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The evolution of thermal conductivity and heat capacity for the series of �PbMg1/3Nb2/3O3�1−x�PbTiO3�x

�PMN-PTx� single crystals with 0�x�1 are reported. PMN shows typical glasslike behavior in both mea-
surements, which is attributed to the presence of polar nanoregions. With PT doping up to the region of
morphotropic phase boundary �MPB�, the plateau in thermal conductivity is progressively suppressed. This is
reminiscent of partially crystallized glasses and suggests enhanced thermal boundary resistance from ferroelec-
tric domains. The linear temperature contribution and large Cp /T3 peak in heat capacity remain nearly constant
for PT doping up to the MPB but are rapidly suppressed for larger x. These results demonstrate that thermal
properties are intimately coupled to the local structures in relaxor ferroelectric systems.
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Relaxor ferroelectrics, such as PbMg1/3Nb2/3O3 �PMN�
and PbZn1/3Nb2/3O3 �PZN�, are technologically important
materials with extraordinary dielectric and piezoelectric
properties.1 Relaxors are also important from a basic scien-
tific point of view, as they provide a setting in which to study
the role of nanoscale phase inhomogeneities on emergent
properties, a feature that is shared by high-temperature su-
perconductors and colossal magnetoresistive materials.2 Re-
laxors show a broad and frequency-dependent peak in the
dielectric constant �Tmax=265 K at 1 kHz in PMN�, with no
long-range ferroelectric order. These behaviors have been
linked to the polar nanoregions �PNRs�, which begin to de-
velop below �620 K in PMN and are associated with
quenched chemical disorder in these materials. An important
aspect of PMN and PZN is that structural and ferroelectric
properties can be tuned by doping the normal ferroelectric
PbTiO3 �PT�. In the solid solution system of PMN�1−x�-PTx
�PMN-PTx for short�, one finds the evolution of low-T struc-
ture from cubic to rhombohedral, monoclinic, and tetragonal
with increasing x. The largest piezoelectric responses are
found in the small region of monoclinic phase with x
�0.30–0.35,3 which is also referred to as the morphotropic
phase boundary �MPB� separating the relaxorlike rhombohe-
dral phase from the ferroelectric tetragonal phase. However,
these changes in the average lattice structure are not neces-
sarily correlated with the local polar structures,1 and detailed
mechanism behind the exceptional dielectric and piezoelec-
tric properties remains controversial.4 Clearly, an important
goal is to understand the relationship between the composi-
tion, PNRs, and enhanced material properties in these com-
pounds.

Structural studies on PMN have established that this com-
pound remains cubic down to the lowest T, but with two
kinds of nanoscale structures. There are chemically ordered
regions of Mg2+ and Nb5+ with a size of �2–5 nm,1 and
PNRs with rhombohedral symmetry become �6 nm in size
and occupy about 30% of the crystal.5 Upon PT doping, the
substitution of Ti4+ for Mg2+ /Nb5+ suppresses the chemically
ordered regions and enhances the size of PNRs, the latter
resulting in the breaking of global symmetry from the
pseudocubic phase. However, it remains a challenge to de-
scribe the structure in the entire length scale, as PNRs coex-
ist with submicrometer-scale ferroelectric domains, and the

size and shape of these entities evolve in a complex manner
with PT doping.6,7 �The reported boundary between the cubic
and rhombohedral phases varies from x�0.05 to 0.27 �Refs.
8 and 9� and depends in part on the experimental probe.�
Moreover, there is increasing evidence that PNRs persist into
the monoclinic phase,1 implying that local polarization plays
important roles in the enhanced piezoelectric properties. It is
for these reasons that better understanding of the inhomoge-
neous structures of PMN-PTx is expected to provide impor-
tant insights on its extraordinary functional properties.

In this Rapid Communication, we present measurements
of thermal conductivity � and heat capacity Cp for the series
of single-crystalline PMN-PTx, which provide unique per-
spectives on the nanoscale inhomogeneities in this system.
These measurements were motivated by earlier work,10

which established the thermal properties of PMN to be vir-
tually identical to those of glasses or amorphous materials,
while PT was found to show a clear example of typical crys-
talline behavior. Therefore, by studying the manner in which
the glasslike behavior in PMN is transformed into crystalline
behavior with PT doping, we can obtain insights on how
PNRs are transformed into macroscopic polarization. The re-
sults show interesting correlation with the phase diagram of
PMN-PTx and demonstrate that inhomogeneous structures
have significant influence on the thermal properties of re-
laxor ferroelectric systems.

Single crystals of PMN-PTx with x=0, 0.07, 0.27, 0.56,
0.79, 0.89, and 1 were grown by the flux method using PbO
and B2O3 as the flux. For each x, rectangular parallelepiped
crystals with quasicubic �100� faces were obtained, and the
composition was determined by inductively coupled plasma
analysis. Synchrotron x-ray powder-diffraction measure-
ments performed at BL02B2 beamline in SPring-8 showed
the changes in lattice parameters with x that are consistent
with the published results,11 with no sign of impurity phase
down to the �0.1% level. Dielectric and high-T calorimetric
measurements confirmed the evolution from relaxor to con-
ventional ferroelectric behavior with increasing x, in agree-
ment with previous studies.11,12 Also, a single crystal of x
=0.32 grown by the Bridgman method was purchased from
Sinocera Photonics, Inc. This crystal showed a Schottky
anomaly in Cp and Curie contribution in magnetic suscepti-
bility, which corresponded to �1% of magnetic impurities
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�assuming S=1 /2� in the crystal. However, this kind of im-
purity is not expected13,14 to influence the glasslike thermal
conductivity,15 and we present the � data for this sample. �
measurements were performed in a quantum design PPMS,
using the thermal transport option. For the measurement, as-
grown crystals were cut into rectangular bars with a typical
size of 1.5�1.5�3.5 mm3, and electrical leads were at-
tached with silver epoxy cured at 200 °C. Several samples
were measured for selected compositions, and the reproduc-
ibility was checked. Cp measurements down to 0.6 K were
performed by the relaxation method using the PPMS. No
significant time dependence was observed in the relaxation-
time window of �1 to 100 s at 0.6 K.

In Fig. 1 we show the � of PMN-PTx, where the results
for PMN �x=0� and PT �x=1� are reproduced from Ref. 10.
The behavior found in PT is typical of crystalline dielectric
solids, with a peak at 65 K. On the other hand, the smaller �
found in PMN is both qualitatively and quantitatively iden-
tical to the universal behavior14 found in glasses: at the low-
est T below 1 K,13 which is not covered here, � varies as T2

due to the phonon scattering from a distribution of two-level
tunneling systems. This is followed by a plateau at �10 K
and another increase at higher T. Figure 1 demonstrates that
the evolution from glasslike to crystalline behavior for the
solid solution of PMN-PTx does not occur through a mono-
tonic change in �. Instead, the smallest � is found in x
=0.32 at the MPB, which separates the two composition re-
gions with different systematic behavior. This is our first evi-
dence that thermal properties are intimately coupled to the
underlying structures in PMN-PTx.

Focusing first on 0�x�0.32, the systematic behavior in
this region is characterized by the suppression of plateau
with increasing PT doping �� at 8 K is shown in Fig. 4�, with
much smaller variation in � at higher T. These results imme-
diately recall the almost identical behavior found in partially
crystallized glasses16 and polymers,17 which have
submicrometer-sized crystalline regions dispersed in an
amorphous matrix. In these partially crystallized materials,
the � has been explained with the acoustic mismatch
model;18 the mismatch of elastic properties at the interface
gives rise to thermal boundary resistance with a T−3 depen-

dence, which results in the suppression of plateau. Espe-
cially, a systematic study found a clear correlation between
the degree of suppression and the concentration of crystalline
regions17 although detailed analysis is made difficult by the
complex structure of these systems. Coming back to
PMN-PTx, it is tempting to interpret the results using analo-
gies with the partially crystallized materials. A neutron dif-
fuse scattering study19 has shown that the average size of
PNRs at 10 K increases from 6 nm in x=0 to 20 nm in
x=0.1, and for x=0.2 the size of PNRs already reaches the
resolution limit of �35 nm at 300 K. More complicated
pictures involving submicrometer-sized ferroelectric do-
mains were observed in scanning force microscopic studies.
Shvartsman and Kholkin6 found PNRs as small as �5 nm
embedded in ferroelectric domains of opposite orientation in
x=0.2, while Bai et al.7 showed that PNRs gradually trans-
form into ferroelectric domains with increasing x. Because
PNRs have an irregular morphology and distribution, it was
proposed7 that their boundaries are not restricted by elastic
compatibility, and therefore they are essentially nonstress ac-
commodating. On the other hand, more regular patterns are
observed for ferroelectric domains, suggesting the impor-
tance of stress accommodation and elastic incompatibility at
their boundary.7 Thus, within the idea of acoustic mismatch
model, thermal boundary resistance should be significant at
the boundary of ferroelectric domains, while PNRs provide a
nanoscale inhomogeneous matrix responsible for the glass-
like thermal conduction. Furthermore, the interface between
a PNR and the oppositely polarized ferroelectric domain
would also contribute to the thermal boundary resistance if
their elastic mismatch turns out to be large. In either case,
these pictures attribute the suppression of plateau to the rise
of ferroelectric domains, which continues up to the MPB. It
should be noted that while glasslike � is found in a number
of disordered crystals,20 PMN-PTx provides one of the clear-
est pictures on how � is affected by the composition and
local structures. This feature is potentially useful for the gen-
eral understanding of glasslike thermal behavior, and more
detailed studies on the structural and elastic properties of
PNRs and ferroelectric domains are certainly warranted.

For the compositions 0.56�x�1, which are in the tetrag-
onal ferroelectric phase, different systematic behavior is ob-
served with PT doping. For these compositions, � increases
gradually with increasing x until it reaches the typical crys-
talline behavior found in x=1. The unusual T dependence of
�, which is especially prominent in x=0.79 and 0.89, sug-
gests strong scattering of phonons from structural disorder. It
is interesting to note here that a recent neutron-scattering
study on x=0.6 found damped optic soft phonons near the
zone center �the “waterfall” effect� despite the lack of
PNRs.21 These results point to unusually strong impact of
chemical disorder on the dynamic properties in tetragonal
PMN-PTx, providing further evidence that this system is far
from a simple ferroelectric system.

Heat-capacity measurements provide complementary in-
sights on the evolution from glasslike to crystalline behavior.
Figure 2 shows the data below 1.8 K, plotted as Cp /T vs T2.
At the lowest temperatures, Cp obeys the relation
Cp=�T+�T3, where the intercept � arises from the two-level
systems and the slope � is due to phonons. For PT, the fit
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FIG. 1. Thermal conductivity of PMN-PTx crystals. Typical
glasslike and crystalline behaviors are found in x=0 and 1, respec-
tively. The data for x=0.32 are shown as a dashed line.
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gives � within experimental error of zero, and the
Debye temperature �D obtained from � is in good
agreement with the elastic value.22 For PMN, the fit yields
�=0.46 mJ K−2 mol−1 or the two-level density of states
D���=5.9�1021 states /eV cm3, a typical value for amor-
phous materials.14 As the elastic �D of PMN is slightly
��5%� higher than PT,10,23 the larger � and lower thermal
�D in PMN imply the presence of nonacoustic phonon con-
tributions widely found in glasses.14 Figure 2 shows that
these glasslike behaviors of � and � remain almost constant
for x on the left side of the MPB, while these values diminish
rapidly for higher x.

In order to examine the lattice dynamics in more detail,
we plot Cp /T3 over a wide T region in Fig. 3. When Cp is
plotted this way, the linear term appears as a sharp upturn
below 2 K, whereas the T3 contribution becomes a constant.
A broad peak is observed in each x as an additional feature,
which is almost identical for 0�x�0.27 but becomes lower
in height and shifts to higher T for larger x. Interestingly,
similar shift in the Cp /T3 peak is observed between amor-
phous and crystalline materials.14 To set energy scales for

these observations, we represent the peak by a combination
of two Einstein functions,24 which are dispersionless modes
having characteristic temperatures of �E1 and �E2, and os-
cillator strengths of nE1 and nE2 per formula unit, respec-
tively. More specifically, after the �T component is sub-
tracted from the total Cp, the remaining part from 0.6 to 100
K is fitted by a single Debye function and two Einstein func-
tions. To set �D equivalent to the value obtained from �, the
oscillator strength of the Debye function is fixed to nD=3.25

The results for each x are shown in Fig. 4, and individual
contributions in the Cp /T3 plot are shown for
x=0.07 in the inset of Fig. 3.

For PMN, �E2=60 K is consistent with the first
peak in the phonon density of states �PDOS� at �6 meV
�1 meV�11.6 K�,12,26 while the lower Einstein mode with
�E1=28 K is not apparent in the PDOS due to its much
smaller oscillator strength. These parameters remain almost
constant for x on the left side of the MPB, indicating that
similar PDOS can be expected for these compositions. On
the other hand, �D, �E1, and �E2 all increase rapidly with x
in the tetragonal phase, leading to the shift of the Cp /T3 peak
as observed in Fig. 3. nE2 also increases with x although this
effect is not obvious in a Cp /T3 plot due to the concomitant
increase in �E2. For PT, �E2=88 K agrees well with the
peak in PDOS at 8 meV,27 indicating that the present analysis
provides a realistic picture of low-frequency PDOS for the
entire series of PMN-PTx.

The above results for PT are fully consistent with the
lattice dynamics of crystals: the T3 term is due to long-
wavelength acoustic phonons, and the peak in Cp /T3 corre-
sponds to the zone-boundary acoustic modes.27 In contrast, it
is not clear how far this picture can be applied to PMN.
Although the position of peaks in Cp /T3 and PDOS is not
inconsistent with the zone-boundary acoustic modes,28 the
peak in PDOS becomes higher below room temperature,26
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FIG. 2. The low-temperature heat capacity plotted as Cp /T vs
T2. The lines are fits to Cp=�T+�T3 as described in the text.
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possibly being related to PNRs. Moreover, the excess T3 con-
tribution, as shown by the low thermal �D, implies the pres-
ence of additional modes that coexist with acoustic waves23

down to the lowest frequencies. By analogy with glasses,
these additional modes may be found as localized excitations
from randomly distributed nanoscale structures, such as
PNRs or chemically ordered regions. The weak variation in
Cp for 0�x�0.27 suggests that PNRs are the more likely
candidate, as PNRs coexist with ferroelectric domains6,7 but
chemically ordered regions disappear at x�0.2.29 The addi-
tional modes are then associated with a broad distribution of
soft potentials, whose barriers separate different configura-
tional states of PNRs. In the phenomenological soft potential
model of glasses,30 these potentials also correspond to the
two-level tunneling states, and a correlation between � and
the peak in Cp /T3 is predicted. Interestingly, this is clearly
observed in PMN-PTx. It is also interesting to speculate that
these low-frequency modes are related to the strong coupling
between PNRs and acoustic modes, which was reported in
recent neutron-scattering studies.28,29,31

While PNRs are apparently needed to saturate the density
of low-energy excitations at the level of amorphous solids,

the presence of finite � in the tetragonal phase indicates that
quenched chemical disorder can be another source of two-
level systems. In many ways, the thermal properties of the
tetragonal phase are comparable to a number of disordered
crystals where the similarity to glasses is only partial and/or
qualitative.20 The present case of PMN-PTx provides an ex-
ample where these properties change smoothly with the com-
position, which will be valuable for detailed studies on the
relationship between disorder and low-energy excitations.

In conclusion, thermal conductivity and heat capacity of
PMN-PTx show remarkable correlation with the phase dia-
gram, demonstrating that thermal properties are intimately
coupled to the nanoscale inhomogeneities in relaxor ferro-
electric systems.
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