the intensities of the HRS
bands at various temperatures. The ferroelectric transition in
PZN induces a growing second harmonic generation (SHG)
signal on cooling below Tf . This strong green light induces
an RS signal which superposes to the HRS one leading to
a structured background below ∼ 360 K. This is the reason
HRS spectra have not been recorded below room temperature.
The three LO bands are clearly seen in all of the spectra:
one weak and asymmetric line around 110 cm−1 (LO1), a
double-peak structure around 400 cm−1 (LO2), and a broad
Lorentzian-like peak centered around 700 cm−1 (LO3). The
following subsections describe the temperature behavior of
these bands.

A. LO3

The LO3 mode near 700 cm−1 can be fitted with a
Lorentzian function [inset of Fig. 2(b)], which means that we
access the homogeneous width of the vibration. A Gaussian
function centered near 600 cm−1 is also used to fit the tail
in the low-frequency side of LO3. This spectral component
likely associates with the high-frequency A1 mode of the TO3
doublet which is indeed expected in that frequency range [45].
The fit sometimes requires a weak additional contribution
centered at ∼ 780 cm−1, suggesting that the band near ∼
700 cm−1 likely corresponds to the E1 component of the

LO3 doublet while the weak contribution ∼ 780 cm−1 could
eventually correspond to the A1 component as proposed by
IR [45]. The temperature dependence of the frequency ω and
the full width at half maximum of LO3 in PMN and PMT are
shown in Fig. 2. The dashed lines are guides for the eyes. They
mimic standard monotonous behaviors. In PZN, the growth
of the Raman signal underneath LO3 below Tf prevents an
accurate determination of these quantities.

FIG. 2. Temperature dependence of the frequency ω (a) and the
linewidth (b) of the LO3 mode for PMN and PMT. The inset shows
the fitting of the LO3 mode using a Lorentzian function with a
Gaussian function for the tail.
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One observes from Fig. 2 that the linewidth of LO3 in PMT
is smaller than that in PMN. It is worth noting here that the
same trend applies to almost all of the HRS active bands. No
observable anomaly can be seen within the full temperature
range explored. The temperature dependence of the frequency
is more complicated. In PMN, one can eventually see three
inflection points [change in the sign of the second derivative
of ω(T )]: the first one around Td , the second one around
500 K (T ∗ in PMN), and the last one at Tm. This qualitative
observation should be taken cautiously, as we do not have any
physical model that could explain these effects. Although the
dispersion of the points is larger, the same behavior seems to
apply in PMT. In any case, these anomalies are very weak
(less than 1%), at least compared to those on LO1 and LO2
(see the following).

B. LO2

The low-resolution HRS spectra in Fig. 1 show a clear
splitting of the LO2 band in the three materials. This splitting
increases as the temperature decreases. To obtain a better
observation, high-resolution HRS in PMN was performed.
The obtained spectra zoomed on the LO2 region, together
with those of PMT, are shown in Fig. 3. For sake of clarity,
the spectra have been normalized on top of the low-frequency
component.

It is impossible to reproduce the shape of the LO2 dou-
blet with two Lorentzians. The best fit is obtained with two
Voigt functions in addition to a sloping background (insets of
Fig. 3). This emphasizes an inhomogeneous broadening of the
bands due to the structural disorder. The frequencies resulting
from the fit are shown in Fig. 4. The low-frequency com-
ponent [Fig. 4(b)] exhibits a linear temperature dependence
in both materials with a larger slope for PMT. As directly
evidenced by the raw data (Fig. 3), the frequency of the higher
band is much more affected by the temperature. It exhibits in
both materials a stiff increase between Tm and Td [Fig. 4(a)].
This effect is more clear when one plots the frequency shift
between the two lines, �ω = ω(A1) − ω(E1) [Fig. 4(c)]. This
representation has the advantage of avoiding the errors due
to slight frequency drifts of the spectrometer. According to
the anisotropic dielectric constant model developed by Hlinka
et al. [45], we associated the low- and high-frequency lines
of the LO2 doublet to the E1 and A1 modes, respectively.
Similarly to the soft mode, the splitting of LO2 persists well
above Td , suggesting that the local structural disorder remains
up to very high temperature as already proposed [42].

The data analysis in PZN was done exactly the same way
as that for PMN and PMT (same fitting functions and same
fitting procedure). Similarly to PMN and PMT, the E1 com-
ponent behaves normally [Fig. 5(a)]. However, and contrary
to the cubic relaxors, a sharp but reliable anomaly is observed
in the temperature dependence of the A1 component at Tm ≈
410 K where the long-range transition from paraelectric to
ferroelectric state takes place [34]. This transition-like fea-
ture is also clearly visible in a plot of �ω = ω(A1) − ω(E1)
[Fig. 5(b)]. Unfortunately, owing to possible sample damage,
we stopped our experiments at ∼ 500 K and thus did not reach
Td ≈ 740 K. However, a quick observation on the raw data
shows that the spectra above Tm are all very similar and that

FIG. 3. (a) High-resolution HRS spectra of PMN obtained in
forward-scattering geometry at various temperatures. (b) The fre-
quency region of the LO2 mode of the PMT spectra shown in
Fig. 1(b). The spectra of PMN and PMT are normalized on top of
the E1 component of LO2. The inset of (a) shows the PMN spectra at
723 K (top) and at 230 K (bottom). The inset of (b) shows the PMT
spectra at 623 K (top) and at 373 K (bottom). The red line is the fit
resulting from the model described in the text. Dashed lines show the
individual contributions corresponding to the E1 and A1 components.

the splitting rather develops around Tm or slightly above [inset
of Fig. 5(b)]. The situation is clearly different from that of
PMN and PMT where the A1 component starts to increase
around Td and is clearly visible between Td and Tm. This
probably means that the structural disorder is weaker in PZN,
thus limiting frustration effect, and consequently favoring a
long-range order transition near Tm.

C. LO1

The last longitudinal band to be discussed in Fig. 1 is LO1.
This band is clearly asymmetric and cannot be fitted by a
single Lorentzian or Gaussian. This asymmetry likely arises
from a superposition of the E1 and A1 components of the
LO1 doublet which cannot be resolved in our experiment. It
follows that the frequency of the peak maximum of the band
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FIG. 4. Temperature dependence of the A1 (a) and E1 (b) fre-
quencies together with �ω = ω(A1) − ω(E1) (c) for both PMN and
PMT. The dashed lines are guides for the eyes.

constitutes a measurement of the E1 component. Indeed, the
frequency compares very well to that extracted from IR [45],
at least in PMN.

Owing to the preceding, we used a Breit-Wigner-Fano
(BWF) formula [62,63] and a sloping background to fit the
data in PMN. To avoid dispersion in the fitting parameters,
the asymmetry factor α was kept constant for all tempera-
tures. This asymmetric function reproduces well the data over
the whole investigated temperature range, and the resulting
frequencies at the maximum of the band (full symbols) are
plotted in Fig. 6. A weak anomaly is seen near the freezing
temperature Tf , that is, the temperature at which a ferro-
electric phase transition is observed under an applied electric
field [25]. In our experiments, no external field was applied,
but the strong light source incoming onto the sample could
eventually induce displacements and thus acts as an applied
external electric field. However, our HRS spectra are so simi-
lar to those extracted from IR at zero field [45] that this effect,
if it exists, can be neglected. To confirm this observation,
another high-resolution set of data was performed on the same
PMN sample in the temperature interval between 185 and
230 K with a 5 K step. The same fitting model was used to

FIG. 5. Temperature dependence of the E1 and A1 (a) and �ω =
ω(A1) − ω(E1) (b) for PZN. The inset shows the evolution of the A1

component near Tm.

extract the peak maximum, and the results are shown by the
open symbols in Fig. 6. The two sets of data overlap at identi-
cal temperatures ensuring that these results are reproducible.
The frequency of the E1 component of LO1 exhibits a sharp
transition-like feature near Tf ≈ 220 K. This effect can be
directly seen from the raw data presented in the inset of Fig. 6.

FIG. 6. Temperature dependence of the frequency of the E1

component of LO1 in PMN. The empty symbols represent the
frequencies obtained from another high-resolution experiment per-
formed on the same PMN sample in the temperature interval between
185 and 230 K. The inset shows the HRS spectra at three different
temperatures surrounding Tf ≈ 220 K.
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FIG. 7. Temperature dependence of the frequency of the E1 component of the LO1 mode of PMT (a), PMN (b), and PZN (c). The
empty symbols in (b) represent the frequencies obtained from another high-resolution experiment performed on the same PMN sample in
the temperature interval between 185 and 230 K.

To fit the LO1 mode in PMT and PZN, it is preferable to
use a Gaussian-asymmetric function

I (ω) = I0 exp
− 1

2 ( ω−ω0
σ+α

√
ω−ω0

)2

×[n(ω) + 1],

where ω0 is the peak frequency, σ is the Gaussian width, I0

is the peak intensity, and α is a coefficient relating to the
degree of asymmetry of the line. This function provides better
fits than the BWF function used previously in PMN. Similar
results (although more dispersed) can be obtained by a simple
fit of the points around the maximum with a polynomial
function. The results for the three samples are summarized
in Fig. 7. A transition-like feature on LO1(E1) is observed
in PMN and PZN, but not in PMT. In PZN, the anomaly is
similar to that observed on LO2 and most likely associates
with the long-range paraelectric-ferroelectric phase transition.
Finally in PMT, no field-induced ferroelectric phase transition
has been reported near the temperature corresponding to the
maximum of ε (≈ 170 K) [28], and our results on LO1 do not
show any anomaly in that temperature range [Fig. 7(a)].

D. Discussion

Within the framework of the simple eigenvector model
described in the work of Hlinka et al. [47], the eigenvectors
for the three F1u modes apply for the three TOs, but it is
not clear whether this picture is true for the LOs. However,
it is tempting to relate the sharp anomaly on LO1(E1) in
PMN at Tf ≈ 220 K to the hardening of the soft TO1 mode
observed in RS below Tf [64]. In addition, we have shown in
a previous work that the nonpolar F2u vibration has a normal
temperature behavior [60]. This probably means that the oxy-
gen atoms play a minor role in the structural modifications of
cubic relaxors. As LO3 exhibits the weakest anomalies with
temperature, its eigenvectors likely involve preferentially the
oxygen atoms. This corresponds to the Axe mode [47] which
associates to the hardest F1u-symmetry vibration (TO3). These
general considerations suggest that TOi associates with LOi

(i = 1,2,3) in cubic lead-based relaxors. Contrary to PZN,
there is no long-range order transition at Tf in PMN. This
is probably the reason the sharp anomaly observed at Tf in
the latter is not reproduced by any other LO mode (nor F2u).
From the simple eigenvectors description [47], the lead atoms
have the major weight in the low-frequency F1u vibration (Last

mode [47]). It is thus likely that this transition-like anomaly
relates to a local peculiar behavior (in the PNRs ?) at the A site
keeping the average structure unchanged. Indeed, the long-
range ordering in PZN translates into a sharp maximum of the
SHG signal around Tf ≈ 385 K [Fig. 8(b)]. On the contrary,
the continuous increase of the SHG in PMN [Fig. 8(a)] rather

FIG. 8. The SHG (elastic contribution in HRS) as a function of
temperature in PMN (a) and PZN (b) emphasizing a sharp maximum
at Tf ≈ 385 K in the latter. The inset shows the hysteresis behavior
of the SHG signal in PZN.
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supports the idea of local distortions in the disordered PNRs.
Still, within our simple eigenvector description, LO2 should
associate to the Slater mode [47].

Assuming that oxygens are weakly involved in the struc-
tural process, the hardening and the strong intensity increase
of the LO2(A1) component in PMN and PMT (Figs. 3 and 4)
could thus be related to either a growth of a polarization
component on the B site between Td and Tm or to an increase
of the polar ordering of the B atoms within the PNRs, or
both. In PMN and PMT, the splitting remains well above Td ,

showing that the structural disorder persists up to the highest
temperature measured (∼ 750 K). It is more pronounced in
PMT than in PMN, and very weak in PZN. We conclude that
the shape of the LO2 doublet could provide an indirect way
to get information on the local structural disorder (most likely
at the B site). It seems from these results that the bigger the
splitting, the higher the structural distortions and frustration,
and the lower the value of the dielectric constant at Tm (at
100 kHz, εPMT ≈ 5000 [29], εPMN ≈ 12,000 [24], and εPZN ≈
45,000 [34]).

IV. CONCLUSIONS

LO modes of three lead-based ferroelectric relaxors PMN,
PMT, and PZN are obtained using HRS spectroscopy. Three

asymmetric and broad LO peaks are seen in the three ma-
terials corresponding to LO1 near 110 cm−1, LO2 around
400 cm−1, and LO3 centered around 700 cm−1. In PZN, the
long-range order paraelectric-ferroelectric transition is seen
by sharp anomalies near Tm in the temperature dependence
of LO1 and LO2. In PMN, this transition-like anomaly is
only observed for LO1 at Tf . A possible explanation could
be that local distortions involving (mainly) the lead atoms
develop in the PNRs below Tf . The other modes are not
(or at least much less) affected because this effect does not
translate into a long-range order state and the PNRs remain
randomly oriented. This observation, together with that of a
ferroelectric transition under an electric field at Tf , suggests
that at a zero field, PMN is very close to instability. In PMT
where the local distortions are larger, there is no Tf (no evi-
dence for a field-induced ferroelectric phase transition) and no
transition-like anomaly on the LO modes was evidenced. Our
HRS spectroscopy shows that the structural disorder increases
from PZN to PMN to PMT, and that this disorder prevents
long-range ordering at low temperature.
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