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Relaxor behavior of CaxBa1−xNb2O6 (0.18 � x � 0.35) tuned by Ca/Ba ratio and investigated
by resonant ultrasound spectroscopy
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Dependence of relaxor behavior of incompletely filled tetragonal tungsten bronze uniaxial relaxor ferroelectric
calcium barium niobate (CaxBa1−xNb2O6, CBN-x) on its composition was investigated by varying Ca/Ba ratio
(0.18 � x � 0.35) and studying its thermal and elastic properties. Recently, we have reported the relaxor behavior
CBN-28 with the evidence of the existence of the Burns temperature TB, and the intermediate characteristic
temperature T ∗ [Pandey et al., Phys. Rev. B 84, 174102 (2011)]. In this work, we show that the dynamics of
polar nanoregions (and hence the relaxor behavior) strongly varies with the Ca/Ba ratio. Evidence is found for a
more pronounced relaxor behavior with increasing x. The Curie temperature and the Burns temperature are also
very sensitive to the composition, whereas the characteristic temperature T ∗ appears unaffected from the Ca/Ba
ratio. The bonding interaction has been explained on the basis of bulk modulus, Poisson’s ratio, and deviation
from Cauchy relations. Presented results open the perspective to understand the variation of relaxor behavior of
CBN-x (∼0.18 � x � ∼0.35) above Curie temperature.
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I. INTRODUCTION

An understanding as to how the polar nanoregions (PNRs)
affect the properties of materials is a subject of great curiosity,
challenge, and one of the key parameters of interest to the
materials scientists as well as to condensed matter physicists.
PNRs observed in relaxor ferroelectrics (hereafter relaxors) are
an example of this type of challenge. Relaxor ferroelectrics are
solid solutions between a relaxor material and a ferroelectric.1

Relaxors are mainly characterized by these important features:
A diffuse phase transition near Curie temperature TC, and
small-sized ordered PNRs whose first nucleation takes place
below the Burns temperature TB.2 Upon cooling, PNRs show
a growing nature, however, their dynamics slows down.3–9

The slowing down motion of the dynamic PNRs is due to
the initiation of the static nature of PNRs at an intermediate
characteristic temperature T ∗.10,11 Relaxors belonging to the
partially filled tetragonal tungsten bronze (TTB) family have
attracted much interest in the last decades due to their
outstanding piezoelectric, dielectric, as well as electro-optic
properties.12,13 The unit cell of the TTB structure contains
six big voids: two voids with coordination number CN 12
(type A1) with CN 15 (type A2), and four small voids
with CN 9 (type C).14 Consequently, the general formula
for niobates with TTB structure is (A1)2(A2)4C4Nb10O30.
The A1, A2, and C positions can be occupied with different
cations of suitable size and charge. It has been shown that the
origin of relaxor behavior is due to quenched random electric
fields, which are related to the cation distribution on the A

site of partially filled TTBs, and promotes the formation of
polar nanoregions (PNRs) in the paraelectric phase.15 Among
various known lead-free relaxors, SrxBa1−xNb2O6 (SBN-x)
has attracted much importance mainly due to its photore-
fractive properties;16 however, the use of SBN is limited due
to its much smaller TC (∼352 K). Calcium barium niobate

CaxBa1−xNb2O6 (hereafter CBN-x) with 0.20 < x < 0.35
(Refs. 14 and 17) is isostructural to SBN with TTB structure,
and ∼200 K higher TC

18 is a future alternative to SBN. In
CBN-x, only five of the six A (A1 and A2) cation sites of the
TTB structure are occupied, leading to some degree of disorder
and incommensurate structural modulations. From thorough
investigations of thermal expansion and elastic properties of
single-crystal CBN-28 up to 1503 K, we have recently reported
the evidence of the temperatures TB and T ∗.18

It is well known that the PNRs strongly affect the relaxor
properties18 and their presence can be noticed mainly by the
elastic properties at TB (Ref. 19) and by the measurement of
thermal strain.20,21 The goal of this paper is to explore how the
growing PNRs change with the variation of Ca composition
(i.e., Ca/Ba ratio) and hence on the relaxor behavior of CBN-x.
To this end, the thermal expansion and the elastic constants of
CBN-18 and CBN-35 single crystals were studied between
room temperature and 1503 K employing dilatometry and
resonant ultrasound spectroscopy, respectively.

II. EXPERIMENTAL DETAILS

Large, transparent, crack and inclusion free, and nearly
colorless CBN-18 and CBN-35 single crystals were grown by
the Czochralski method.17 Rectangular parallelepipeds with
edge length in the range 2.1–4.1 mm were cut from each grown
single crystal and polished to optical quality. The orientation of
the samples was controlled by Laue backscattering and Bragg
diffraction techniques. Deviations from ideal orientation were
less than 0.2◦. Opposite faces were parallel to within ±1 μm.
The calculated geometric density ρg = M/l1l2l3 (M is the sam-
ple mass and li are the lengths) matches well with the density
obtained by the buoyancy method, confirming the high quality
of the samples, particularly in respect to geometrical errors.
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TABLE I. Characterization of the investigated CBN-x single crystals. ρb density as determined by the buoyancy method, T are the
temperatures as described in the text.

Sample name → CBN-18 CBN-28 CBN-35
Reference This work Pandey et al. (Ref. 18) This work

CBN-x melt Ca0.18Ba0.78Nb2O6 Ca0.28Ba0.72Nb2O6 Ca0.35Ba0.65Nb2O6

CBN-x crystal Ca0.239Ba0.761Nb2O6 Ca0.279Ba0.721Nb2O6 Ca0.307Ba0.693Nb2O6

l1∗l2∗l3‖c (mm3) 3.613∗ 3.626∗ 2.183 7.493∗ 6.407∗ 7.436 3.207∗ 2.888∗ 4.191
ρb (gm.cm3) 5.353(2) 5.302(2) 5.290(2)
TC (K) [TC (◦C)] ∼601 (328) ∼538 (265) ∼493 (220)
TB (K) ∼1200 ∼1100 ∼1050
T ∗ (K) ∼800 ∼800 ∼800

The phase transition temperature of each CBN-x single
crystal was obtained by the aid of a differential scanning
calorimeter (DSC 404 F1 Pegasus form NETZSCH R©) in He
purge gas atmosphere. Curie temperature TC for investigated
samples is given in Table I along with the final sample
dimensions. The phase transition temperature of CBN-x was
found to be very sensitive to the composition and varies
depending on the Ca content in the crystals. With increasing
x, TC decreases. In CBN-x, Ca is only accommodating in the
A1 site, and we strongly believe that this A1 site occupancy
affects TC variation with x.

Thermal expansion measurements in the temperature range
300–1523 K were performed on rectangular parallelepipeds
using a commercial inductive gauge dilatometer (DIL 402 C
form NETZSCH R©) in air. The expansion of the samples
was measured while applying the heating/cooling rates of
2 K/min. Each run was repeated at least three times to test the
reproducibility of the observed strains. The dilatometer was
calibrated using corundum ceramic standards with certified
thermal expansion tables. More details about the measurement
method can be found elsewhere.18

Elastic constants were extracted from the resonance spec-
trum taken from an innovative method of resonant ultrasound
spectroscopy (RUS).22 Resonance spectra on each sample
were collected in the temperature range of 300–1503 K using a
high-temperature RUS device built in house.23 A detailed de-
scription of the RUS technique20 and the measurement method
used by us18 can be found elsewhere. Spectra were recorded

FIG. 1. (Color online) An example of resonance spectrum taken
on CBN-35 single crystal: (a) temperature evolution of 10 resonance
frequencies; (b) a part of resonance spectrum at 1503 K.

in 40-K intervals in air. Examples of typical resonance spectra
collected on each sample are shown in Fig. 1. From each sam-
ple, at least 80 eigenfrequencies in the range 200–1800 kHz
were extracted and used in nonlinear least-squares refinements
minimizing the quantity χ2 = ∑n

i=1 wi((ω2
i )calc − (ω2

i )obs)2

for n circular eigenfrequencies (ωi = 2πνi) by adjusting the
values of the elastic constants cij . (ωi)calc is the ith calculated
frequency and (ωi)obs is the ith observed one. The wi are
individual weights calculated by assuming an experimental
error of ±0.1 kHz for each observed resonance frequency. The
ωi depend on sample orientation, shape, and size as well as on
mass density and elastic constants. In each cycle of refinement,
the eigenfrequencies of the sample were calculated by solving
an eigenproblem, the rank of which equals the number of basis
functions used. In order to minimize errors due to truncation
effects, and due to the limited precision of floating-point
numbers, 6900 normalized Legendre polynomials were used
for the expansion of the components of the displacement
vector. The convergence of the refinement procedure depends
critically on the correct assignment of calculated to observed
modes. Therefore, the initial guess values for elastic constants
at 1503 K were taken from Ref. 18. After correcting the sample
dimensions and density due to thermal expansion effects, the
elastic constants at each temperature were successively refined
starting at 1503 K. At least four resonance spectra (heating →
cooling → heating → cooling) were collected on each
sample at elevated temperatures to check the reproducibility
of elastic constants. No hysteresis and/or irreversible changes
were observed in either sample. Further, the inverse quality
factor Q−1 = FWHM/f of selected resonances was derived
from their resonance frequency f and their full width at
half maximum (FWHM) by fitting an asymmetric Lorentzian
split function24,25 to the individual peaks of the observed
resonances.

III. RESULTS AND DISCUSSION

A. Thermal expansion

Thermal expansion is a typical anharmonic property of
the crystal lattice and is an important factor in crystal
growth. Also, it plays an important role in the design and
fabrication of devices that exploit their photorefractive or
electro-optic properties.26 The temperature dependence of
the elastic constants is usually dominated by anharmonic
interaction. As known, a tetragonal TTB structure with point
symmetry 4/mmm has two independent principal thermal
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FIG. 2. (Color online) Temperature-induced strains of the CBN-
18 and CBN-35, plotted with CBN-28 for the sake of comparison.
T -T ∗ view as shown in inset, showing clearly a deviation from
linearity after T ∗.

expansion coefficients α11 (=α22) and α33,27 which have
been derived from temperature-induced strains observed in
directions parallel and perpendicular to [001] on each CBN-x
sample and is shown in Fig. 2 after calibration correction. The
temperature evolution of the strains is anisotropic and highly
nonlinear in the investigated temperature range of 300–1523 K.
All CBN-x samples show negative thermal expansion (NTE)
along [001] between room temperature and TC. Enormous
interests have been shown to the NTE after its discovery by
Mary et al. in 1996.28 An explanation for the NTE along
[001] in CBN-x single crystals may be given as follows: CBN
consists of a network of distorted NbO6 octahedra linked
together in a three-dimensional network by oxygen corners
to form three different types of tunnels that connect these
octahedra along the [001]. The square channels are occupied
by Ca2+ ions and the larger pentagonal channels are occupied
by Ba2+ ions; however, the triangular cross-section channel is
empty. The disorder is associated with the NbO6 octahedra.
In the solid solutions of all compositions, the O atoms that
join with these two independent octahedra into the chain are
disordered. There is a difference in the distances of the one type
Nb atom to the upper and lower oxygen atoms along the [001]
in the chain. However, other type Nb atoms occupy the general
positions, and their distances to all the surrounding O atoms
are independent. Hence, due to temperature, octahedra tilting
back and forth give rise to thermal contraction. Therefore, the
negative thermal expansion along the [001] in CBN-28 may
be attributed to the deviation of the Nb site from the center of
oxygen coordination octahedra and the disorder in the chains
O-Nb-O along [001].26,29

In Fig. 2, one can see clearly two distinct deviations from
linearity along and perpendicular to [001] with a faint deviation
immediately after TC: (a) for CBN-18 at ∼1200, ∼800, and
∼605 K, (b) for CBN-35 at ∼1050, ∼800, and ∼500 K. In
both the samples, the first deviation from linearity at ∼1200
and ∼1050 K corresponds to Burns temperature TB, where the
initiation of PNRs occurs. The second nonlinearity ∼800 K

corresponds to T ∗, where first dynamic-to-static behavior (due
to freezing process initiation) of PNRs occur. Interestingly, it
is observed that T ∗ is independent from Ca/Ba ratio in CBN-x.
A more clear view of the invariance of T ∗ with composition
can be seen in the inset of Fig. 2 where strain versus (T -T ∗) is
plotted. It can be seen that the strain curves progress parallel
up until T ∗, and after that behavior diverge. For the sake of
better understanding the behavior of TB and T ∗, strain curve
of CBN-28 is also plotted in this figure. In a research on
Pb(Zn1/3Nb2/3)O3, T ∗ is found to be composition dependent.30

A barely visible third deviation ∼605 and ∼498 K for CBN-18
and CBN-35, respectively, might be hints on Tm. However, a
quantitative number for Tm can only be obtained after detailed
dielectric investigations. Temperature-induced strains do not
show any indication of the occurrence of Tf and hence they
depict the occurrence of a diffuse “relaxor-to-ferroelectric”
phase transition in CBN-x.

B. Elastic anomalies

The stiffness of the materials against an applied external
strain can be best described by its elastic constants and
termed as the most fundamental mechanical parameter for
crystalline materials. TTB CBN-x single crystals (point sym-
metry 4/mmm in its paraelectric phase) exhibit six symmetry-
independent elastic constants (c11, c33, c12, c13, c44, c66).27

Elastic constants calculated from the observed resonant spectra
are graphed in Fig. 3 for both the samples in a relative scale.
For the sake of a direct analysis of Ca/Ba ratio on the relaxor
properties of CBN-x, the elastic constants of CBN-28 are also
plotted with these graphs.

Temperature evolution of all the elastic constants occurs
differently, showing their interaction with longitudinal acous-
tic (LA) and transverse acoustic (TA) waves and a mixture
of these. The behavior of longitudinal elastic constants c11

of all CBN-x is more or less similar on cooling from higher
temperature up to ∼800 K. Below ∼800 K, the deviations
from individual behavior is more pronounced, especially in
the case for CBN-18 and CBN-35. Comparing the observed
deviation at ∼800 K with that of CBN-28 (Ref. 18) gives a clear
conclusion about the existence of T ∗, and its invariance with
the Ca/Ba ratio. On further cooling below T ∗, c11 of CBN-35
experiences relatively much faster softening than the other two.
Considering this softening and correlating it with the recent
study on isostructural SBN with composition (small-sized
PNRs exist larger in number than the bigger-sized ones with
increasing x content),15 we conclude that the smaller-sized
dymanic PNRs are larger in numbers than bigger ones in
CBN-35 and still interacting with phonons perpendicular to
the polar c axis. A broad conclusion based on the behavior of
c11 reflects that bigger-size PNRs are present in larger number
in CBN-18 than that for CBN-35, and vice versa. Bigger-sized
PNRs correlate faster and try to saturate,18 hence showing
relatively less dynamic behavior, as in the case of CBN-18 and
CBN-28.

Let us focus on the temperature evolution of longitudinal
elastic stiffness c33. On cooling below 1503 K, a first deviation
can be seen at ∼1200 K (CBN-18), ∼1100 K (CBN-28), and
∼1050 K (CBN-35), which is a signature of the initiation of
PNRs and hence termed as TB of the individual sample. On
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PANDEY, SCHREUER, BURIANEK, AND MÜHLBERG PHYSICAL REVIEW B 87, 094101 (2013)

FIG. 3. (Color online) Temperature evolution of the cij (in relative scale) for CBN-x in its paraelectric phase. The error bars are included
for each data point, which are observable only on approaching to the phase transition temperature.

further cooling, c33 of all the samples deviates at ∼800 K (T ∗).
A significant softening in c33 immediately after TB can be seen
for sample CBN-35, following CBN-28 behavior; however, it
is most pronounced among others. This pronounced softening
of c33 in CBN-35 again confirms the presence of dynamic
PNRs in larger number than that for CBN-18, and is related
to the growth of dynamic PNRs accompanied by the local
strains and their interaction with phonons31 parallel to the
polar c axis. Comparing the physical behavior of c33 with c11,
we see (Fig. 3) that the signature of TB in c11 seems to be
feeble, however, the signature for both TB and T ∗ is much
more pronounced in c33.

An important difference can be seen in the behavior of the
transverse interaction coefficients (TICs) c12 and c13. TICs
do not control any acoustic waves and are related to the
combination of LA and TA waves. Here, we see a completely
opposite behavior for CBN-18 and CBN-35. Interestingly,
below T ∗, c12 and c13 for CBN-18 follow the stiffening
behavior as that for CBN-28. However, for CBN-35, c12 and
c13 show significantly steep softening below T ∗. This suggests
that the face diagonal reorientational motion of PNRs is more
favorable in CBN-35 than that of CBN-18 and CBN-28.31

The shear stiffness coefficients c44 and c66 seem to be
independent with the influence of the dynamic PNRs for all the
samples. This behavior can be attributed as the fast growing
PNRs (static nature) below TB, whose reorientational motions
are suppressed by the shear strain of the TA waves in related
directions.32 The signature of T ∗ can be seen in c44 for all the
samples. A further cooling shows a feeble hardening, stating
the influence of growing PNRs with more static nature.18

An overall softening is significantly higher in the tempera-
ture evolution of cij for CBN-35 compared to others, reflecting
that the smaller-sized PNRs are present in larger number (and
hence more pronounced relaxor behavior) for the higher value
of x in CBN-x and vice versa. Presented results give clear

evidence that temperature evolution of the elastic properties
and hence the relaxor behavior depends on the Ca/Ba ratio.

We observe that CBN-18 is much softer than CBN-35
(∼21% at 1503 K). This high value of stiffness can best be
explained by the elastic S value, which allows for a semi-
quantitative interpretation of elastic properties of crystals.33

The elastic S value can be calculated by the formula S =
CMV = CMW/(Lρ) with the Loschmidt number L, density
ρ, and molar weight MW. C, the mean elastic stiffness can be
calculated by C = (c11 + c22 + c33 + c44 + c55 + c66 +
c12 + c13 + c23)/9, and represents the elasticity to a broader
extent. Under the assumption that the interactions between
cations and surrounding anions are similar in a compound
X and in its stable constituents Xi the S value of X can
be decomposed in additive contributions S(Xi) according
to S(X) = ∑

S(Xi). This quasiadditivity rule holds within
10% for perovskites.34 Unfortunately, the elastic S value for
Nb2O5 was not known, instead the problem was solved by
first deriving values of S(CBN-28) from its elastic constants18

and then using the relation 0.28S(CaO) + 0.72S(BaO) +
S(Nb2O5) = S(CBN-28). The calculated S value was found to
be 1300, 1403, and 1422 for CBN-18, CBN-28, and CBN-35,
respectively, at 1503 K. It is known that S values of CaO (338)
are higher than the S value of SrO (311);34 it was quite obvious
that CBN-35 (because of the high value of Ca compared
to CBN-18) exhibits a higher value of elastic stiffness than
CBN-18. Similarly, the Ca content in CBN-35 is slightly higher
than that for CBN-28, and hence CBN-35 exhibits slightly
higher elastic stiffnesses than those of CBN-28.

Considering interatomic bonding, phonon-related proper-
ties, e.g., Poisson’s ratio and bulk modulus, are the most
important parameters. Isotropic bulk (B) and shear (G)
modulus can be calculated from the calculated elastic constants
using the average of the Voigt and Reuss approximations35 best
known as Voigt-Reuss-Hill (VRH).36 Isotropic bulk modulus
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FIG. 4. (Color online) Temperature evolutions of the isotropic bulk modulus (B), Poisson’s ratio (ν) above TC. Deviations from Cauchy
relations (gij ) are also plotted, showing a considerable difference in the values of B and gij .

for CBN-x is shown in Fig. 4 as a function of temperature.
A softening of bulk modulus below TB was observed for all
the samples. A decreasing trend of the bulk modulus below TB

confirms the formation of nanoregions in the highly localized
deformation regions,37 and the material is approaching phase
transition.38 Smallest B of CBN-35, among others, states the
strong covalent nature of the solid near TC.39

The Poisson’s ratio ν which gives information about the
stability against shear strain was calculated using the relation
ν = 3B − 2G/2(3B + G). Poisson’s ratio for most known
materials falls in the range of 0.25–0.35.39 A low Poisson’s
ratio reflects a high ratio of bond-bending stiffness to bond-
stretching stiffness. The temperature evolution of the Poisson’s
ratio for CBN-x single crystals is also plotted in Fig. 4. Above
TB, the ν values of CBN-x single crystals are temperature
invariant (� ∼ 0.01), which is more a characteristic of covalent
bonding.40 Below TB on approaching to T ∗, the low values of
ν further indicate that the interatomic forces in the crystals are
strongly noncentral. Materials with high ν resist compression
in favor of shear, however, with small ν materials are easily
compressed than sheared.41 The decreasing trend of ν below
T ∗ for CBN-35 states that its compression strength is small
as compared to shear strength relative to other CBN-x, and
smallest near TC among them. The Poisson’s ratio value at
1503 K (for CBN-x) is much below 0.5, giving a clear signature
that CBN-x is not showing any decomposition or melting
behavior.42

A more clear picture about the bonding interaction can be
best analyzed by the deviation from Cauchy relations (gij )
(Ref. 18) represented by the second-rank tensor invariant
{gij }, and its temperature evolution is shown in Fig. 4.
In all the CBN-x, the behavior of gij deviates from its
normal path, giving a clear indication of the presence of

the characteristic temperature T ∗. Below ∼T ∗, the g11 for
all the samples shows a negative behavior, stating that the
directional bonding (covalent) contribution is preferential over
nondirectional (Coulomb interaction) contribution, parallel to
fourfold axis. A positive trend of g33 below T ∗ in CBN-18 and
CBN-28 confirms that the nondirectional bonding contribution
is preferential within the (001) plane, however, for CBN-35 a
negative trend of g33 below T ∗ states that directional bonding
contribution is more preferential within (001). Interestingly,
both gij in CBN-18 follow CBN-28 behavior with two different
bonding interactions in solids, however, CBN-35 shows that
the covalent bonding contribution is important in all the
directions when approaching to TC. The above said statements
can further be strengthened by comparing the values of B and
gij below ∼T ∗. A large difference (∼ more than 93 GPa) in the
values of B and gij below ∼T ∗ is for CBN-35 among others;
it strongly supports that the directional bonding contribution
is in the form of covalent bonding in all directions when
approaching to TC, while it is relatively less favorable for
CBN-18 and CBN-28 with a difference of ∼78 and ∼79 GPa,
respectively. It is well known that Coulomb interaction favors
the ferroelectric state.43 A closure examination of the g33

behavior for CBN-18 and CBN-28 shows that the preferential
bonding interaction is Coulomb type34 and hence depicts
relatively less relaxor behavior; however, in the case of
CBN-35, the bonding interaction is still of covalent type,
favoring stronger relaxor behavior among others.

The energy loss (or dissipation) is related to the quality
factor Q of the resonance. Temperature evolution of the inverse
quality factors (Q−1) of the observed resonance modes (taken
from Fig. 1) is shown in Fig. 5. Above T ∗ up until 1503 K, small
values of Q−1 state that the peaks of the observed resonances
are sharp and there is no signature of energy losses. However,
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FIG. 5. (Color online) Temperature evolution of inverse quality
factor of the resonance modes (taken from Fig. 1).

the dissipation of the peaks starts below T ∗ which further gives
an indication of the partial static nature of the PNRs. Observed
resonance modes show an attenuation of the one resonance
mode (green star) at ∼1050 K is likely to be associated with
the origin of PNRs. Further, large Q−1 of all the resonance
modes at ∼800 K gives a clear hint of the first switching
of dynamic PNRs in static. Some of the modes which are
mainly driven by TA (mainly c44) waves are still available in
the ferroelectric phase below TC. However, modes which are
mainly driven by LA waves (mainly c33) and still having small
PNRs strongly fluctuate in the vicinity of phase transitions and

therefore disappear below TC. The observed modes below TC

seem to be unaffected by the mechanical interactions during
phase transitions due to the fast growing nature of PNRs.

Due to strong anisotropic ultrasound attenuation and the
growing influence of the quasistatic-to-static PNRs below TC,
it was not possible to get enough resonances and hence reliable
elastic constants in the ferroelectric phase.

IV. CONCLUSIONS

Systematic studies of the relaxor behavior of CBN-x
single crystals have been studied using resonant ultrasound
spectroscopy. A clear evidence of relaxor behavior dependence
on the Ca/Ba ratio was observed. Major conclusions include
(i) the higher value of x in CBN-x reflects more pronounced
relaxor behavior, and vice versa, and (ii) T ∗ is independent of
composition; however, TB varies. It is interesting that PNRs
initiate a local phase transition at T ∗,44 however, to get its
complete atomistic picture is still a challenge. Presented results
help to explain the dynamic behavior of PNRs considering
elastic properties of the relaxor CBN-x below TB. Negative
thermal expansion below room temperature has been explained
on crystal-structure basis. The bonding interaction has been
explained on the basis of bulk modulus, Poisson’s ratio, and
deviation from Cauchy relations. When approaching to TC,
preferential directional bonding contributions in the form of
“covalent bonding” in all direction of CBN-35 were observed.
However, in the case of CBN-18 and CBN-28, the bonding
contribution is found to be directionally dependent.
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Rev. B 84, 174102 (2011).

19S. D. Prokhorova and S. G. Lushnikov, Ferroelectrics 90, 187
(1989).

20A. S. Bhalla, R. Guo, L. E. Cross, G. Burns, F. H. Dacol, and
Ratnakar R. Neurgaonkar, Phys. Rev. B 36, 2030 (1987).

21J. J. De. Yoreo, R. O. Pohl, and G. Burns, Phys. Rev. B 32, 5780
(1985).

22A. Migliori and J. Sarrao, Resonant Ultrasound Spectroscopy
(Wiley, New York, 1997); A. Migliori, J. L. Sarrao, W. M.
Visscher, T. M. Bell, Ming Lei, Z. Fisk, and R. G. Leisure, Phys.
B(Amsterdam) 183, 1 (1993).

23C. S. Pandey, Ph.D. thesis, Ruhr University Bochum, 2010.
24J. Schreuer, C. Thybaut, M. Prestat, J. Stade, and E. Haussuhl,

in Proceedings of the IEEE Symposium on Ultrasonics, Vol. 1
(IEEE, New York, 2003), pp. 196–199.

25J. Schreuer and C. Thybaut, in Proceedings of the IEEE Ultrasonics
Symposium, Vol. 1 (IEEE, New York, 2005), pp. 695–698.

26A. Gazarella, T. Wieting, and D. H. Wu, J. Appl. Phys. 98, 043113
(2005).

094101-6

http://dx.doi.org/10.1038/441941a
http://dx.doi.org/10.1103/PhysRevB.28.2527
http://dx.doi.org/10.1016/0038-1098(83)90132-1
http://dx.doi.org/10.1016/0038-1098(83)90132-1
http://dx.doi.org/10.1038/nmat2196
http://dx.doi.org/10.1038/nmat2196
http://dx.doi.org/10.1103/PhysRevLett.94.147602
http://dx.doi.org/10.1103/PhysRevLett.87.277601
http://dx.doi.org/10.1103/PhysRevLett.87.277601
http://dx.doi.org/10.1103/PhysRevB.65.172105
http://dx.doi.org/10.1103/PhysRevLett.91.247601
http://dx.doi.org/10.1103/PhysRevLett.91.247601
http://dx.doi.org/10.1103/PhysRevB.69.064112
http://dx.doi.org/10.1103/PhysRevB.69.064112
http://dx.doi.org/10.1103/PhysRevB.79.224109
http://dx.doi.org/10.1103/PhysRevB.79.224109
http://dx.doi.org/10.1103/PhysRevB.64.212101
http://dx.doi.org/10.1103/PhysRevB.67.134110
http://dx.doi.org/10.1080/00150198708016945
http://dx.doi.org/10.1016/S0022-0248(02)00868-0
http://dx.doi.org/10.1016/S0022-0248(02)00868-0
http://dx.doi.org/10.1103/PhysRevB.77.054105
http://dx.doi.org/10.1103/PhysRevB.77.054105
http://dx.doi.org/10.1103/PhysRevB.50.2474
http://dx.doi.org/10.1103/PhysRevB.50.2474
http://dx.doi.org/10.1016/j.jcrysgro.2006.10.269
http://dx.doi.org/10.1103/PhysRevB.84.174102
http://dx.doi.org/10.1103/PhysRevB.84.174102
http://dx.doi.org/10.1080/00150198908211290
http://dx.doi.org/10.1080/00150198908211290
http://dx.doi.org/10.1103/PhysRevB.36.2030
http://dx.doi.org/10.1103/PhysRevB.32.5780
http://dx.doi.org/10.1103/PhysRevB.32.5780
http://dx.doi.org/10.1016/0921-4526(93)90048-B
http://dx.doi.org/10.1016/0921-4526(93)90048-B
http://dx.doi.org/10.1063/1.2030414
http://dx.doi.org/10.1063/1.2030414


RELAXOR BEHAVIOR OF CaxBa1−xNb2O6 . . . PHYSICAL REVIEW B 87, 094101 (2013)

27J. F. Nye, Physical Properties of Crystals (Clarendon, Oxford,
1987).

28T. A. Mary, J. S. Evans, O. Vogt, and A. W. Sleight, Science 272,
90 (1996).

29J. Li, A. Yokochi, T. G. Amos, and A. W. Sleight, Chem. Mater. 14,
2602 (2002).

30M. Roth, E. Mojaev, E. Dul’kin, P. Gemeiner, and B. Dkhil, Phys.
Rev. Lett. 98, 265701 (2007).

31O. Svitelskiy, A. V. Suslov, J. B. Betts, A. Migliori, G. Yong, and
L. A. Boatner, Phys. Rev. B, 78, 064113 (2008).

32J-H Ko, S. G. Lushnikov, D. H. Kim, S. Kojima, B.-E. Jun, and
Y. H. Hwang, J. Appl. Phys. 104, 104105 (2008).
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