Origin of the relaxor state in Pb(B,B’_,)O; perovskites
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Molecular dynamics simulations of

first-principles-based

effective Hamiltonians for

Pb(Sc1/2Nb1/2)O3 under hydrostatic pressure and for Pb(Mg;/3Nby/3)O3 at ambient pres-
sure show clear evidence of a relaxor state in both systems. The Burns temperature is identified as
the temperature below which dynamic nanoscale polar clusters form, pinned to regions of quenched
chemical short-range order. The effect of pressure in Pb(Sc;/2Nby,2)O3 demonstrates that the
stability of the relaxor state depends on a delicate balance between the energetics that stabilize
normal ferroelectricity and the average strength of “random” local fields which promote the relaxor

state.

PACS numbers: 77.80.Bh, 77.84.Dy, 64.70.Kb, 61.46.-w

Perovskite-based A(B1/2B3/2)03 and A(B;/3Bj,5)03

2/3

relaxor ferroelectrics (RFE) [1, 2], such as
Pb(SCl/QNbl/Q)Og (PSN) and Pb(Mg1/3Nb2/3)03
(PMN), are technologically important  trans-

ducer/actuator materials with extraordinary dielectric
and electromechanical properties.  Unlike a normal
ferroelectric (FE) [3], the dielectric constant of a
RFE exhibits a high peak, over a broad temperature
range, with strong frequency dispersion; which clearly
indicates relaxation processes at multiple time-scales
[4]. Tt is generally accepted that RFE properties are
associated with an intrinsic local structure of polar
nanoregions (PNR) [5, 6], the precise nature of which
remains controversial. Phenomenological models for
solids with random chemical disorder show how local
dipole moments (e.g. off-centered ions) in a polarizable
lattice can lead to relaxor behavior[7], but do not
address nanoscale short-range chemical order that
enhances relaxor properties in the important family of
Pb(B,B!_,)O03 perovskites[8].  Previous simulations
[9, 10] of microscopic models for PSN and PMN indi-
cated a very strong spatial correlation between PNR
and short-range chemically ordered regions, but no
conclusive evidence of a relaxor state was found; e.g.
the Burns temperature T [11] was not located. In this
Letter, we present first-principles-based simulations of
PSN under pressure and of PMN at ambient pressure
that clearly exhibit a relaxor state in the paraelectric
phase. An analysis of the short- to medium-range polar
order allows us to locate Tg. Below 15, the relaxor state
is characterized by enhanced short- to medium-range
polar order (PNR) pinned to nanoscale chemically
ordered regions. The calculated temperature-pressure
phase diagram of PSN demonstrates that the stability of
the relaxor state depends on a delicate balance between
the energetics that stabilize normal ferroelectricity and

the average strength of quenched “random” local fields.

Simulations were performed using the first-principle
effective Hamiltonian H.¢s described in detail in [10],
which expands the potential energy of PSN in a Taylor
series about a high-symmetry perovksite reference
structure, including those degrees of freedom relevant to
ferroelectric phase transitions:

Hepp = H{GY) + Hleap) + H({E} cap) + PV
+H({G} o)), (1)

with {f_;} representing local polar distortion variables
centered on Pb-sites, e,g the homogeneous strain,
H({é},eaﬁ) a strain coupling term, and PV the stan-
dard pressure-volume term. These first four terms con-
stitute a valid H.yy for modeling pressure-dependent
phase transitions in a normal FE perovskite without local
fields [12]. The fifth term, H({&},{01}), is a “random”
local field term [13, 14], proportional to ), h; - &, where
fz; is the local electric field at Pb-site i created from the
screened electric fields of the quenched distribution of Sc
and Nb ions {o;}.

Molecular dynamics (MD) simulations were performed
on a Hepp for PSN in a 403 unit cell simulation box
for which P=0 results were already presented [9]. The
quenched chemical- and therefore f;;—microstructure of
the simulation box consists of 20 chemically ordered re-
gions (COR) in a percolating disordered matrix (PDM).
The chemical microstructure was chosen to correspond
to experimental observations of approximately 2 to 5 nm
diameter chemically ordered nanodomains in Pb-based
relaxors [8]. To obtain PDM statistics directly compara-
ble to COR statistics, the PDM was subdivided into 60
“chemically disordered regions” (CDR). Each COR, and
CDR, contains 800 Pb-sites in an approximately spheri-
cal volume. Figure 1is a (110) cross section through the
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FIG. 1: (Color online) A (110) plane through the PSN sim-
ulation box representing the projected local field (arbitrary
units) at each Pb-site in the plane. Chemically ordered
regions (approximately circular) have small approximately
homogeneous fields, and chemically disordered regions have
larger more varied and disordered local fields.

simulation box, in which arrows represent projected h;.
The COR are the roughly circular regions in Fig. 1 that
have relatively low and homogeneous f;; The CDR that
make up the PDM have larger more varied and intense fz;
MD simulations were also performed, at ambient pres-
sure, for a PMN model [10]; here, we reanalyze these
results. These simulations use the same effective Hamil-
tonian with the same arrangement of COR and CDR as
in the PSN model, except that the COR for PMN have
1:1 “random site” ordering [15]; i.e., a Nb sublattice al-
ternating with a random Mgy ,3Nb; /3 sublattice.

Figure 2 plots PSN bulk polarization as a function of
T at various pressures in the range 0 < P < 22 GPa.
At each pressure below 22 GPa, a first-order transition
is observed at the temperature at which the polariza-
tion jumps. The first-order character of the transition
becomes stronger as P increases and the transition tem-
perature approaches zero. A region with polarization
departing from zero appears above the low-temperature
phase and enlarges in T-range as pressure increases.

Figure 3(a) plots histograms of a representative polar-
ization component in the COR of the 18 GPa simula-
tion at three temperatures. Above the temperature at
which polarization differs noticeably from zero (320 K),
the distribution is unimodal, centered at zero. In the
“pretransition” region, (120 K), the distribution is bi-
modal with two unequal peaks at nonzero values. Below
the first-order phase transition (80 K), the distribution
is unimodal again but centered at a nonzero value. We
interpret these results as indicating that, at 18 GPa, the
system is paraelectric (PE) at 320 K, in a relaxor state at
120 K, and ferroelectric (FE) at 80 K. The asymmetric
distribution of polarization in the relaxor state and resul-
tant bulk polarization is likely a finite size effect (the sim-
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FIG. 2: Simulated PSN polarization as a function of temper-
ature at hydrostatic pressures in the range 0 < P < 22 GPa.
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FIG. 3: Cumulative histogram of P, values for chemically or-
dered regions at different temperature in the (a) 18 GPa PSN
and (b) PMN simulations. The three curves in (a) correspond
to paraelectric, relaxor, and ferroelectric states.

ulation box only contains 20 chemically ordered regions);
in the limit of infinite simulation box, the relaxor state
should have zero bulk polarization. We associate the
experimental Burns temperature Tp [11] with the tem-
perature below which the COR become polar. Because
the histogram method is cumulative over both space and
time, it identifies static or dynamic polar clusters. At
least for tempearatures approaching Tp, some reorien-
tations of the polarizations of individual polar clusters
occurs during 48 ps simulation time, indicating the exis-
tence of dynamic polar clusters.

Similar effects are seen in Fig. 4, a plot of T-dependent
dot products of cluster polarizations, (S;(t) - §j(t)), at
different pressures. S, (t) is the MD spatial averaged po-
larization on an 800 site cluster that is either a COR



(i = O) or a CDR (¢ — D), and () indicates time av-
eraging over a 48 ps MD simulation. These products
clearly show the increase in pre-transition polar short-
range order which identifies the RFE state, with both
positive and negative dot products between ordered re-
gions in the RFE state because of the absence of long-
range polar order. Below the FE transition temperature,
the cluster-cluster dot products are all positive owing to
long-range polar order. The polarization dot products
between CDR are small and centered near zero except
below the FE transition temperature. Our results show
that the COR control the behavior of the relaxor state
and that strong i{; hinder cooperative Pb-displacements
and polarization fluctuations in the disordered matrix.

For comparison, Figure 4(d) is a plot of the P=18 GPa
results for PSN with ideal 1:1 and with random chemical
order. For ideal chemical order, all i{; = 0, hence the
collapse of isothermal variation in cluster-polarization
dot products, and a sharp PE-FE phase transition.
The chemically random configuration has a greater av-
erage value for local fields, (|h]) than configurations
with COR, and therefore exhibits cluster-polarization dot
products similar to those of the nanoscale-ordered system
at P=22 GPa. It has been observed experimentally that
chemical inhomogeneity enhances relaxor properties [8].
While the 18 GPa results in Fig. 4 support this conclu-
sion, polarization in nm-sized regions of random PSN at
low temperatures, plus results for random PSN at zero
pressure [16], suggest some relaxor character even in a
chemically random system.

The results in Fig. 2-4, were used to construct the
P vs. T phase diagram (Fig. 5): the FE=RFE phase
boundary (locus of Trg) was estimated from Fig. 2; and
the RFE=PE crossover (locus of Tg) [26] was estimated
from the temperatures at which distributions of COR po-
larization components changed from unimodal above to
bimodal below.

Experimentally, PSN that is cooled at ambient pres-
sure, exhibits RFE properties between ~ 365 K and ~
400 K, below which it transforms to a FE phase[17]. In-
creasing pressure increases the temperature range of the
RFE state and lowers the transition temperatures[18, 19].
Qualitatively, the results presented above are fully con-
sistent with experiment, although we see no evidence for
termination of the FE — RFE transition line at an iso-
lated critical point as suggested by [18]. Quantitatively,
several sources of error affect predicted transition tem-
peratures, while having no qualitative effect on our con-
clusions: 1) errors in first-principles calculations; 2) omis-
sion of anharmonic couplings with ionic degrees of free-
dom not included in H.yf, e.g. Nb displacements[20]; 3)
treatment of local electric fields as P-independent, when
in fact they vary as the inverse square of the lattice con-
stant, though the increase in (h;) at 20 GPa is less than
5 %. In addition, a more realistic representation of the
chemical short-range order (a distribution of sizes and
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FIG. 4: (Color online) PSN cluster-polarization dot products
as functions of temperature: O-O indicate products between
moments of two chemically ordered clusters, (So(t) - Sor(t));
O-D for products between one chemically ordered- and one
disordered cluster, (So(t) - Sp(t)); D-D is for two disordered
clusters, (Sp(t) - Sp/(t)). Lines link average products. (a) at
10 GPa the relaxor region is small. (b) at 18 GPa there is
a substantial relaxor region above a first-order phase transi-
tion. (c) at 22 GPa the transition is suppressed, and only the
relaxor region persists. (d) Is a plot of the P=18 GPa results
for: an ideally ordered system (above) which has no quenched
local fields; and a chemically random configuration (below).
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FIG. 5: Predicted pressure vs. temperature phase diagram for
PSN, indicating the ferroelectric to relaxor transition, and the
estimated Burns temperature.

shapes of COR; less than perfect order within the COR)
should result in a more gradual RFE=PE crossover.

The simulations that were used to calculate Fig. 5
also omitted zero-point corrections [21] which were shown
to lower transition temperatures, and to cause near in-
finite slopes in the phase boundaries of the pressure-
temperature phase diagram for BaTiO3 (dTrg/dP — oo
as Tpp — 0); as observed experimentally [22]. Be-
cause zero-point corrections only affect the normal FE
part of H.sr, they should have the same effect on the
FE—RFE phase boundary and the RFE—PE crossover
in our model.

Polarization histograms for the the ambient pressure
PMN study [10], are shown in Fig. 3(b). The results show
evidence for a PE-RFE crossover, but no FE phase ap-
pears even at low temperatures. Variability in the PMN
polarization distribution is larger than that for PSN. This
reflects significantly stronger random local fields in PMN,
both from the larger charge difference, Mg?* and Nb°*
in PMN vs. Sc3™ and Nb5T in PSN; and from significant
Mgy /3Nb; /3-sublattice disorder in COR in the random
site model [10, 15]. For PMN, our calculated T = 400K
is less than the experimental value of 670 K [11]. Despite
errors in characteristic temperatures, the experimental
phase diagrams of both PSN and PMN, including the
relaxor state, are qualitatively reproduced.

As discussed by Burton et al. [10] the competition be-
tween normal FE and RFE states is governed by the
relative strengths of the interactions that stabilize nor-
mal ferroelectricity, and the spatial average strength of
quenched local fields, <|l{;|>, that promote the RFE state.
Pressure smoothly and monotonically reduces FE well
depths [23-25] thus reducing the stability of the normal
FE phase, but it leaves the local fields essentially un-
changed. Thus, an increase in pressure corresponds to
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a relative increase in (|h;]); by reducing the competing
FE-stabilizing interactions. Therefore, increasing pres-
sure drives a FE system, that has sufficient local fields,
towards a fully RFE state without a FE ground state. In
PMN, local fields are larger than in PSN, and both our
model and experiment exhibit a fully relaxor state even
at ambient pressure.
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