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Abstract

High quality Pb(Mg;,3Nb,/3)O3 (PMN) and La-doped PMN (PLMN) single crystals were
grown via a top-seeded solution growth method. At a doping level as low as 2 at.% of La, the
1:1 B-site cation (chemical) order was significantly enhanced as revealed by the presence of
superlattice peaks in the x-ray diffraction pattern and comparatively large (~100 nm)

chemically ordered regions (CORs) in the transmission electron microscopy dark field images.
The average chemical order parameter was calculated (from the intensity of superlattice peaks)
to be S & 0.44. Besides, x-ray diffraction revealed the presence of a low-symmetry
(presumably rhombohedral) phase. The effect of La doping on the dielectric relaxation was not
substantial. Though the magnitude of the dielectric constant peak in PLMN was reduced by half

as compared to pure PMN, the peak temperature and diffuseness as well as the shape of the
dielectric relaxation spectra remained almost unchanged. The analysis of the temperature
dependence of the characteristic time for the main relaxation process in terms of the
Vogel-Fulcher law revealed the freezing of dipole dynamics at temperature 7y = 192 K, which
was only slightly lower than the 7 = 213 K in PMN. To reconcile the structural and dielectric
data we suggest that the rhombohedral phase forms inside CORs while the chemically
disordered matrix remains cubic and is populated by dynamic polar nanoregions that give rise to

the characteristic dielectric response.

1. Introduction

Lead magnesium niobate, Pb(Mg;,;3Nb;,3)O3 (or PMN), is
a prototype relaxor ferroelectric material which features
a high maximum value, a broad peak and a strong
frequency dispersion of dielectric permittivity as a function
of temperature [1, 2]. At room temperature PMN has a cubic
ABOj; perovskite structure, where Pb*t occupies A-sites while
Mg?* and Nb>* share the B-sites. The structure involves
quenched compositional inhomogeneities in the distribution
of the Mg?>* and Nb>* cations on the B-sites. Within cation
(chemically) ordered regions of a few nanometres in size,
the structure adopts a doubled perovskite unit cell due to

0953-8984/08/015210+07$30.00

the A(B] /ZB’I’/Z)Og—type ‘1:1’ ordering with a face centred
arrangement of two different (B’ and B”) sublattices [3].
According to the widely accepted random site model [3-5],
in PMN the B” sublattice is occupied solely by Nb>* while
the B’ sublattice is occupied by a random 2:1 distribution
of Mg”t and Nb>*. These chemically ordered regions
(CORs) in which the long-range cation order exists locally
are immerged into the chemically disordered matrix in which
Mg?* and Nb>* cations are distributed over the B-sites at
random so that the long-range order is absent. The CORs
as well as the polar nanoregions (PNRs) which persist at
temperatures well above the temperature of the dielectric
constant maximum T7;, are often believed to be the origin

© 2008 IOP Publishing Ltd  Printed in the UK
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of the characteristic relaxor ferroelectric behaviour [6, 7].
In particular, when analysing the set of known data for the
complex lead perovskites, Randall and Bhalla noticed [7]
that relaxor behaviour was observed only in those compounds
where the nanometre-scale CORs are present. In the materials
without mesoscopic inhomogeneities (both chemically fully
ordered and fully disordered) the normal ferroelectric or
antiferroelectric behaviour was reported. Accordingly, it was
suggested that CORs act as sites to localize the dynamic PNRs
responsible for the relaxor behaviour. The same conclusion
was recently derived theoretically using first-principles-based
simulations [8]. However, the direct experimental verification
of the spatial correlation between CORs and PNRs is a rather
difficult task. Therefore, the investigations in this field can
be very helpful for the understanding of the mechanisms of
PNR formation and thereby the mechanisms of the relaxor
behaviour.

In pure PMN, the size of the CORs was found to be
smaller than 5 nm [9, 10]. Growth of these regions by
thermal annealing cannot be achieved at temperatures up to
1400 °C [9], which is believed to be due to kinetic rather than
thermodynamic constraints [3]. A-site La>"-doping has been
found to be an effective way to enhance B-site cation order
in PMN [11-14]. The smaller size of La’* than Pb*" and the
increased molar fraction of the larger Mg+ cation on the B-site
were suggested to account for the enhancement of chemical
order [15, 16].

However, almost all studies on doped PMN have been
based on polycrystalline bulk ceramics [17, 18]. As a
result, dielectric properties cannot be evaluated on specific
crystallographic orientations. A recent report found that the
orientation dependence of the dielectric/ferroelectric behaviour
is strong in pure PMN [19]. Therefore, there is a great need
to grow large PMN crystals with various dopants. Although
Fanning and co-workers reported the preparation and structure
of La-doped PMN crystals [20], their size was small (<1 mm)
and the La concentration was comparatively high (4-10%),
thus one can expect that not only the characteristics of CORs,
but also the La** cations and associated change of Mg?* /Nb>*
ratio, might influence the properties of the crystal. In this work,
we have grown La-doped PMN single crystals with 2% of La,
investigated the enhancement of the cation ordering by means
of x-ray diffraction and transmission electron microscopy dark
field imaging and studied the relaxor ferroelectric behaviour.

2. Experimental details

Single crystals of Pb(Mg;,;3Nby/3)O3 (PMN) and 0.98Pb
(Mg]/3Nb2/3)O3—0.02L&(Mg2/3Nb1/3)03 (PLMN) WeEre grown
from high-temperature solution by the top-seeded solution
growth (TSSG) method using a home-made tube furnace with
controlled temperature gradient field. The La dopant was in-
corporated through solid solution and the charge neutrality
was maintained by adjusting the Mg?* /Nb>* ratio on the B-
site. A mixture of PbO and B,O; (with a molar ratio of
PbO:B,03 = 95:5) was used as flux. The starting chemi-
cals, PbO (99.99%), LayO3 (99.99%), MgO (99.9%), Nb,Os
(99.9%) and B,03 (99.9%), were weighed according to the

stoichiometric composition of PLMN (solute) and the flux to
solute molar ratio of 80:20. The weighed chemicals were thor-
oughly mixed and loaded into a platinum crucible of 50 mm?
in volume, which was then placed in a vertical tubular furnace.
A small PMN single crystal was used as a seed and the satura-
tion temperature of the solution was determined accurately by
repeated seeding trials. The saturation temperature indicates
the appropriate temperature at which the seed crystal can re-
tain and effectively grow from the solution, i.e. the onset of
top-seeded growth. In the trial process, the seed crystal was
first preheated above the melt surface for a few minutes before
being dipped into the solution. After a period of time, the sur-
face state of the seed was checked to see if it had grown or
dissolved. After several experiments, the saturation tempera-
ture was determined to be 1148 °C for the PLMN-PbO/B,0;
flux system. The crystal growth took place upon cooling from
1150 to 1080 °C at a cooling rate of 0.1°C h~!. At the end of
the slow cooling process, the grown crystal was pulled out of
the melt surface and cooled down to room temperature at a rate
of 15°C h™!. Such a process produces PLMN single crystals
with dimensions up to 15 x 15 x 8 mm?>.

X-ray powder diffraction was performed on crushed small
crystals using a Rigaku R-axis diffractometer with Cu Ko
radiation. For transmission electron microscopy (TEM) study,
fine crystal powder was dispersed in acetone to form a dilute
suspension. One droplet of the suspension was dropped onto
a copper grid with carbon support film. TEM observation was
carried out on a Philips CM30 microscope operated at 300 kV.
For dielectric characterization, (100)-oriented crystal platelets
of dimensions ~3.5 x 2.7 x 0.4 mm?® were cut and polished.
Then gold layers were sputtered as electrodes. The dielectric
permittivity as a function of temperature was measured with
a Novocontrol broadband dielectric spectrometer at a series of
frequencies upon heating from 150 to 475 K.

3. Results and analysis

3.1. Crystal structure

Figure 1 shows the powder x-ray diffraction pattern of PLMN
at room temperature. It can be seen that the pure perovskite
phase was preserved. In addition to the major diffraction
peaks from the simple perovskite structure, two extra weak
peaks appeared at 19.2° and 37.1°, which are shown in the
insets of figure 1. These peaks correspond to d-spacing values
twice those of the (111) and (311) major peaks, respectively.
Therefore, these two superlattice peaks can be indexed as
(1/2,1/2,1/2) and (3/2,1/2, 1/2), indicating the doubling
of the perovskite unit cell due to a strong B-site 1:1 cation
order. Calculations of the lattice parameter assuming the
cubic symmetry resulted in a value of a = 4.0298 A, which
is smaller than that of pure PMN (¢ = 4.0477 A). The
presence of the superlattice peaks (which were not found in
the diffraction pattern of pure PMN) and the decrease in lattice
parameter firmly indicates that La ions are indeed incorporated
into the perovskite lattice.

The chemical order parameter S in the PLMN crystals
was calculated by dividing the ratio of the experimentally
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Figure 1. X-ray powder diffraction pattern of the PLMN crystals.
Indexing corresponds to the primitive (not doubled) perovskite unit
cell.

observed superlattice (1/2, 1/2, 1/2) reflection intensity over
the fundamental reflection intensity from a parallel plane,
(111), by the corresponding calculated ratio for a perfectly
ordered sample, that is,

(11/2.1/2.1/2)
Iy exp

7 .
(%)3:1

The structure of hypothetical perfectly ordered PMN was
assumed to be composed of 1:1 ordering of cation B’ =
Nb°* and complex cation B” = (Mgy/3Nb;/3)*" on the
B-site, which gives rise to a superstructure of Fm3m
symmetry, while maintaining the charge neutrality [4]. Using
the PowderCell program, the x-ray diffraction pattern of
the ordered PMN was simulated and thereby the ratio of
11 )2,1/21/2/ 1111 was calculated to be 0.0795. The experimental
ratio of Iy,31,21/2/1111 for the PLMN crystal was found to
be 0.0156 after background subtraction. Therefore, the order
parameter S is calculated to be 0.44, i.e. the crystal is far
from being completely ordered. On the other hand, the
TEM results (see below in this section) suggest considerable
spatial inhomogeneity of the ordering degree. Therefore,
incomplete chemical ordering may be determined by two
factors: coexistence of chemically ordered and disordered
regions and incomplete ordering inside CORs (§ = 1 is
theoretically possible only at 7 = 0). The order parameter
S = 0.44 calculated from x-ray diffraction data represents the
average value.

The enhanced chemical order was further confirmed by
TEM observations. A fine crystal with its [112] zone-axis
close to the incident electron beam was focused. The electron
diffraction pattern is shown in the inset of figure 2, where
strong (1/2,1/2,1/2)-type superlattice diffractions can be
noticed. The dark field image formed with the (1/2, 1/2, 1/2)
superlattice spot is shown in figure 2. The chemically ordered
regions (bright areas) with size up to ~100 nm are clearly
seen. Obviously, 2 at.% La doping already leads to a dramatic
increase in the size of the CORs. In ceramics the same size
can be obtained only at a much higher La-doping level of
~10% [4].

$? =

4
100nm
T

Figure 2. TEM dark field image of the cation ordered chemical
domains in the PLMN single crystal. The corresponding electron
diffraction pattern with the [112] zone-axis is shown in the inset.
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Figure 3. Details of the (311).y, x-ray diffraction peak of PLMN.

The other important difference from PMN is that the x-ray
diffraction peaks in PLMN are significantly wider and typically
asymmetric or (at large 26 angles) split, an example of which
is shown in figure 3 for the cubic (310) diffraction peak. Such
a kind of x-ray diffraction pattern is incompatible with a cubic
symmetry. Preliminary phase analysis shows that the structure
is composed of a mixture of cubic and rhombohedral phases.
It should be noticed that the superlattice reflections are also
significantly asymmetric (see the inset in figure 1), which
means that the rhombohedral phase exists inside CORs. A
conclusion concerning the presence of rhombohedral phase in
the chemically disordered regions and the cubic phase in CORs
cannot be drawn so far. A more elaborate structural study is
underway.

3.2. Dielectric properties

The dielectric constant (¢') and loss (tand) of a (100)-
oriented PLMN crystal as a function of temperature at different
frequencies (f) are shown in figure 4. It can be seen that
a typical relaxor ferroelectric behaviour characteristic of pure
PMN is preserved. At 1 kHz, in comparison with a pure PMN
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Figure 4. Dielectric constant (a) and loss tangent (b) of the
(100)-oriented PLMN crystal as a function of temperature measured
at a series of frequencies.

single crystal with (100) orientation [19], the & maximum
decreased from 20 x 10 to 10 x 10° and the corresponding
temperature 7y, shifted from 268 to 263 K in the PLMN
single crystal. This is consistent with the results reported
previously [14, 18, 20]. The frequency dependences of the real
and imaginary parts of permittivity at selected temperatures are
shown in figure 5.

At temperatures above T, (and below the Burns
temperature, 7Tg), the temperature dependence of &' in
relaxors can be described by a Lorentz-type quadratic
relationship [21-23],

e _(T=T)’

&’ 252 M

where Ty and €4 are the fitting parameters and § is a measure
of the degree of diffuseness of the permittivity peak. Figure 6
shows the temperature dependence of 1/¢’ for the PLMN
crystals above T;, at 100 kHz, which is fitted to this relation.
Despite the fact that the magnitude of the &’ (T") peak in PLMN
is half as large as in pure PMN, the diffuseness § = 45 K is
only slightly larger (in the PMN crystal § = 41 K, in agreement
with [22]).

10
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Figure 5. Real (a) and imaginary (b) parts of the dielectric
permittivity of the (100)-oriented PLMN crystal as a function of
frequency at various temperatures.

The frequency dependence of the &(7) maximum
temperature 7p,, can be analysed with the empirical Vogel—
Fulcher (V-F) relationship [24, 25],

f = fm eXp(Em/(Tfm - m))s (2)

where f is the measurement frequency and E.,, fn, and Tiy
are the parameters. Figure 7 shows the inverse of Tj, as a
function of f and the related V-F fitting for the PLMN crystal.
The maximum temperature derived from the temperature
dependences of the imaginary part of the permittivity can
also be well fitted to equation (2) in the whole measurement
frequency range. The best-fit parameters are listed in table 1
and compared with the parameters for the PMN crystal taken
from [26]. It can be seen that doping with 2% La3* ions results
in a slightly higher T%, as compared to the pure PMN crystal.
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Table 1. Comparison of the relaxation parameters for the PMN and PLMN crystals.
V-F law for T,, derived from &'(T) V-F law for T}, derived from &”(T) V-F law for ©
Jm (Hz) En (K) Tinm (K) Jm (Hz) Epn (K) Tim (K) fo (Hz) E, (K) T; (K)
PMN [26] 3 x 102 880+£30 221.64+0.6 3x 10" 860 £ 130 21143 1 x 108 81060 213+2
PLMN 2.7 x 102 7504+70 22641.7 1.1 x 10" 5004£200 221410 1.4x10% 1080+£90 192+8
0.0012 0.0040
0.0010 4
0.0039
0.0008 ~
< 0.0038
-, 0.0006 - <
< g
T &
0.0004 4 0.0037 4
0.0002 -
0.0036
0.0000 T T T "o i 2 Ts T Ts T
300 350 400 450 10 10 10 10 10 10 10
f (Hz)

Temperature (K)

Figure 6. Temperature dependences of 1/¢" of the PLMN single
crystals at 100 kHz above T}, (open circles) and the fitting results
(line) to the quadratic equation (1) with best-fit parameters

Th = 257K, g5 = 9470, and § = 45 K.

In some relaxor ferroelectrics Ty, corresponds to the
freezing temperature for the dynamics of PNRs due to
cooperative interactions between their moments [24-26].
However, satisfaction of relationship (2) does not necessary
mean a glassy freezing of dipole dynamics [25]. To confirm
the freezing behaviour, the temperature dependence of the
corresponding relaxation time should be determined. For this
purpose we analyse below the frequency dependences of the
permittivity in detail.

The dielectric spectra of PLMN at comparatively lower
temperatures (figure 5) are similar to those observed in a pure
PMN crystal [26]. Two main relaxation processes can be found
in the range of T}, (see e.g. the curve for 268 K in figure 5(b)).
The first, so-called universal relaxor (UR), process manifests
itself as an increase of ¢” with decreasing f at low frequencies.
At higher frequencies the conventional relaxor (CR) relaxation
appears as the increase of ¢” with increasing f. Upon cooling
the CR dispersion range moves to lower frequencies (this
corresponds to an increase of characteristic relaxation time)
and disappears from the measurement frequency window at
T < T,. Frequency-independent losses are observed at low
temperatures. Well above Tp, an additional relaxation process
is found at ~100 Hz, which has not been observed in pure
PMN. The strength of this relaxation increases with decreasing
T at a much slower rate than the strengths of CR and UR
relaxations do, so that at temperatures close to 7;, it becomes
negligible. This relaxation could result from the effects of
La doping in PLMN, the mechanism of which needs further
investigation.

Figure 7. Frequency dependence of Ty, (dots) and the fitting result
(line) to the V-F law (2) for the PLMN crystal.

Because of the similarity of the relaxation patterns
in PLMN and in PMN, we applied for the analysis the
same approach that was used in the case of the PMN
crystal [26]. The frequency dependences of ¢” and &' were
fitted (simultaneously at each temperature) to the relation

() = xy () + xg () + &cc, (©)

where the first two terms are related to the UR and CR
contributions, respectively, and & originates from other
possible polarization processes exhibiting dispersion above the
upper limit of the measurement frequency window. To describe
the CR contribution we used the Kohlrausch—Williams—Watts
(KWW) relaxation pattern, the shape of which in the time
domain is described by the stretched exponential function,
exp[—(¢/7)?]. The UR contribution was expressed as

X(//(f) = XUlf’Hl
x4 (f) = cot(nm/2) xy, £

The adjustable parameters used in the course of the nonlinear
least-square fitting procedure were the following: €oo, X7y, 71,
feww = @rt)~!, B and the low-frequency limit of KWW
relaxation, x.,. Good fitting to equation (3) was obtained
in the whole frequency measurement range of 245-280 K
and examples are shown in figure 8. At lower temperatures
(e.g. 233 K) the dispersion related to one more relaxation
process appeared at high frequencies (this behaviour was also
observed in PMN) and the fitting was performed only in a
narrower frequency range (after excluding the high-frequency
data). However, by adding an additional term of the Cole—Cole
form to relation (3) we were able to adequately describe the
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Figure 8. Fitting of the real (a) and imaginary (b) parts of
permittivity at selected frequencies (solid lines). Experimental data
are represented by dots.

high-frequency part of the spectrum even at comparatively low
temperatures, as shown in figure 8.

The temperature dependences of T and B derived from
fitting are shown in figure 9. These parameters determine
the relaxation pattern of the CR dielectric contribution, which
dominates in the temperature range of the permittivity peak.
The corresponding temperature dependences for the pure PMN
crystal are also given in figure 9 for comparison. One can see
that the values of the parameters are close to each other. Similar
to PMN, the temperature dependence of T can be well fitted to
the V-F relation,

T = Qnufy ) explE. /(T — Ty, 4)

and the best-fit parameters are presented in table 1. Fulfilment
of the V-F relation (4) signifies the freezing of dipole dynamics
in PLMN at the temperature 7;, which appears to be slightly

@
A
S
&
o

7 F

-8 |

-9

230
03
[}
L]
02 LR
Y
Lo
QU e
,4
o1 p e
®)
o . . . . .
230 240 250 260 270 280

Figure 9. Temperature dependences of the characteristic time 7 (a)
and the KWW relaxation parameter § (b) of the PLMN crystal. The
solid line is the fit to the Vogel-Fulcher relation (4). The dashed
lines are the dependences for the pure PMN crystal taken from [26].

lower than in PMN. The temperature dependences of the other
relaxation parameters in PLMN also reveal behaviour similar
to the case of PMN.

4. Discussion

According to the theoretical predictions [7, 8, 27], the dynamic
PNRs (which are responsible for the large ¢'(T) peak and the
dielectric dispersion in relaxors) should be strongly correlated
with CORs so that ‘. . . within the range of 7t < T < Tg, polar
nanoregions are essentially the same as chemically ordered
nanoregions’ [27]. Such a kind of correlation, even though
true in pure PMN, is hardly compatible with the behaviour
we have observed in PLMN. Indeed, the much larger size of
PNRs in PLMN, as compared to PMN (caused by the much
larger size of CORs), would imply a substantial difference in
the dielectric relaxation parameters. However, the behaviour
of the parameters derived from experimental data does not
show any significant difference. In particular, the temperature
dependences of T and B, as well as the freezing temperature
T¢, in PLMN and PMN are almost the same. Therefore, the
characteristics of dynamic PNRs (particularly their size, which
is expected to be roughly proportional to the activation energy
of PNR flipping [7]) in PLMN and PMN should be close.
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The molecular dynamic simulations [8, 27] predict the
development of spontaneous polarization within the CORs
(i.e. the formation of polar regions of the same size as
CORs) upon cooling below a certain temperature. Therefore,
in PLMN polar regions with dimensions of ~100 nm are
expected. These regions are large enough to be detected by
x-ray diffraction as regions of (ferroelectric) rhombohedral
phase. It seems that it is this phase that was found in our x-
ray diffraction experiments, while the observed cubic phase
can be attributed to the chemically disordered regions. To
explain the dielectric behaviour in this case we use the concept
recently proposed by Vakhrushev [28], who, based on the
analysis of neutron and synchrotron radiation scattering data
for PMN, suggested that PNRs which appear inside CORs are
static while the dynamic PNRs are formed in the chemically
disordered matrix. Static nanoregions should not contribute
to the dielectric response, and their larger size in PLMN (as
compared to PMN) should not influence directly the dielectric
properties. On the other hand, the structure of the chemically
disordered regions in PLMN is essentially the same as in
PMN (except a small admixture of La). Therefore, the
arrangement of the dynamic PNRs is expected to be similar.
This explains why the experimentally determined dielectric
relaxation parameters are close to each other. At the same
time, the number of dynamic relaxing PNRs in PLMN is
smaller than in PMN (because of the smaller fraction of the
chemically disordered matrix) and consequently the level of
the dielectric response (magnitude of the permittivity peak) is
also smaller. The slightly lower freezing temperature 7t found
in PLMN can be attributed to weaker interactions between
dynamic PNRs caused by their lower overall concentration (the
freezing temperature in the system of non-interacting dipoles
should be zero).

5. Conclusions

High quality PMN and La-doped PMN single crystals with
size up to 15 x 15 x 8 mm® were successfully grown by
the top-seeded solution growth method. A-site La-doping
at a level as low as 2 at.% is found to enhance the 1:1 B-
site cation order significantly, and leads to the formation of
the low-symmetry phase, which is presumably rhombohedral
and mixed with the cubic phase. The strong chemical
order was revealed by the presence of superlattice x-ray
diffraction peaks and large ordered regions (~100 nm) in the
dark field images of transmission electron microscopy. The
temperature dependence of &’ above T;, (and below Tg) can
be well described by a Lorentz-type quadratic relationship
characteristic of relaxors, with the diffuseness parameter &
being slightly larger in the PLMN crystal than in the pure
PMN crystal. Analysis of the dielectric spectra of PLMN
did not reveal any significant differences in comparison with
PMN except the lower magnitude of the &'(T) peak. The
glassy freezing of the main (CR) relaxation was found at 7y =
192 K. The relations between chemical and dipole orderings

and between structure and properties are explained based on
the concept of static and dynamic polar nanoregions.
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