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Anelastic relaxor behavior of Pb(Mg,,3Nb2,3)O3
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(Received 6 July 2013; accepted 2 August 2013; published online 13 August 2013)

Elastic storage modulus and loss of relaxor lead magnesium niobate ceramics, Pb(Mg;,3Nb,/3)O3,
have been measured with dynamic mechanical analyzer in single cantilever mode in the
temperature range from 170K to 320K and at frequencies from 0.1 Hz to 50 Hz. The dependence
of the elastic susceptibility (inverse modulus) on temperature and frequency of the driving force
has characteristics of typical relaxor behavior that can be well described with the Vogel-Fulcher
law. The parameters of the Vogel-Fulcher relation exhibit similar values for the dielectric and
anelastic relaxations. Similarities and differences between anelastic and dielectric relaxor
behaviors are identified. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818665]

Lead magnesium niobate, Pb(Mg;,3Nb,/3)O3 or PMN, is
a typical and the most studied dielectric relaxor material.'
As shown in Fig. 1, the dielectric permittivity ¢ = ¢ — i¢” of
PMN exhibits a broad peak at a temperature 7,,. Around and
below this temperature the ¢ depends on frequency @ of the
probing electric field. The origin of the relaxation (or relaxor
behavior) in &(w, T) is usually attributed to the dynamics of
polar nanoregions (PNR), which form inside nonpolar matrix
below Burns temperature (about 600 K for PMN).2 The PNR
increase in size during cooling and their response to the
electric field slows until it freezes at a temperature Ty. The
relation between w, T,,, and Ty can be described by Vogel-
Fulcher equation, w = woexp[—E,/ks(T,, — Tf)| where kg is
the Boltzman constant, E, can be interpreted as an activation
energy, and y is a characteristic frequency.’

Ambiguity in interpretation of Vogel-Fulcher equation
has been discussed by Tagantsev and Glazounov and an al-
ternative formulation has been proposed.*> Other insights
into the nature of relaxors have been provided recently by
first principle calculations.®’ Takenaka ef al. thus propose a
model of relaxors as a homogeneous random network of ani-
sotropically coupled dipoles.” The Burns temperature, first
identified in PMN by optical measurements,” has been
recently reassessed following the diffuse scattering experi-
ments with cold neutrons.® Additional characteristic temper-
atures have been identified in relaxor materials.’ Clearly, the
physics of relaxors is still not completely understood.

While most studies of properties of dielectric relaxors
focused on dielectric behavior, dynamic mechanical
response has been less investigated.'®™'® One would a priori
expect that PNR in dielectric relaxors respond to dynamic
mechanical fields in a similar fashion to what was observed
in so-called “strain glass” of metal alloys;14 that is, mechani-
cal compliance of PMN should show a similar temperature-
frequency behavior as dielectric permittivity, but this has not
been fully demonstrated so far. In fact, the mechanical and
dielectric susceptibilities in PMN were reported to exhibit
important differences in their temperature behavior. First,
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the maximum in elastic susceptibility for a given frequency
is several times weaker than that in dielectric permittivity,
while the peak appears broader for elastic than for dielectric
susceptibility.'""'* Importantly, because most studies of
mechanical properties have covered a limited frequency
range, the Vogel-Fulcher relationship has not been demon-
strated in dielectric relaxors for mechanical properties.
Carpenter et al."® showed that in their experimental studies
of anelastic response of PMN the slope of Int versus T
(where © = toexp[E,/kg(T — Ty)] is the relaxation time at
T =T,, and 1 is inverse of the attempt frequency) measured
at four frequencies leads to a slope which is significantly
lower than the one observed in the dielectric permittivity.
The authors suggested that the difference arises because
mechanical and electrical fields probe different aspects of
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FIG. 1. (a) The relative dielectric permittivity &'/¢o (¢ is the electric con-
stant) and (b) loss tangent (tanD = ¢” /¢') of PMN ceramics investigated in
this study as a function of temperature, measured on cooling and at frequen-
cies indicated in the figure.
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PNR dynamics. For example, 180° flipping of PNR (as pro-
posed by Cross for superparaelectric model of relaxors'”)
would not be seen in measurements of elastic modulus and
could thus explain at least some of the difference in behavior
of mechanical and dielectric susceptibilities. Comparing data
on anelastic and dielectric relaxation may thus help uncover-
ing details of the physics behind relaxor behavior.

In this paper, we demonstrate experimentally Vogel-
Fulcher relationship in elastic properties of PMN ceramics
measured over two and half orders of magnitude in fre-
quency. It is shown that Vogel-Fulcher relationships with
similar values of the parameters describe well both the
dielectric and anelastic susceptibilities. The experiments
confirm large difference in the strength of anelastic and
dielectric relaxations and indicate some other differences in
the temperature dependence of the two relaxations.

PMN ceramics were synthesized using PbO (99.9% pu-
rity), MgO (98%,), and Nb,Os (99.9%) powders. A mixture
of PbO, MgO, and Nb,Os in the molar ratio corresponding to
the stoichiometric Pb(Mg;,3Nb,/3)O3 was high-energy milled
in a planetary mill. The ceramics were prepared by pressing
isostatically with 300 MPa and sintering in a double alumina
vessel in PMN packing powder at 1200 °C for 2 h. The heat-
ing and cooling rates were 2°C/min. The density of the
ceramics measured by Archimedes’ method is ~96% of the
theoretical density. The median grain diameter is
dso=1.98 um = 1.05 um. The weight loss on sintering was
not determined; however, the dielectric loss tangent meas-
ured at 300 °C and 100 Hz is below 0.01 (not shown) indicat-
ing a low concentration of defects. After sintering the
samples were cut, polished and annealed at 600 °C. For the
electrical measurements, Cr/Au electrodes were deposited by
sputtering. The permittivity ¢ and dielectric loss &’ were cal-
culated from the capacitance and phase angle data measured
as a function of temperature with an L-C-R bridge. The me-
chanical storage modulus, E’, and loss, E”, were measured in
the single cantilever mode with a Perkin-Elmer PYRIS
Diamond Dynamic Mechanical Analyzer (DMA).
Mechanical susceptibility was calculated by taking inverse
of the complex modulus. It should be understood that single
cantilever measurements, which are the best choice in DMA
technique for materials with a high stiffness, may give rather
large errors in the absolute value of the elastic modulus
(errors of 50% are not uncommon) so that numerical values
given here and in the literature are only indicative.'® The rel-
ative trends (such as temperature or frequency dependence
of the modulus) of interest here are, however, very reliable.
Samples used for mechanical measurements were rectangu-
lar bars with thickness of about 0.6-1mm, length of
25-30mm, and width of 3—4 mm. Dielectric measurements
(see Figure 1) were made on smaller samples cut form such
a bar, with dimensions roughly 3 x 4 x 1 mm?®. Cr/Au elec-
trodes were sputtered on large surfaces of those samples.
The dielectric and elastic measurements were made during
cooling at a temperature rate of about 2 K/min.

Elastic susceptibility (l/E)/ (the real part of inverse of
the elastic modulus E) and loss (1/E)” for PMN ceramics
are shown in Figure 2. We choose to show 1/FE instead of E
for an easier comparison with the electric permittivity, as
both indicate susceptibility of the material to respective
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FIG. 2. (a) Elastic susceptibility (1/E)’ (the real part of inverse of the elastic
modulus E) and (b) loss tangent (tanD = E” /E") of PMN ceramics investi-
gated in this study as a function of temperature, measured on cooling and at
frequencies indicated in the figure. The numerical values for (1/E)" are only
indicative.

external fields. The relaxor nature of the anelastic response is
obvious from Figure 2. As reported by other authors who
carried out measurements taken at a single or a few frequen-
cies only, the dielectric peak is much stronger but narrower
than elastic, Figure 3. This feature is here demonstrated over
a frequency range covering two and a half orders of magni-
tude, but only one frequency is shown in Figure 3 to avoid
data clutter.

Figure 4 plots T,, versus In(w) for both dielectric data
from Figure 1 and elastic data from Figure 2. The fits with
Vogel-Fulcher relations are shown as full lines. The agree-
ment between dielectric and anelastic data is excellent, not-
withstanding a slightly lower 7,, values for the anelastic
data. The discrepancy is only 2-3 K and this can be easily
accounted for by different positions of the samples with
respect to the thermocouple in the two experimental set-ups.
As indicated in the legend of Figure 4, the agreement among
the Vogel-Fulcher parameters obtained separately for the
dielectric and anelastic data is very good and is also in a
good agreement with values obtained previously for dielec-
tric relaxation in other studies.”"”

Comparing now dielectric and anelastic data for a same
frequency, Figure 3, several observations can be made. As
reported by other authors'""'? our data show that, compared
to the respective background susceptibilities, the dielectric
relaxation is much stronger than the elastic: over the covered
temperature range the electrical permittivity changes by
more than five times while the change in elastic susceptibil-
ity is less than 10% (compare Figures 1 and 2 and see sum-
mary in Figure 3). Cordero et al. report 40% increase in
elastic susceptibility of PMN modified with 10% PbTiO3 "'
while data for PMN obtained at high frequencies all show
changes below 20%.'° The weaker anelastic relaxation
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FIG. 3. (a) Comparison of the relative dielectric permittivity and elastic sus-
ceptibility measured at 20 Hz. (b) The dielectric permittivity and elastic sus-
ceptibility from (a), normalized to the values at 300 K.

could, of course, be just a consequence of a large background
elastic susceptibility that does not participate in the relaxa-
tion process. We assume here that nonlinear contributions
may be excluded from consideration and that amplitudes of
both the driving electric field (1 V) and elastic force (<1 N)
applied on the samples could be considered as a weak field
regime, so that it is justified to compare the elastic and
dielectric spectra.

Another reason for the difference in the relaxation
strength could be that two or more aspects of PNR dynamics
contribute separately to the elastic and dielectric susceptibil-
ities. An example would be 180° flipping of PNR which (if,
in fact, present at all in PMN'>"'®) would contribute only to
the dielectric permittivity but not elastic susceptibility.
However, to the extent that Vogel-Fulcher relation accu-
rately describes the dynamics of PNR, the good agreement
between Vogel-Fulcher parameters for the anelastic and
dielectric relaxation shown here suggests that both relaxa-
tions have the same origin. If so, it would appear that
electro-elastic response of PNR is simply more sensitive to
the excitation by the electric than the mechanical stimulus. It
is important to note here that a relatively weak anelastic
relaxation strength seems to be characteristic of the elastic
response in relaxor-like systems in general. For example, in
the so-called metallic “strain glass,”'*'? which exhibits ane-
lastic relaxation qualitatively similar to that shown here for
PMN, the storage modulus changes over the relaxation maxi-
mum region by about 20%.
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FIG. 4. (a) The temperature T,, of the maximum dielectric permittivity
(circles) and elastic susceptibility (squares) from Figures 1 and 2, respec-
tively, as a function of /n(w). The full lines are fits through the data with
Vogel-Fulcher equation (see text). The Volgel-Fulcher parameters obtained
by fitting are Ty~ 217K, E~0.086eV, wy~35 x 10'° rad/s for the dielectric
data, and Ty~215K, E~0.078eV, wy~ 1.1 x 10" rad/s for the elastic
data. If Ty, for the elastic data are increased by 2.5K, the two Ty, — In(w)
curves can be well fitted by a single Vogel-Fulcher equation with parameters
very close to those obtained by fitting the dielectric data alone (not shown).

Another notable feature of the anelastic and dielectric
relaxations is that above T, the temperature dependences of
permittivity and elastic susceptibility are qualitatively simi-
lar (see Figure 3) while below T,,,, where frequency disper-
sion appears, the dielectric response hardens steeply with
decreasing temperature, whereas the elastic susceptibility
decreases more gently and almost linearly. This might sug-
gests reduced electro-mechanical coupling below T, in
PMN and it will be interesting to see if such reduced cou-
pling can be seen in other experiments (e.g., electric field
induced piezoelectric response®’ or electrostriction) and
whether theoretical models can account for such behavior.

In conclusion, it is shown that PMN exhibits true anelas-
tic relaxor behavior, with parameters of the Vogel-Fulcher
equation similar to those for dielectric relaxation. These
common features as well as number of differences in anelas-
tic and dielectric relaxations revealed in the present study
and in earlier experiments present challenges that should be
addressed in models interpreting relaxor behavior.

The authors acknowledge financial support of FNS
PNR62 Project No. 406240-126091 (DD) and SRA
Programme P2-0105 and CoE NAMASTE (HU). Technical
support by S. Drnovsek is gratefully acknowledged.

'A. A. Bokov and Z. G. Ye, J. Mater. Sci. 41(1), 31-52 (2006).

G. Burns and F. H. Dacol, Solid State Commun. 48(10), 853-856 (1983).

3R. Pirc and R. Blinc, Phys. Rev. B 76(2), 020101 (2007).

“A. Tagantsev, Phys. Rev. Lett. 72(7), 1100-1103 (1994).

A. E. Glazounov and A. K. Tagantsev, Appl. Phys. Lett. 73(6), 856
(1998).

°A. R. Akbarzadeh, S. Prosandeev, E. J. Walter, A. Al-Barakaty, and L.
Bellaiche, Phys. Rev. Lett 108(25), 257601 (2012).

"H. Takenaka, I. Grinberg, and A. M. Rappe, Phys. Rev. Lett. 110(14),
147602 (2013).

8p, Gehring, H. Hiraka, C. Stock, S. H. Lee, W. Chen, Z. G. Ye, S.
Vakhrushev, and Z. Chowdhuri, Phys. Rev. B 79(22), 224109 (2009).


http://dx.doi.org/10.1007/s10853-005-5915-7
http://dx.doi.org/10.1016/0038-1098(83)90132-1
http://dx.doi.org/10.1103/PhysRevB.76.020101
http://dx.doi.org/10.1103/PhysRevLett.72.1100
http://dx.doi.org/10.1063/1.122024
http://dx.doi.org/10.1103/PhysRevLett.108.257601
http://dx.doi.org/10.1103/PhysRevLett.110.147602
http://dx.doi.org/10.1103/PhysRevB.79.224109

072904-4 H. Ursi¢ and D. Damjanovic

°B. Dkhil, P. Gemeiner, A. Al-Barakaty, L. Bellaiche, E. Dul’kin, E.
Mojaev, and M. Roth, Phys. Rev. B 80(6), 064103 (2009).

10p, Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, Philos. Mag. A 64(4),
835-849 (1991).

"E. Cordero, F. Craciun, and P. Verardi, Ferroelectrics 290, 141-149 (2003).

ML AL Carpenter, J. F. J. Bryson, G. Catalan, and C. J. Howard, J. Phys.
Condens. Matter 24(4), 045901 (2012).

BM. A. Carpenter, J. F. Bryson, G. Catalan, S. J. Zhang, and N. J. Donnelly,
J. Phys. Condens. Matter 24(4), 045902 (2012).

143 Sarkar, X. Ren, and K. Otsuka, Phys. Rev. Lett. 95(20), 205702 (2005).

'3L. E. Cross, Ferroelectrics 76(3—4), 241-267 (1987).

Appl. Phys. Lett. 103, 072904 (2013)

K. P. Menard, Dynamic Mechanical Analysis—A Practical Introduction
(CRC Press, Boca Raton, 2008).

D. Viehland, S. Jang, L. E. Cross, and M. Wuttig, Philos. Mag. B 64(3),
335-344 (1991).

8A. E. Glazounov, A. K. Tagantsev, and A. J. Bell, Phys. Rev. B 53,
11281-11284 (1996).

19%. Ren, Y. Wang, Y. Zhou, Z. Zhang, D. Wang, G. Fan, K. Otsuka, T.
Suzuki, Y. Ji, J. Zhang, Y. Tian, S. Hou, and X. Ding, Philos. Mag.
90(1-4), 141-157 (2010).

2W. Y. Pan, W. Y. Gu, D. J. Taylor, and L. E. Cross, Jpn. J. Appl. Phys.,
Part 1 28(4), 653-661 (1989).


http://dx.doi.org/10.1103/PhysRevB.80.064103
http://dx.doi.org/10.1080/01418619108213952
http://dx.doi.org/10.1080/00150190390222385
http://dx.doi.org/10.1088/0953-8984/24/4/045901
http://dx.doi.org/10.1088/0953-8984/24/4/045901
http://dx.doi.org/10.1088/0953-8984/24/4/045902
http://dx.doi.org/10.1103/PhysRevLett.95.205702
http://dx.doi.org/10.1080/00150198708016945
http://dx.doi.org/10.1080/13642819108207624
http://dx.doi.org/10.1103/PhysRevB.53.11281
http://dx.doi.org/10.1080/14786430903074771
http://dx.doi.org/10.1143/JJAP.28.653
http://dx.doi.org/10.1143/JJAP.28.653

