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Relaxor ferroelectrics 

•  “ferroelectrics with a diffuse phase 
transition” 

•  giant dielectric permitivity
•  strong piezoelectricity

•  PMN (PbMg1/3Nb2/3O3)
•  PZN (PbZn1/3Nb2/3O3
•  PZN-8% PbTiO3

Pb
O Nb5+, Mg2+



Relaxor ferroelectrics 

•  joint X-ray & neutron Rietveld refinement
•  good Bragg agreement
•  poor profile agreement

Bonneau et al., JSSC 91, 350 (1991)

PMN
(PbMg1/3Nb2/3O3)

DIFFUSE PHASE TRANSITION IN PbMg,,,Nbz,lO, 353 
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FIG. 3. Modulated background observed at 307 K on the neutron diffraction pattern. 

I .lOmh K-l. A noticeable jump of a, or (Y 
around 200 K as observed by Shebanov was 
not seen (I). However, our results are in 
excellent agreement with the dilatometric 
study reported by Cross (10) who observes 
that the rate of thermal strains S,, of PMN 
ceramic is found to continuously decrease 
below 610 K, as is shown in Fig. 5b. The 
author attributes this reduction to the elec- 
trostrictive consequence of an increasing 
root mean square polarization fl below 
this temperature. The identical thermal be- 
havior of the PMN at the macroscopic and 
microscopic levels seems to confirm this as- 
sumption. 

Refinement of the Structure 

Preliminary Considerations 

Taking into account the disordered posi- 
tions of atoms pointed out in the previous 

structural study (2) and the limited number 
of reflections (the Bragg peaks were ob- 
served up to the 440 reflection) the atomic 
displacements and the thermal parameters 
B cannot be easily separated in the struc- 
tural refinement calculations. Then, the B 
values found at various temperatures for 
other perovskite compounds, similar to 
PMN, i.e., PbTi03 (11, 12) and BaTi03 (13), 
have been used. So, the isotropic B param- 
eters have been fixed for all the calcula- 
tions. The refined parameters were: an 
overall scale factor, three profile parame- 
ters, the counter zero error, and the atomic 
positions. The background was measured 
on each pattern out of Bragg peaks, and it 
was interpolated between these values. 

The preliminary refinement has been per- 
formed with the neutron diffraction data at 
307 K, in the same way as for the X-ray 
diffraction data. When all atoms are fixed 
on their special positions in the space group 

DIFFUSE PHASE TRANSITION IN PbMg,,,Nbz,,O, 

TABLE I 

RESULTS OF THE POWDER NEWTRON DIFFRACTION REFINEMENTS OF PMN 
AT HIGH TEMPERATURE 

T(K): 307 400 500 600 700 800 

Cell parameter 
a (A) 4.0500(2) 4.0512(i) 4.0533(2) 4.0570(3) 4.0614(3) 4.066014) 
Atomic shifts (A) 0 
XPh (A) 0.337(2) 0.324(2) 0.316(2) 0.310(2) 0.306(2) 0.290(3) 

XNb 0.130(4) 0.137(4) 0.132(4) 0.140(4) 0.135(5) 0.147(4) 

X0,,” 0.190(3) 0.196(3) 0.200(3) 0.206(3) 0.21 l(2) 0.194(2) 
X 0.073(4) 0.066(4) 0.064(5) 
Is:ropic thermal parameters (A>) (not refined) 

0.060(6) 0.058(6) 0.053(6) 

6% 0.68 0.94 1.20 I .47 1.79 2.40 
&.Q/Nh 0.32 0.39 0.53 0.59 0.76 0.79 
Bo 0.49 0.58 0.71 0.82 1.00 1.50 
Reliability factors (%) 
RPh 6.12 5.65 5.76 5.88 5.64 5.58 
R,, 9.64 9.30 9.32 9.35 8.98 8.97 
Rd 2.65 2.47 2.55 2.52 2.57 2.83 
R expP 4.14 4.16 4.17 4.19 4.22 4.24 

0 Xo,,: oxygen shifts in the planes parallel to the faces of the cube. X,,,: oxygen shifts 
along the directions perpendicular to the faces. 

h Profile Rp = 100 x C(Y,,, - Y,,,,)/CY,,,. 
c Weighted profile R,,, = 100 X {[CH~Y~~~ - Ycalc)Z/(C~~Yu,,2)]}"2. 
’ Bragg Ra = 100 x C(I,,, - I,.,J/CI,,,. 
c Expected Rexp = 100 x [(N - P)Icw(Y,,,)*]'". I ob,, I,,,,, observed and calculated 

integrated intensities; w, weight allocated to each data point; N, number of profile points; 
P, number of parameters. 
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factors seem to be quite correct: R,, which 
is the minimized factor, increases from 8.97 
to 9.64% with decreasing temperature and 
Re is about 2.6%. The fit between observed 
and calculated diffraction profiles is satis- 
factory. The shifts of Pb atoms along the 
(1 lo} (or (I 11)) directions are 0.29 A at 800 
K and increase up to 0.34 A at 307 K. The 
Nb/Mg atom shifts are about 0.13 A in the 
whole temperature range and seem to be 
isotropic. For the oxygen atoms, the shifts 
are isotropic and remain close to 0.20 A in 
planes parallel to the faces of the cube. In 
the perpendicular direction the shifts are 
close to 0.06 A. At 307 K the B-O lengths 
deduced from these shifts are between 2.20 
and 1.86 A. It is noteworthy that the B site 
of the perovskite is occupied by NbS+ or 

Mg2+ cations which are chemically differ- 
ent: taking into account their ionic radii (re- 
spectively 0.64 and 0.72 A according to 
Shannon and Prewitt (14)) and their differ- 
ence in electronegativity (respectively 1.6 
and 1.2 in the Pauling scale (15)), the Nb-0 
bonds are expected to be shorter than the 
Mg-0 ones and especially the Nb-0 bonds 
which share their oxygen atom with a Mg2+ 
cation (16). So, the evaluated Nb-0 bond 
lengths seem to be quite correct. For the 
Pb-0 bonds, the lengths are between 2.32 
and 3.40 A, which may be compared to the 
Pb-0 bonds of the tetragonal PbTi03; this 
oxide exhibits four short Pb-0 bonds of 
2.52 A, four bonds of 2.80 A and four bonds 
of 3.22 A. This important anisotropy in the 
Pb-0 bond lengths is originated by the ex- 

BONNEAU ET AL. 

FIG. 6. Disordered cubic structure of the PMN in the 
paraelectric phase. 

istence of a lone pair on the Pb*+ cations, 
which tends to promote a tetragonal pyram- 
idal geometry. 

Therefore the chosen structural model 
seems to be quite correct. The disordered 
structure of the high temperature phase is 
presented in Fig. 6 where atomic displace- 
ments are magnified by a factor 1.5. This 
model is very close to that proposed by Itoh 
et al. (13) for the cubic phase of BaTi03: 
atomic shifts of the A and 0 atoms of the 
perovskite are greater in PMN than in 
BaTi03 and the oxygen atoms lie in two 
planes parallel to the faces of the cube in 
the PMN instead of remaining within the 
faces for BaTi03. This might be due to the 
existence in PMN of two cations of differ- 
ent nature instead of one on the B site of the 
perovskite. 

Low-Temperature Phase 

Considering the absence in the diffrac- 
tion patterns of splitting or shoulder charac- 
teristic of the ferroelectric phase, the pre- 
vious cubic model has been used in a first 
step. The refinement results from the X-ray 
diffraction data are given in Table II. The 

Pb atom shifts and the reliability factors in- 
crease when the temperature decreases. 
The evolution of the Nb atom shifts versus 
temperature is irregular. For the refinement 
of the structure from the neutron diffraction 
data collected on the DlA diffractometer 
between 307 and 5 K, the results are given 
in Table III. The main features are: 

(i) At 307 K the R, factor is lower than 
that obtained with data recorded on the 
D2B diffractometer, which has better reso- 
lution. This is noticeable at the bases of the 
lines as is shown in Fig. 4. 

(ii) From 307 to 5 K the R factors contin- 
uously increase, revealing that the disor- 
dered cubic model becomes less and less 
satisfactory. 

(iii) The shifts of Pb and 0 atoms increase 
slightly when the temperature decreases. 

(iv) The shifts of the Nb/Mg atoms are 
very small and become not detectable at 
low temperature. 

We have then investigated other different 
structural models, particularly a multiaxial 
rhombohedral structure of space group 
R3m. With such a model, the following 
results at 5 K have been obtained: 

TABLE II 

RESULTSOF THEPOWDERX-RAY DIFFRACTION 

REFINEMENTSOFPMNAT Low TEMPERATURE 

(CUBICP~~WZSTRUCTURE) 

T(K): 5 83 240 295 

Cell parameter 

(1 (‘Q 4.0499(2) 4.0499(2) 4.0501(2) 4.0501(2) 
Atomic shifts (A) 

XPb 6) 0.366(2) 0.362(l) 0.343(l) 0.334(l) 0 
X,, (A) 0.220(3) 0.203(l) 0.175(l) 0.220(l) 
Isotropic thermal parameters (A*) (not refined) 

Bpb 0.33 0.42 0.60 0.67 
B MgiNb 0.15 0.19 0.29 0.31 

Bo 0.24 0.30 0.44 0.47 
Reliability factors (%) 

4 11.79 9.05 9.45 8.69 
R H'P 15.6 11.70 12.01 11.27 
RB 5.28 2.46 1.23 1.77 
R ew 4.08 4.66 4.76 4.13 



Polar nanoregions 

Jeong et al., PRL 94, 147602 (2005)

MgO NbO 
PbO 

PbO 

PbO 

Pb Mg/Nb 

from Bonneau et al. [22], which are reproduced in the
inset. Note the strong deviation of the data below T !
250 K, an indication of PNRs. This result is consistent
with 207Pb nuclear-magnetic-resonance (NMR) measure-
ments by Blinc et al. [23], which show a sudden increase of
the intensity of the polar cluster line below 210 K due to Pb
displacement along the "111# direction, both in-field
cooled and zero-field cooled 207Pb NMR spectra.
Neutron scattering measurements by Wakimoto et al.
[24] also suggest the presence of PNRs with a stable local
spontaneous polarization below T ! 220 K.

We modeled the PNRs using rhombohedral symmetry
(R model: space group R3m), wherein the Pb, Mg=Nb, and
oxygen octahedra are displaced along the h111i directions,
assuming rigid oxygen octahedra. Similar models of rhom-
bohedral correlations with h111i atomic displacements
[23,25,26] and noncollinear h100i displacements that av-
erage to rhombohedral symmetry [27] have been proposed
in Pb$Mg1=3Nb2=3%O3 and Pb$Sc1=2Ta1=2%O3, respectively.
Attempts to model our data using displacements of ortho-
rhombic symmetry (with Pb, Mg=Nb ions, and oxygen
octahedra displaced along h110i directions with the same
magnitudes as in the rhombohedral model) were unsuc-
cessful, with some PDF peaks being too strong and others
too weak.

In Fig. 2(c) we compare the R model PDF with the
experimental PDF at 650 K. For the R model PDF calcu-

lation the thermal parameters were taken from Bonneau
et al. [22], and the following atomic positions were used,
determined to best simulate the differences between low-
temperature PDFs and the PDF at 650 K: Pb (&0:0454,
&0:0454, &0:0454) and O (0.5246, 0.5246, 0.0246) with
Mg=Nb position fixed.

The PDF peaks of the R phase are quite distinct from
those at 650 K. In fact, the relative intensities of the PDF
peaks in the R phase and at 650 K resemble the low-
temperature and high-temperature end members shown in
Fig. 2(a), respectively. Therefore, if we assume that PNRs
are dispersed in a pseudocubic host lattice [23,25], growing
in size and volume fraction with decreasing temperature,
we expect that features of the R model PDF will become
more evident with decreasing temperature. This is exactly
what we observe in the experimental PDFs shown in
Fig. 2(a).

The volume fraction of the PNRs was estimated using a
simple model PDF: Gm ' !$T%GR ( "1& !$T%#GPC,
where GR and GPC are the rhombohedral and the host
pseudocubic (PC) model PDFs, respectively, and !$T% is
the volume fraction of the rhombohedral phase as a func-
tion of temperature. For the R model PDF calculations the
atomic coordinates given above were used for all tempera-
tures. For the host phase, 93Nb NMR measurements of
PMN by Laguta et al. [28] suggest that the ions are locally
displaced from their high symmetry cubic position above
the maximum temperature of the permittivity. Therefore,
we first introduced ionic displacements in a 10) 10) 10
unit cell via a reverse Monte Carlo fit to the experimental
PDF at 650 K, using the DISCUS program [29]. These ionic
displacements were then fixed, and the PC model PDF was
calculated at various temperatures using the thermal pa-
rameters from Bonneau et al. [22]. (The same thermal
parameters are used for both cubic and rhombohedral
phases.) After calculating both pseudocubic and rhombo-
hedral PDFs at a given temperature, !$T% was adjusted to
obtain the best match to the corresponding experimental
PDF. Figures 3(a)–3(c) show these comparisons at 500,
250, and 50 K in the r range up to r ' 16 !A. Considering
the simplicity of the model PDF calculations, the overall
agreement at various temperatures is very good.

In Fig. 3(d) we show the temperature dependence of
!$T%, along with the correlation length of local polariza-
tion determined by Xu et al., using neutron elastic diffuse
scattering [30], shown in the inset. The volume fraction
steadily increases with decreasing temperature, reaching
!30% at 15 K. This estimation is consistent with the value
obtained by Mathan et al. at 5 K [25]. The correlation
length " of local polarization shows a sharp increase from
"! 15 to "! 60 !A around T ! 200 K. Note that around
T ! 200 K, where the correlation length drastically in-
creases, !$T% reaches the percolation threshold Pc !
28% for spherical objects in three dimensions [31]. This
implies that, as the volume fraction of the PNR increases,
PNRs get closer and start to overlap with each other below

FIG. 2 (color). (a) Temperature dependence of the PDF spectra
of PMN at temperatures T ' 1000, 750, 650, 500, 313, 250, 190,
100, and 15 K. All PDFs were obtained with Qmax ' 25 !A&1.
(b) PDF peak height in the doublet between 8:0 !A<r<9:8 !A as
a function of temperature. The line is the expected average PDF
peak height using the thermal parameters in the inset. The inset
shows the thermal parameters of Pb (squares), Mg=Nb (circles),
and O (triangles) [22]. (c) Comparison of rhombohedral (R
model) PDF (R) with the experimental PDF (Exp) at 650 K.

PRL 94, 147602 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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TOF neutron scattering  
NPDF (LANSCE) 

T > 300 K    Qmax = 25 Å-1 

T < 300 K    Qmax = 30 Å-1 

PMN
(PbMg1/3Nb2/3O3)



Talk outline 

1.  Introduction (motivation) 

2.  Elements of scattering theory 

3.  Experimental aspects 

4.  Interpretation 

•  intuitive (qualitative) analysis 

•  reverse MC structure reconstruction 

•  molecular dynamics simulation 

5.  Concluding remarks 



Scattering by a single nucleus 

€ 

dσ
dΩ

=
v b2 dΩ
Φ dΩ

= b2

€ 

σtot =
dσ
dΩ4π
∫ dΩ = 4πb2

total cross-section: 

differential cross-section: 

incident flux: 

€ 

Φ = v ψ inc
2

= v

scattered flux through dS: 

€ 

v ψsc
2 dS = v b

2

r2
dS = vb2 dΩ

neutron velocity 
  

€ 

v =
hk
m



Neutron coherent inelastic scattering 

 magnetic cross section 
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 These are the most general expressions! 
They may serve as basis for numerical simmulations. 
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 nuclear cross section 
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Scattering functions 

scattering length density 

  

€ 

ρ
r r ( ) = bi

i
∑ δ

r r − r r i( )
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scattered amplitude 
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I
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scattered intensity 

spherical average (powder, liquid) 
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density-density correlation 
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scattering function, structure factor, ... pair distribution function (PDF) 
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Neutron vers. X-rays Neutrons vs. Xrays 



PDF: crystal vs. liquid 

courtesy L. Zhigilei, Virginia State university 

Au (gold) model calculation 

University of Virginia, MSE 4270/6270: Introduction to Atomistic Simulations, Leonid Zhigilei

Pair distribution function, g(r).  Examples.

Pair Distribution Function g(r) for liquid Au

University of Virginia, MSE 4270/6270: Introduction to Atomistic Simulations, Leonid Zhigilei

Pair distribution function, g(r).  Examples.

Pair Distribution Function g(r) for fcc Au at 300 K

Terminology suggested in [T. Egami and S. J. L. Billinge, Underneath the Bragg 
Peaks. Structural analysis of complex material ( Elsevier, Amsterdam, 2003)] is 
used in this set of lecture notes.

€ 

g r( ) =1+
1

2πNr2ρ0
bib j

i< j
∑ δ r − rij( )

crystal liquid 



PDF family 

courtesy L. Zhigilei, Virginia State university 

Au (gold) model calculation 

University of Virginia, MSE 4270/6270: Introduction to Atomistic Simulations, Leonid Zhigilei

Family of PDF: Reduced Pair Distribution Function 

Reduced Pair Distribution Function G(r) for liquid Au

R(r)  radial distribution function 

€ 

R r( ) = 4πr2ρ0 g r( )

G(r)  reduced pair distribution function 

€ 

G r( ) = 4πr2ρ0 g r( ) −1[ ]

crystal 

liquid 



Talk outline 

1.  Introduction (motivation) 

2.  Elements of scattering theory 

3.  Experimental aspects 

4.  Interpretation 

•  intuitive (qualitative) analysis 

•  reverse MC structure reconstruction 

•  molecular dynamics simulation 

5.  Concluding remarks 



Experimental 

λ = 0.5 Å   Q ≈ 0.3 – 24 Å-1 

typical acquisition time ≈ 3h 

D4 (ILL) 
observed intensity 

€ 

I Q( ) ≈ S Q( )

extracting g(r) 

modelling S(Q) 

€ 

S Q( ) =1+ 4πρ0 g r( ) sinQr
Qr

r2
0

∞

∫ dr

€ 

g r( ) =1+
1

2π 2rρ0
Q S Q( ) −1[ ]sin Qr( )

0

∞

∫ dr

•  reverse MC 
•  DFT/molecular dynamics 

•  qualitative discussions 

excellent stability indispensable! 



Experimental 

S(Q)-1 

I(Q) 

G(r) 

S(Q)-1 



Experimental 

S(Q)-1 

I(Q) 

G(r) 

S(Q)-1 

The devil is in the detail! 



Experimental 

G(r) 

r [Å] 

S
r B
a Nb(1)O6 

Nb(2)O6 

Sr0.5Ba0.5Nb2O6 (SBN-50) 
a ≈ 12.45Å, c ≈ 3.95Å 

tetragonal tungsten bronze 
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Polar nanoregions 

Jeong et al., PRL 94, 147602 (2005)

MgO NbO 
PbO 

PbO 

PbO 

Pb Mg/Nb 

from Bonneau et al. [22], which are reproduced in the
inset. Note the strong deviation of the data below T !
250 K, an indication of PNRs. This result is consistent
with 207Pb nuclear-magnetic-resonance (NMR) measure-
ments by Blinc et al. [23], which show a sudden increase of
the intensity of the polar cluster line below 210 K due to Pb
displacement along the "111# direction, both in-field
cooled and zero-field cooled 207Pb NMR spectra.
Neutron scattering measurements by Wakimoto et al.
[24] also suggest the presence of PNRs with a stable local
spontaneous polarization below T ! 220 K.

We modeled the PNRs using rhombohedral symmetry
(R model: space group R3m), wherein the Pb, Mg=Nb, and
oxygen octahedra are displaced along the h111i directions,
assuming rigid oxygen octahedra. Similar models of rhom-
bohedral correlations with h111i atomic displacements
[23,25,26] and noncollinear h100i displacements that av-
erage to rhombohedral symmetry [27] have been proposed
in Pb$Mg1=3Nb2=3%O3 and Pb$Sc1=2Ta1=2%O3, respectively.
Attempts to model our data using displacements of ortho-
rhombic symmetry (with Pb, Mg=Nb ions, and oxygen
octahedra displaced along h110i directions with the same
magnitudes as in the rhombohedral model) were unsuc-
cessful, with some PDF peaks being too strong and others
too weak.

In Fig. 2(c) we compare the R model PDF with the
experimental PDF at 650 K. For the R model PDF calcu-

lation the thermal parameters were taken from Bonneau
et al. [22], and the following atomic positions were used,
determined to best simulate the differences between low-
temperature PDFs and the PDF at 650 K: Pb (&0:0454,
&0:0454, &0:0454) and O (0.5246, 0.5246, 0.0246) with
Mg=Nb position fixed.

The PDF peaks of the R phase are quite distinct from
those at 650 K. In fact, the relative intensities of the PDF
peaks in the R phase and at 650 K resemble the low-
temperature and high-temperature end members shown in
Fig. 2(a), respectively. Therefore, if we assume that PNRs
are dispersed in a pseudocubic host lattice [23,25], growing
in size and volume fraction with decreasing temperature,
we expect that features of the R model PDF will become
more evident with decreasing temperature. This is exactly
what we observe in the experimental PDFs shown in
Fig. 2(a).

The volume fraction of the PNRs was estimated using a
simple model PDF: Gm ' !$T%GR ( "1& !$T%#GPC,
where GR and GPC are the rhombohedral and the host
pseudocubic (PC) model PDFs, respectively, and !$T% is
the volume fraction of the rhombohedral phase as a func-
tion of temperature. For the R model PDF calculations the
atomic coordinates given above were used for all tempera-
tures. For the host phase, 93Nb NMR measurements of
PMN by Laguta et al. [28] suggest that the ions are locally
displaced from their high symmetry cubic position above
the maximum temperature of the permittivity. Therefore,
we first introduced ionic displacements in a 10) 10) 10
unit cell via a reverse Monte Carlo fit to the experimental
PDF at 650 K, using the DISCUS program [29]. These ionic
displacements were then fixed, and the PC model PDF was
calculated at various temperatures using the thermal pa-
rameters from Bonneau et al. [22]. (The same thermal
parameters are used for both cubic and rhombohedral
phases.) After calculating both pseudocubic and rhombo-
hedral PDFs at a given temperature, !$T% was adjusted to
obtain the best match to the corresponding experimental
PDF. Figures 3(a)–3(c) show these comparisons at 500,
250, and 50 K in the r range up to r ' 16 !A. Considering
the simplicity of the model PDF calculations, the overall
agreement at various temperatures is very good.

In Fig. 3(d) we show the temperature dependence of
!$T%, along with the correlation length of local polariza-
tion determined by Xu et al., using neutron elastic diffuse
scattering [30], shown in the inset. The volume fraction
steadily increases with decreasing temperature, reaching
!30% at 15 K. This estimation is consistent with the value
obtained by Mathan et al. at 5 K [25]. The correlation
length " of local polarization shows a sharp increase from
"! 15 to "! 60 !A around T ! 200 K. Note that around
T ! 200 K, where the correlation length drastically in-
creases, !$T% reaches the percolation threshold Pc !
28% for spherical objects in three dimensions [31]. This
implies that, as the volume fraction of the PNR increases,
PNRs get closer and start to overlap with each other below

FIG. 2 (color). (a) Temperature dependence of the PDF spectra
of PMN at temperatures T ' 1000, 750, 650, 500, 313, 250, 190,
100, and 15 K. All PDFs were obtained with Qmax ' 25 !A&1.
(b) PDF peak height in the doublet between 8:0 !A<r<9:8 !A as
a function of temperature. The line is the expected average PDF
peak height using the thermal parameters in the inset. The inset
shows the thermal parameters of Pb (squares), Mg=Nb (circles),
and O (triangles) [22]. (c) Comparison of rhombohedral (R
model) PDF (R) with the experimental PDF (Exp) at 650 K.

PRL 94, 147602 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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PMN 
TOF neutron scattering  

NPDF (LANSCE) 

T > 300 K    Qmax = 25 Å-1 

T < 300 K    Qmax = 30 Å-1 

OO 



Polar nanoregions 

Evolution of the 
“rhombohedral” phase

Egami et al., PRL 94, 147602 (2005)
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reverse MonteCarlo 

R.L. McGreevy, J.Phys.: Condens. Matter 13 (2001) 201 

1.  generate a supercell with periodic boundary conditions, adequate 
structure, chemical composition & density 

2.  calculate its PDFs (referred to as “old” later on) 
3.  do FT to obtain the partial and total structure factors S(Q) or S(Q,w) 
4.  get χ2 between the total structure factor and experimental data 
5.  make a random change in the model (constraints!) 
6.  recalculate S(Q) and χ2  
7.  accept modification if χ2

new < χ2
old, otherwise only with some weight, 

eg. exp[-(χ2
new - χ2

old)] 
8.  repeat from point 5 again until χ2

new matches χ2
old  

RMC principles 



RMC principles 

R.L. McGreevy, J.Phys.: Condens. Matter 13 (2001) 201 

evolution of an RMC model of g(r) 

R880 R L McGreevy

Figure 1. An example of RMC modelling of a simple test system. The configuration (two-
dimensional) is shown on the right and on the left gC(r) (solid curve) is compared to the target
data, gE(r) (broken curve), obtained by Metropolis Monte Carlo simulation using a Lennard-Jones
potential. The starting configuration is at the top, the final configuration at the bottom and two
intermediate configurations in between. In this example a total of 2500 accepted moves were made.
Note that gC(r) is statistically noisy due to the small model size.
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RMC implementation 

Th. Proffen, J.Phys.: Condens. Matter 13 (2001) 201 

RMCPA, RMCPOW, RMCSPIN 
R.L. McGreevy, J. Phys.: Condens. Matter 13 (2001) R877 
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relaxor with A-site disorder 

which represent atomic pair distribution functions), and the neutron
Bragg profile. The Bi and K EXAFS datasets were also included in the
fit to improve chemical resolution; the implementation of EXAFS
fitting in RMCProfile has been detailed in ref 29 (see also the
Supporting Information). For the EXAFS data, E0 and S0

2 were kept
fixed at their values obtained from the analysis in Artemis. The
calculated EXAFS signal included contributions from photoelectron
single-scattering paths for the nearest-neighbor A−O (A = K or Bi),
A−Ti, A−A, and next-nearest-neighbor A−O and A−A coordination
shells. For the K EXAFS, multiple scattering along the −K−O−K−
atomic chains was also included; for the Bi EXAFS, the effects of this
multiple scattering were determined to be negligible. Atomistic
models resulting from RMC refinements using total scattering and
EXAFS data represent structural snapshots. The reciprocal- and real-
space forms of the neutron and X-ray scattering data were corrected
for instrument resolution as described in ref 30; accurate resolution
corrections are critical for the determination of nanoscale displace-
ment correlations. The weights assigned to the individual datasets
were adjusted automatically during fits according to an algorithm that
employs a statistical analysis to ensure that each residual term
decreases over time to a small preset value.

■ RESULTS AND DISCUSSION
Tetragonal Phase. At room temperature, the Bragg peaks

of KBT could all be accounted for by a tetragonal structure
with a c/a ratio of ≈1.019. Figure 1a displays a temperature
dependence of d-spacings for the 112 and 121 tetragonal
reflections. On heating, an abrupt transition to the cubic
structure is observed around 360 °C, with the two reflections
merging into a single peak. The width of this peak (i.e., cubic
112) continues to decrease upon heating up to ≈420 °C
(Figure 1b), suggesting the existence of a pseudo-cubic state

between 360 and 420 °C. Above 420 °C, the structure is
presumably cubic.
Figure 2 presents variable-temperature X-ray PDFs (Figure

2a) and selected partial PDFs (Figure 2b) recovered from the
RMC refinements. The X-ray PDF, which is dominated by
distances involving the heavy Bi atoms, reveals the presence of
short ≈2.2 Å Bi−O bonds that are typical for Bi−O
coordination in perovskites and point to strong Bi off-centering
(Figure 2a). Such short Bi−O bond lengths are also confirmed
by the Bi EXAFS data, consistent with previous reports.6 In
contrast, the K EXAFS indicates a weakly distorted K
coordination with an average K−O distance of ≈2.8 Å. The
tetragonal P4mm model provides a satisfactory fit to the X-ray
PDF except for r < 10 Å, as can be expected from the strongly
dissimilar distortions around Bi and K. The distance
dependence of the c/a ratio obtained by box-car fitting of
the X-ray PDF using this model was less pronounced than that
reported previously;18 the discrepancy can be attributed to a
more homogeneous nature of the present samples as
manifested in the relatively abrupt phase transition.
Multiple-technique RMC fitting resulted in close agreement

between the experimental and calculated signals for all of the
datasets (Figure 3). The quality of the PDF fits is maintained
over the entire r-ranges. Partial PDFs calculated from the
refined atomic coordinates confirm significant Bi off-centering,
which contrasts with the relatively undistorted [KO12]
coordination (Figure 2b). Consistent with previous reports,
the distribution of the Bi−O bond lengths (Figure 2b) changes
little between the tetragonal and cubic structures.

Figure 1. (a) Temperature dependence of the d-spacings for the 112 and 121 tetragonal reflections in the neutron diffraction patterns. On heating,
the reflections merge at ≈360 °C, which signifies a phase transition to the cubic polymorph. (b) Temperature dependence of the full width at half-
maximum for the cubic 112 peak. The error bars reflect a single standard deviation as determined by the fitting procedure; for the d-spacings, these
errors are within the symbol size.

Figure 2. (a) Low-r portions of the X-ray PDFs at a series of temperatures (indicated using different colors) between 25 and 500 °C. Higher
temperatures can be recognized by broader Bi−Ti peaks. The short Bi−O bond lengths of ≈2.2 Å persist up to at least 500 °C. (b) Low-r portions
of the selected partial PDFs at 25 °C (thick lines) and 500 °C (thin lines) as calculated from the refined atomic coordinates. (red) Ti−O; (green)
Bi−O; and (blue) K−O.
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Figure 4 summarizes PDDs of Bi determined from the
refined atomic coordinates for several representative temper-
atures. The room-temperature PDD acquires a square
pyramidal shape with the main maximum displaced by ≈0.5
Å from the ideal centrosymmetric position along the c-axis
(Figure 4a). Systematic slicing of this PDD perpendicular to
the c-axis reveals the nine subsidiary maxima (shown
schematically in Figure 5), with four of them, having a higher
density, offset approximately along the ⟨111⟩ directions and
the remaining five displaced along the ⟨100⟩ directions other
than [001] (Figures 4a and 5a). Figure 6 displays a
stereographic map of the Bi displacements relative to the
ideal cubic position. In addition to the dominant shifts along
the tetragonal c-axis (i.e., the cubic [001] direction), a clear
preference for the ⟨111⟩ directions is evident. Thus, at room
temperature, the Bi atoms in the tetragonal phase are
distributed (with unequal probability) among the 10 split
sites (Figure 5).
The PDDs of K, Ti, and O display no visible anomalies. As

typical for perovskites, O atoms exhibit larger displacements

normal to the Ti−O bonds. Magnitudes of atomic displace-
ments depend on the local K/Bi chemistry, as illustrated in
Figure 7. The local Ti off-centering within the oxygen
octahedra increases with an increasing number of Bi atoms
around Ti (Figure 7a); this effect can be ascribed to the
oxygen-mediated correlations among the Bi and Ti displace-
ments so that the off-centering of Bi promotes that of Ti.
Similar trends have been reported previously for several other
perovskite solid solutions that contain off-centered species on
both octahedral and cuboctahedral sites.31,32

Figure 8 shows displacement fields for the [010]-columns of
Bi atoms projected onto the (010) plane. The arrows describe
the displacements of the column projections from their
positions in the cubic structure. For the tetragonal phase
(Figure 8a), the z-axis coincides with the [001] direction. As
evident in Figure 8a, the z-axis displacement components for
all of the columns are positively correlated, consistent with a
tetragonal structure. However, the off-axis displacements also
exhibit strong positive correlations, yielding nanoscale regions
(similar to the one encircled in the figure) with significant

Figure 3. (a−d) Experimental (red) and calculated (blue) signals for KBT at 25 °C: (a,b) neutron total scattering and PDFs, respectively; (c,d) X-
ray total scattering and PDFs, respectively. The residual curves are shown in green. (e,f) Experimental (dashed) and calculated (solid) signals of the
EXAFS FTs for Bi and K, respectively. The magnitude, real, and imaginary parts of the FT are indicated using red, green, and blue colors,
respectively. The k-space EXAFS data have been multiplied by k prior to the FT. The k-ranges used in the FT are from 2.78 to 10.65 Å−1 for K and
from 3.13 to 11.04 Å−1 for Bi; in both cases, the r-space fitting ranges were from 1 to 3.5 Å, which encompass the first three coordination spheres
around the A-cations. All of the calculated signals correspond to the same atomistic model. Note: The presence of at least some discrepancies
between the experimental and calculated signals is expected given the inevitable systematic errors in each dataset plus those introduced by the
assumptions (e.g., data weighing) involved in data fitting.
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“The presence of at least some discrepancies between the experimental and calculated signals is  
expected given the inevitable systematic errors in each dataset plus those introduced by 

 the assumptions (e.g., data weighing) involved in data fitting.” 
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correlated and branch off to directions that form large angles
with the tetragonal axis. At 300 °C, the net Bi off-centering is
reduced relative to its value at room temperature with a
concurrent increase in the probability density at the off-axis
⟨100⟩ maxima of the Bi PDD (Figure 4b); that is, heating
promotes the disorder of Bi among the split sites. Given the
strong correlations among the Bi and Ti displacements, a
similar behavior is expected for Ti; however, its split sites

remain unresolvable likely because of the relatively small values
of the Ti displacements. In contrast to room temperature, at
300 °C, no detectable concentration of the probability density
is observed for the ⟨111⟩ Bi displacements. Therefore, the
preferred displacement directions change from ⟨100⟩ to ⟨100⟩
+ ⟨111⟩ between 300 and 25 °C. We call this type of change
“branching”. Branching displacements modify a form of the
corresponding PDD without affecting average symmetry as

Figure 7. (a) Ti off-centering (T = 25 °C) and (b) displacements of Bi off the ideal cubic positions (T = 500 °C) as a function of the Bi content in
the local (Bi, K) coordination sphere. The trend for the Ti off-centering shown in (a) is preserved in the cubic phase.

Figure 8. Displacement fields for projections of the [010] Bi columns onto the (010) planes for the tetragonal (a) and cubic structures (b) at 25
and 500 °C, respectively. The axes indicate the lateral scale in Å. The arrows indicate the displacements of the column projections relative to their
ideal average positions in the cubic structure. For the tetragonal case, the c-axis is along z. In (a), an example area with strong positive correlations
of the off-axis displacements is encircled. In (b), circles also outline areas with the strong positive correlations of displacements.

Figure 9. (a) Histograms of distance distributions only for the Bi atoms that are displaced within a cone (20° semiangle) centered on one of the
four ⟨111⟩ directions preferred by the Bi displacements at 25 °C. The histograms were first calculated for each ⟨111⟩ direction separately and then
averaged together; the error bars represent two standard deviations that correspond to this averaging. The red and blue colors correspond to the as-
refined and shuffled configurations. (b) Similar histograms for the cubic phase at 500 °C but with the Bi-displacement cones centered on the ⟨100⟩
directions. In both cases, the plots display only the short-distance portions of the histograms which were calculated out to 16 lattice parameters.
The total numbers of atoms that contribute to the histograms over the entire distance range are the same for as-refined and shuffled configurations.
However, the numbers of these atoms separated by short distances are significantly larger for the former. For both temperatures, histograms reveal
the presence of extended spatial correlations among the corresponding Bi displacements.
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Local atomic order and hierarchical polar
nanoregions in a classical relaxor ferroelectric
M. Eremenko1, V. Krayzman1, A. Bosak2, H.Y. Playford3, K.W. Chapman 4, J.C. Woicik1, B. Ravel1 & I. Levin1

The development of useful structure-function relationships for materials that exhibit corre-

lated nanoscale disorder requires adequately large atomistic models which today are

obtained mainly via theoretical simulations. Here, we exploit our recent advances in

structure-refinement methodology to demonstrate how such models can be derived directly

from simultaneous fitting of 3D diffuse- and total-scattering data, and we use this approach

to elucidate the complex nanoscale atomic correlations in the classical relaxor ferroelectric

PbMg1/3Nb2/3O3 (PMN). Our results uncover details of ordering of Mg and Nb and reveal

a hierarchical structure of polar nanoregions associated with the Pb and Nb displacements.

The magnitudes of these displacements and their alignment vary smoothly across the

nanoregion boundaries. No spatial correlations were found between the chemical ordering

and the polar nanoregions. This work highlights a broadly applicable nanoscale structure-

refinement method and provides insights into the structure of PMN that require rethinking

its existing contentious models.
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•  neutron total scattering - powder, POLARIS (ISIS) 
•  SR total scattering – powder, 11-ID-B (APS) 
•  SR diffuse scattering - single crystal, ID29 (ESRF) 
•  EXAFS – Pb-L3 & Nb-K edges, BL06 (NSLS-II) 
•  electron microscopy – SEM & TEM (300kV)  

Experimental data 
•  standard data reduction software 
•  joint reverse MC structure refinement   
•  supercell 40x40x40 cells (320 000 atoms) 
•  RMCProfile software (dev version) 
•  extensive use of GPU computing 

Analysis & modelling 
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chemical Mg2+/Nb5+ 

short-range order 

characteristic shapes near the Bragg reflections (i.e., butterfly for
h00 and ellipsoidal for hh0) are reproduced but also the weak
diffuse peaks at ½hkl (h= 2n+ 1, k= 2n+ 1, l= 2n) positions
(Supplementary Fig. 3) and the overall Q-dependence of the
diffuse intensity (Supplementary Fig. 4). Similar high-quality fits
were obtained for 200 K.

Chemical ordering of Mg and Nb. While the existence of CORs,
2 –6 nm in size, can be regarded as well established, the details of
the ordering, which influences the random electric fields and, in
turn, the polar displacements26, are less certain. Recent results
from atomic-resolution imaging in a scanning transmission
electron microscope (STEM)27,28 and from 3D imaging using X-
ray resonant scattering29 both support a partially ordered NaCl-
type 1:1 arrangement with alternate {111} planes occupied pre-
ferentially by Nb and a 2:1 Mg/Nb mixture, respectively (Fig. 2a).
From the STEM images28, the CORs appeared to exhibit a
smoothly varying order parameter, being separated by wide anti-
phase boundaries, rather than by a disordered matrix.

In reciprocal space, the cation ordering is manifested in the
diffuse peaks at ½hkl (h= 2n+ 1, k= 2n+ 1, l= 2n+ 1) that are
prominent in the single-crystal diffuse-scattering patterns (Fig. 1).
We started with a random distribution of Mg and Nb on the
octahedral sites and fitted these 3D peaks while swapping the
locations of the two cations according to the RMC procedure.
No atomic moves other than the Mg/Nb swaps were allowed
at this stage. The distance dependence of the Warren–Cowley

short-range order parameter30 calculated for the refined config-
uration (Fig. 2b) confirms the rocksalt-type ordering and suggests
the presence of CORs, ≈2 –3 nm in size, without a disordered
matrix. The order parameter for the first coordination sphere is at
≈70% of its maximum possible value. Similar results were
obtained by starting with a rocksalt-type ordered arrangement of
Nb and Mg instead of their random distribution.

We used a local short-range ordering metric, η, calculated
similarly as described in ref. 28, to visualize a spatial distribution
of the ordered regions. A 3D map of this metric for the refined
configuration (Fig. 2c) reveals the CORs, which appear as the
quenched spatial fluctuations of the order parameter, while the
degree of ordering varied continuously across the system. We
compared our results with those inferred from the experimental
STEM images by calculating a (110) projection of our configura-
tion box, with the projected atomic columns assigned intensities
according to their average atomic numbers (Z) squared. The
resulting image, which we call a Z-map, approximates the Z-
contrast in STEM high-angle annular dark-field images (Supple-
mentary Fig. 5a). The Fast Fourier transform (FFT) of this Z-map
yields the ½½½-type superlattice diffuse spots like those obtained
experimentally. Comparison of the calculated map and the
experimental image, both FFT-filtered using these spots,
demonstrates their qualitative agreement (Supplementary Fig. 5).
Moreover, a map of the 2D ordering metric (Fig. 2d), calculated
exactly as suggested in ref. 28, closely matches a similar map
obtained by these authors from the experimental images
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Fig. 2 Characteristics of the chemical ordering of Mg and Nb. a A schematic rendering of the rocksalt-type partial ordering of Nb and Mg, with the alternate
{111} planes occupied by Nb (blue octahedra) and the Mg2/3Nb1/3 (magenta octahedra) mixture, respectively. The Pb atoms are represented using yellow
spheres. b The Warren–Cowley (W-C) short-range order parameter30 for the distribution of Mg and Nb, calculated as a function of interatomic distance
for the refined configuration. A characteristic length, D, that corresponds to the effective size of chemically ordered regions is indicated. c A 3D distribution
of the local chemical short-range order parameter, η (see the Methods section), which varies continuously across the regions of enhanced order. d A 2D
map of the local order parameter calculated from the projected Z-map (see text) for the refined configuration as described in ref. 27. The x and z axes
correspond to the [001] and [110] directions, respectively. This map agrees well with its analog derived from the experimental scanning transmission
electron microscopy images26,27
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(the thickness of their TEM samples was comparable with the
dimension of our configuration box along the projection
direction). Therefore, we concluded that the presently obtained
models accurately represent the state of ordering in PMN and
have adopted them for further refinements of atomic displace-
ments (performed without any swap moves); the same Mg/Nb
distribution was used for both 300 K and 200 K since the metal-
ion diffusion at these temperatures is negligible.

Cation displacements and PNRs. Partial metal–oxygen PDFs
(Fig. 3a) calculated from the refined atomic coordinates confirm
that both Pb and Nb are off-centered within the respective oxygen
coordination polyhedra (cuboctahedra for Pb and octahedra for
Nb), while Mg remains approximately central. The double-peak
Pb–Mg and single-peak Pb–Nb distributions indicate much
stronger off-centering of Pb relative to its Mg neighbors as
compared with Nb, which is in line with the recent inferences
from quantitative STEM imaging27. On average, all the cations
retain their ideal cubic positions. Locally, however, both Pb and
Nb atoms are displaced preferentially along the 〈111〉 directions,
and this preference becomes more pronounced on cooling from
300 K to 200 K (Fig. 3b; Supplementary Fig. 6); the displacements
of Mg appear to be isotropic. The probability density distribution
(PDD) of Pb features eight well-separated 〈111〉 maxima (Fig. 3c)
with the Pb atoms offset by ≈0.3 Å from the ideal cubic position.
In contrast, the PDDs of Nb and Mg appear as a single peak. The
Nb PDD exhibits a flattened top, which suggests either a flat
potential well or an unresolved Nb-site splitting, whereas the Mg

distribution is Gaussian. The root-mean-square displacements of
Nb and Mg are ≈0.19 Å and ≈0.11 Å, respectively.

The observed off-center displacements of Pb2+ and Nb5+ agree
with the known tendencies of these cations to form short,
strongly covalent bonds with oxygen via hybridization of their
respective 6s and 4d states with O 2p states. The magnitudes of
the local Pb displacements increase with the Mg/Nb ratio in the
[PbNb8-nMgn] clusters (Fig. 3d), with a similar dependence
obtained for both 300 K and 200 K. This trend can be attributed
to the lower ionic charge of Mg and hence its less covalent bond
with oxygen, which results in increasingly underbonded-oxygen
atoms as n increases; therefore, larger Pb shifts are required to
satisfy the oxygen-bonding requirements. Concurrently, Mg2+
has a larger ionic radius (≈0.70 Å) than Nb5+ (≈0.64 Å)31
resulting in the larger size of the cuboctahedral cages for the
Mg-rich configurations; this ionic-radii difference is comparable
to the difference in the values of Pb displacements for n= 0 and
n= 7 (Fig. 3d).

The underbonded-oxygen argument also applies to the effects
of Pb off-centering on the ordering of Mg and Nb. This off-
centering, which modifies the bonding state of oxygen, has been
previously suggested to stabilize the Mg/Nb configurations that
could be electrostatically less favorable32. In fact, competition
between long-range electrostatic and short-range Pb–O interac-
tions could be a reason for favoring a partially ordered 1:1 type
array of Mg and Nb over the completely ordered 1:2 layered
arrangement. Thus, the existence of a relationship between the
degree of Mg/Nb ordering and at least the static Pb displacements
is chemically reasonable. We do observe that the overall Pb
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displacements in the instantaneous configuration are enhanced
in the cores of CORs if only slightly; the small magnitude of
this effect is determined by the continuously varying degree of
ordering (see Supplementary Fig. 7 for a detailed analysis).

The 3D Pb-displacement correlations in the form of dense
nanoscale regions are evident from considering the local
alignment metric, α, defined as the average of the angles between
the displacement vectors of a given atom and each of its
neighbors within a sphere of a certain radius. Figure 4a displays
the Pb atoms with α < 45° (for the first Pb–Pb coordination shell)
that have been identified by the HDBSCAN algorithm33 to form
dense, spatially distinct clusters (labeled using different colors). In
this representation, PMN appears as an assemblage of regions,
about 4–6 nm in size, featuring the locally aligned displacements;
we will call these regions α-PNRs. The displacements of Nb are
strongly and positively correlated with those of Pb (Supplemen-
tary Fig. 8). Presumably, these correlations are driven by the
bonding requirements of the oxygen atoms.

The values of α are minimal near the centers of α-PNRs and
increase gradually toward their boundaries. The magnitude of the
Pb displacements scales inversely with α (Fig. 4b). Overall this
picture agrees with the results of the recent MD studies17, which
suggested a high incidence of domain walls without a disordered
matrix. Projections of the Pb-displacement field onto the {110}
planes also agree with the displacement patterns identified in the
recently published STEM images27 (Fig. 4c). Figure 4b (inset)
illustrates smooth variation of the displacement magnitude across
the α-PNR boundary. Our refinements at 200 K, which is below
the freezing temperature Tf≈230 K, reveal significant growth of
the α-PNRs with a concurrent increase in the magnitudes of the
Pb displacements (Supplementary Fig. 9). This observation agrees
with the previously reported experimental and modeling data on
the temperature behavior of PMN. Also, the estimated sizes of α-
PNRs are comparable with the correlation lengths identified in
earlier studies using parameterized fits of variable-temperature
neutron PDFs9.
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FIG. 3. Neutron pair distribution function G(r) results of
SBN100x. (a) Temperature dependence of G(r) for SBN50; (b) detail
of G(r) showing a range of distances with the most pronounced
changes; (c) full G(r) of SBN35, SBN50, and SBN61 at 50 K.

50–570 K (Tc ∼ 381 K [13]) is presented in Fig. 3(a). While
the positions of most peaks remain unchanged, some decrease
of heights and broadening can be observed at higher tem-
peratures which is commonly ascribed to increasing thermal
motion amplitudes. This is especially evident for the O-O peak
at ∼2.77 Å. Interestingly, the Nb-O peak with the maximum
at ∼1.95 Å shows different behavior with smaller temperature
dependence. The most pronounced temperature dependence
is observed at distances 5.25–6.75 Å and 8.25–9 Å [enlarged
in Fig. 3(b)] where the height of the peaks is reshuffled and
an additional peak emerges at ∼6.5 Å on cooling. For SBN50
this peak appears at temperatures between 400 and 500 K (see
Fig. 4), while its separation begins at higher temperatures
for SBN61 and lower for SBN35 clearly implying Sr-content
dependence. In Fig. 3(c) the G(r)’s for the three studied com-
positions at 50 K are compared showing that the difference
between them is rather small, nevertheless it is the biggest for
the distances that are the most temperature dependent. The
peak at ∼6.5 Å is clearly the largest for SBN61. At the same
time most of the PDF peaks get wider with increasing Sr
content confirming the more disordered character of Sr-rich
SBN.

As a first step towards understanding the experimental PDF
we compare it with the G(r) profiles obtained for known
structure solutions. We take into account two structures re-
fined from data collected at room temperature: SBN48 av-
erage solution within the P4bm space group [10] and the
SBN52 modulated structure [48]. In the case of the latter
solution a 3 × 3 × 1 approximant created with the program
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FIG. 4. Temperature evolution of G(r) for SBN35, SBN50, and
SBN61 powders. The interpolated maps show the influence of Sr
content on the emergence of a peak at ∼6.5 Å.

JANA2006 [49] has been used. We used the program PDFFIT
[47] to refine nonstructural parameters (scale, dampening, and
peak-broadening factors) and get closest possible fits to the
experimental data. These are presented in Fig. 5. As a first
observation we note that the two refined profiles are very
similar to each other. They both agree with some parts of
the experimental PDF while substantially deviating at certain
distances, especially between 5 and 10 Å, with the worst fit for
the values of r for which the highest temperature sensitivity
is observed. Additionally a discrepancy in peak widths and
heights is observed for the Nb-O peak at 1.95 Å and the
peak at 2.77 Å for which the main contribution comes from
O-O distances within an octahedron. The first peak is sharper
than in the experiment, while it is the opposite in the case
of the second, indicating that both models underestimate the
spread of Nb-O bond lengths and overestimate distortion of
the octahedra.

IV. RESULTS OF FIRST-PRINCIPLE CALCULATIONS

The local structure of SBN is inevitably affected by the
Sr/Ba occupational disorder as well as by the presence of
vacancies. This fact together with rather broad features of
the PDFs suggest that a direct fitting of a model to the
collected data is a complicated endeavor. We turn, therefore,
to first-principles calculations which allow for a model-free
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50–570 K (Tc ∼ 381 K [13]) is presented in Fig. 3(a). While
the positions of most peaks remain unchanged, some decrease
of heights and broadening can be observed at higher tem-
peratures which is commonly ascribed to increasing thermal
motion amplitudes. This is especially evident for the O-O peak
at ∼2.77 Å. Interestingly, the Nb-O peak with the maximum
at ∼1.95 Å shows different behavior with smaller temperature
dependence. The most pronounced temperature dependence
is observed at distances 5.25–6.75 Å and 8.25–9 Å [enlarged
in Fig. 3(b)] where the height of the peaks is reshuffled and
an additional peak emerges at ∼6.5 Å on cooling. For SBN50
this peak appears at temperatures between 400 and 500 K (see
Fig. 4), while its separation begins at higher temperatures
for SBN61 and lower for SBN35 clearly implying Sr-content
dependence. In Fig. 3(c) the G(r)’s for the three studied com-
positions at 50 K are compared showing that the difference
between them is rather small, nevertheless it is the biggest for
the distances that are the most temperature dependent. The
peak at ∼6.5 Å is clearly the largest for SBN61. At the same
time most of the PDF peaks get wider with increasing Sr
content confirming the more disordered character of Sr-rich
SBN.

As a first step towards understanding the experimental PDF
we compare it with the G(r) profiles obtained for known
structure solutions. We take into account two structures re-
fined from data collected at room temperature: SBN48 av-
erage solution within the P4bm space group [10] and the
SBN52 modulated structure [48]. In the case of the latter
solution a 3 × 3 × 1 approximant created with the program
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JANA2006 [49] has been used. We used the program PDFFIT
[47] to refine nonstructural parameters (scale, dampening, and
peak-broadening factors) and get closest possible fits to the
experimental data. These are presented in Fig. 5. As a first
observation we note that the two refined profiles are very
similar to each other. They both agree with some parts of
the experimental PDF while substantially deviating at certain
distances, especially between 5 and 10 Å, with the worst fit for
the values of r for which the highest temperature sensitivity
is observed. Additionally a discrepancy in peak widths and
heights is observed for the Nb-O peak at 1.95 Å and the
peak at 2.77 Å for which the main contribution comes from
O-O distances within an octahedron. The first peak is sharper
than in the experiment, while it is the opposite in the case
of the second, indicating that both models underestimate the
spread of Nb-O bond lengths and overestimate distortion of
the octahedra.

IV. RESULTS OF FIRST-PRINCIPLE CALCULATIONS

The local structure of SBN is inevitably affected by the
Sr/Ba occupational disorder as well as by the presence of
vacancies. This fact together with rather broad features of
the PDFs suggest that a direct fitting of a model to the
collected data is a complicated endeavor. We turn, therefore,
to first-principles calculations which allow for a model-free
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FIG. 6. A part of the optimized 2 × 2 × 8 supercell viewed along
the c direction (a) and b direction (b). Oxygen, niobium, strontium,
and barium atoms are represented by red, light blue, dark blue, and
green color, respectively. While displacive disorder in pentagonal
channels is evident from (a) with slightly larger displacements for
Sr atoms, the picture in (b) clearly shows shifts of the O(4) and O(5)
atoms creating zigzag patterns along c and hinting at octahedra tilts.

understanding of our data and facilitate a comprehensive
analysis of the nanoscale structure.

The fragment of the optimized structure presented in Fig. 6
reveals important aspects of the static local structure: Ba/Sr
cations are displacively disordered in the pentagonal channels
with a large in-plane component of the displacement along
clearly preferred directions [cf. Fig. 6(a)]. We note that of the
two species, Sr atoms tend to shift more from the symmetric
4c positions. The structure viewed along the b direction in
Fig. 6(b) reveals substantial tilting of the oxygen octahedra
and, on a closer inspection, a system of alternating shorter
and longer Nb-O bonds along the c direction (polarized Nb-O
chains).

In Fig. 7(a) we present a comparison of the experimental
and calculated G(r) profiles which, taking into account that
no fitting was involved, display a remarkable agreement,
especially in the previously discussed problematic range of
distances (5–9 Å). To further substantiate the relevance of
our calculations, we concentrate on this range and plot G(r)
obtained from ab initio MD calculations at different temper-
atures [Fig. 7(b)]. The profiles are calculated from instanta-
neous snapshots of MD and correspond to what is expected
to be observed in the present experiment on a hot-neutron
diffractometer integrating scattered neutrons over a wide en-
ergy window (>100 meV, encompassing the complete energy
range of the system, similarly to x rays [50]). To improve the
statistical quality of such same-time probing of local structure,
100 G(r)’s of consecutive time frames are averaged for finite-
temperature functions. We confirm that the same temperature
dependence is observed as in Fig. 3(b) with an emergence of
the peak at ∼6.5 Å. For a direct comparison with experimental
data in Fig. 4, the temperature-distance map is plotted in
Fig. 7(c). In view of the good agreement with the experimental
results we move to the analysis of the local phenomena in the
calculated structures. We will use the PDF “language” as a
convenient way to describe these phenomena even if the direct
comparison with the experiment is not possible, e.g., for the
partial G(r).

Let us have a look at the temperature dependence of
G(r) from a different angle. By time-averaging the atomic
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FIG. 7. (a) Comparison of experimental (50 K) and calculated
(0 K) PDFs for SBN50. The latter data have been corrected for the
deviation from the experimental volume (1%). No fitting procedure
has been involved. (b) Temperature-dependent PDF from ab initio
molecular dynamics calculations, for comparison with the data pre-
sented in Fig. 3(b). (c) An interpolated map for comparison with
experiment in Fig. 4.

configurations resulting from our ab initio MD calculation,
we can filter out thermal disorder due to short-period (high
frequency) vibrations from the resulting PDFs, keeping any
(quasi)static disorder intact. This is demonstrated in Fig. 8
where we present PDFs at 800 K calculated (a) as before—in
Fig. 7(b)—from instantaneous time frames and (b) from a
structure obtained as an average over ∼1 ps (650 time frames).
Both PDFs are compared to that of the fully optimized
structure at 0 K. Again, the obtained temperature behavior in
Fig. 8(a) agrees very well with the experimental observations:
the first Nb-O peak is virtually temperature independent,
the intensity of the second, O-O peak changes substantially,
and the most pronounced changes in the G(r) are observed
around 6.5 and 8.75 Å. The “phonon filtered” G(r) of the
time-average structure in Fig. 8(b) with its energy window
of 4 meV would correspond to data taken with an energy
analyzer on a thermal triple-axis spectrometer. It allows one to
immediately discriminate these differences between the 800-
and 0-K G(r) profiles in Fig. 8(a) that are exclusively due
to vibration smearing of the signal at high temperatures. For
example, a small peak at 3.5 Å or a shoulder at 4.8 Å are
both recovered in the 800-K profile upon filtering. Similarly,
the O-O peak broadening in Fig. 8(a) can be to a large extent
attributed to octahedra distortions due to thermal vibrations.
On the contrary, the phonon-filtered Nb-O peak at 800 K
[Fig. 8(b)] becomes relatively symmetric and tall and deviates
more significantly from the 0-K distribution than the untreated
one in Fig. 8(a). This may reflect a rather complicated form of
the corresponding potential well with possible side minima,
into which the Nb-O bonds may freeze in at low temperatures.
At high temperatures such configurations are visited as well
[Fig. 8(a)], but only temporarily so that their effect is partly
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FIG. 6. A part of the optimized 2 × 2 × 8 supercell viewed along
the c direction (a) and b direction (b). Oxygen, niobium, strontium,
and barium atoms are represented by red, light blue, dark blue, and
green color, respectively. While displacive disorder in pentagonal
channels is evident from (a) with slightly larger displacements for
Sr atoms, the picture in (b) clearly shows shifts of the O(4) and O(5)
atoms creating zigzag patterns along c and hinting at octahedra tilts.

understanding of our data and facilitate a comprehensive
analysis of the nanoscale structure.

The fragment of the optimized structure presented in Fig. 6
reveals important aspects of the static local structure: Ba/Sr
cations are displacively disordered in the pentagonal channels
with a large in-plane component of the displacement along
clearly preferred directions [cf. Fig. 6(a)]. We note that of the
two species, Sr atoms tend to shift more from the symmetric
4c positions. The structure viewed along the b direction in
Fig. 6(b) reveals substantial tilting of the oxygen octahedra
and, on a closer inspection, a system of alternating shorter
and longer Nb-O bonds along the c direction (polarized Nb-O
chains).

In Fig. 7(a) we present a comparison of the experimental
and calculated G(r) profiles which, taking into account that
no fitting was involved, display a remarkable agreement,
especially in the previously discussed problematic range of
distances (5–9 Å). To further substantiate the relevance of
our calculations, we concentrate on this range and plot G(r)
obtained from ab initio MD calculations at different temper-
atures [Fig. 7(b)]. The profiles are calculated from instanta-
neous snapshots of MD and correspond to what is expected
to be observed in the present experiment on a hot-neutron
diffractometer integrating scattered neutrons over a wide en-
ergy window (>100 meV, encompassing the complete energy
range of the system, similarly to x rays [50]). To improve the
statistical quality of such same-time probing of local structure,
100 G(r)’s of consecutive time frames are averaged for finite-
temperature functions. We confirm that the same temperature
dependence is observed as in Fig. 3(b) with an emergence of
the peak at ∼6.5 Å. For a direct comparison with experimental
data in Fig. 4, the temperature-distance map is plotted in
Fig. 7(c). In view of the good agreement with the experimental
results we move to the analysis of the local phenomena in the
calculated structures. We will use the PDF “language” as a
convenient way to describe these phenomena even if the direct
comparison with the experiment is not possible, e.g., for the
partial G(r).

Let us have a look at the temperature dependence of
G(r) from a different angle. By time-averaging the atomic
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FIG. 7. (a) Comparison of experimental (50 K) and calculated
(0 K) PDFs for SBN50. The latter data have been corrected for the
deviation from the experimental volume (1%). No fitting procedure
has been involved. (b) Temperature-dependent PDF from ab initio
molecular dynamics calculations, for comparison with the data pre-
sented in Fig. 3(b). (c) An interpolated map for comparison with
experiment in Fig. 4.

configurations resulting from our ab initio MD calculation,
we can filter out thermal disorder due to short-period (high
frequency) vibrations from the resulting PDFs, keeping any
(quasi)static disorder intact. This is demonstrated in Fig. 8
where we present PDFs at 800 K calculated (a) as before—in
Fig. 7(b)—from instantaneous time frames and (b) from a
structure obtained as an average over ∼1 ps (650 time frames).
Both PDFs are compared to that of the fully optimized
structure at 0 K. Again, the obtained temperature behavior in
Fig. 8(a) agrees very well with the experimental observations:
the first Nb-O peak is virtually temperature independent,
the intensity of the second, O-O peak changes substantially,
and the most pronounced changes in the G(r) are observed
around 6.5 and 8.75 Å. The “phonon filtered” G(r) of the
time-average structure in Fig. 8(b) with its energy window
of 4 meV would correspond to data taken with an energy
analyzer on a thermal triple-axis spectrometer. It allows one to
immediately discriminate these differences between the 800-
and 0-K G(r) profiles in Fig. 8(a) that are exclusively due
to vibration smearing of the signal at high temperatures. For
example, a small peak at 3.5 Å or a shoulder at 4.8 Å are
both recovered in the 800-K profile upon filtering. Similarly,
the O-O peak broadening in Fig. 8(a) can be to a large extent
attributed to octahedra distortions due to thermal vibrations.
On the contrary, the phonon-filtered Nb-O peak at 800 K
[Fig. 8(b)] becomes relatively symmetric and tall and deviates
more significantly from the 0-K distribution than the untreated
one in Fig. 8(a). This may reflect a rather complicated form of
the corresponding potential well with possible side minima,
into which the Nb-O bonds may freeze in at low temperatures.
At high temperatures such configurations are visited as well
[Fig. 8(a)], but only temporarily so that their effect is partly
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FIG. 6. A part of the optimized 2 × 2 × 8 supercell viewed along
the c direction (a) and b direction (b). Oxygen, niobium, strontium,
and barium atoms are represented by red, light blue, dark blue, and
green color, respectively. While displacive disorder in pentagonal
channels is evident from (a) with slightly larger displacements for
Sr atoms, the picture in (b) clearly shows shifts of the O(4) and O(5)
atoms creating zigzag patterns along c and hinting at octahedra tilts.

understanding of our data and facilitate a comprehensive
analysis of the nanoscale structure.

The fragment of the optimized structure presented in Fig. 6
reveals important aspects of the static local structure: Ba/Sr
cations are displacively disordered in the pentagonal channels
with a large in-plane component of the displacement along
clearly preferred directions [cf. Fig. 6(a)]. We note that of the
two species, Sr atoms tend to shift more from the symmetric
4c positions. The structure viewed along the b direction in
Fig. 6(b) reveals substantial tilting of the oxygen octahedra
and, on a closer inspection, a system of alternating shorter
and longer Nb-O bonds along the c direction (polarized Nb-O
chains).

In Fig. 7(a) we present a comparison of the experimental
and calculated G(r) profiles which, taking into account that
no fitting was involved, display a remarkable agreement,
especially in the previously discussed problematic range of
distances (5–9 Å). To further substantiate the relevance of
our calculations, we concentrate on this range and plot G(r)
obtained from ab initio MD calculations at different temper-
atures [Fig. 7(b)]. The profiles are calculated from instanta-
neous snapshots of MD and correspond to what is expected
to be observed in the present experiment on a hot-neutron
diffractometer integrating scattered neutrons over a wide en-
ergy window (>100 meV, encompassing the complete energy
range of the system, similarly to x rays [50]). To improve the
statistical quality of such same-time probing of local structure,
100 G(r)’s of consecutive time frames are averaged for finite-
temperature functions. We confirm that the same temperature
dependence is observed as in Fig. 3(b) with an emergence of
the peak at ∼6.5 Å. For a direct comparison with experimental
data in Fig. 4, the temperature-distance map is plotted in
Fig. 7(c). In view of the good agreement with the experimental
results we move to the analysis of the local phenomena in the
calculated structures. We will use the PDF “language” as a
convenient way to describe these phenomena even if the direct
comparison with the experiment is not possible, e.g., for the
partial G(r).

Let us have a look at the temperature dependence of
G(r) from a different angle. By time-averaging the atomic
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FIG. 7. (a) Comparison of experimental (50 K) and calculated
(0 K) PDFs for SBN50. The latter data have been corrected for the
deviation from the experimental volume (1%). No fitting procedure
has been involved. (b) Temperature-dependent PDF from ab initio
molecular dynamics calculations, for comparison with the data pre-
sented in Fig. 3(b). (c) An interpolated map for comparison with
experiment in Fig. 4.

configurations resulting from our ab initio MD calculation,
we can filter out thermal disorder due to short-period (high
frequency) vibrations from the resulting PDFs, keeping any
(quasi)static disorder intact. This is demonstrated in Fig. 8
where we present PDFs at 800 K calculated (a) as before—in
Fig. 7(b)—from instantaneous time frames and (b) from a
structure obtained as an average over ∼1 ps (650 time frames).
Both PDFs are compared to that of the fully optimized
structure at 0 K. Again, the obtained temperature behavior in
Fig. 8(a) agrees very well with the experimental observations:
the first Nb-O peak is virtually temperature independent,
the intensity of the second, O-O peak changes substantially,
and the most pronounced changes in the G(r) are observed
around 6.5 and 8.75 Å. The “phonon filtered” G(r) of the
time-average structure in Fig. 8(b) with its energy window
of 4 meV would correspond to data taken with an energy
analyzer on a thermal triple-axis spectrometer. It allows one to
immediately discriminate these differences between the 800-
and 0-K G(r) profiles in Fig. 8(a) that are exclusively due
to vibration smearing of the signal at high temperatures. For
example, a small peak at 3.5 Å or a shoulder at 4.8 Å are
both recovered in the 800-K profile upon filtering. Similarly,
the O-O peak broadening in Fig. 8(a) can be to a large extent
attributed to octahedra distortions due to thermal vibrations.
On the contrary, the phonon-filtered Nb-O peak at 800 K
[Fig. 8(b)] becomes relatively symmetric and tall and deviates
more significantly from the 0-K distribution than the untreated
one in Fig. 8(a). This may reflect a rather complicated form of
the corresponding potential well with possible side minima,
into which the Nb-O bonds may freeze in at low temperatures.
At high temperatures such configurations are visited as well
[Fig. 8(a)], but only temporarily so that their effect is partly
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FIG. 6. A part of the optimized 2 × 2 × 8 supercell viewed along
the c direction (a) and b direction (b). Oxygen, niobium, strontium,
and barium atoms are represented by red, light blue, dark blue, and
green color, respectively. While displacive disorder in pentagonal
channels is evident from (a) with slightly larger displacements for
Sr atoms, the picture in (b) clearly shows shifts of the O(4) and O(5)
atoms creating zigzag patterns along c and hinting at octahedra tilts.

understanding of our data and facilitate a comprehensive
analysis of the nanoscale structure.

The fragment of the optimized structure presented in Fig. 6
reveals important aspects of the static local structure: Ba/Sr
cations are displacively disordered in the pentagonal channels
with a large in-plane component of the displacement along
clearly preferred directions [cf. Fig. 6(a)]. We note that of the
two species, Sr atoms tend to shift more from the symmetric
4c positions. The structure viewed along the b direction in
Fig. 6(b) reveals substantial tilting of the oxygen octahedra
and, on a closer inspection, a system of alternating shorter
and longer Nb-O bonds along the c direction (polarized Nb-O
chains).

In Fig. 7(a) we present a comparison of the experimental
and calculated G(r) profiles which, taking into account that
no fitting was involved, display a remarkable agreement,
especially in the previously discussed problematic range of
distances (5–9 Å). To further substantiate the relevance of
our calculations, we concentrate on this range and plot G(r)
obtained from ab initio MD calculations at different temper-
atures [Fig. 7(b)]. The profiles are calculated from instanta-
neous snapshots of MD and correspond to what is expected
to be observed in the present experiment on a hot-neutron
diffractometer integrating scattered neutrons over a wide en-
ergy window (>100 meV, encompassing the complete energy
range of the system, similarly to x rays [50]). To improve the
statistical quality of such same-time probing of local structure,
100 G(r)’s of consecutive time frames are averaged for finite-
temperature functions. We confirm that the same temperature
dependence is observed as in Fig. 3(b) with an emergence of
the peak at ∼6.5 Å. For a direct comparison with experimental
data in Fig. 4, the temperature-distance map is plotted in
Fig. 7(c). In view of the good agreement with the experimental
results we move to the analysis of the local phenomena in the
calculated structures. We will use the PDF “language” as a
convenient way to describe these phenomena even if the direct
comparison with the experiment is not possible, e.g., for the
partial G(r).

Let us have a look at the temperature dependence of
G(r) from a different angle. By time-averaging the atomic
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FIG. 7. (a) Comparison of experimental (50 K) and calculated
(0 K) PDFs for SBN50. The latter data have been corrected for the
deviation from the experimental volume (1%). No fitting procedure
has been involved. (b) Temperature-dependent PDF from ab initio
molecular dynamics calculations, for comparison with the data pre-
sented in Fig. 3(b). (c) An interpolated map for comparison with
experiment in Fig. 4.

configurations resulting from our ab initio MD calculation,
we can filter out thermal disorder due to short-period (high
frequency) vibrations from the resulting PDFs, keeping any
(quasi)static disorder intact. This is demonstrated in Fig. 8
where we present PDFs at 800 K calculated (a) as before—in
Fig. 7(b)—from instantaneous time frames and (b) from a
structure obtained as an average over ∼1 ps (650 time frames).
Both PDFs are compared to that of the fully optimized
structure at 0 K. Again, the obtained temperature behavior in
Fig. 8(a) agrees very well with the experimental observations:
the first Nb-O peak is virtually temperature independent,
the intensity of the second, O-O peak changes substantially,
and the most pronounced changes in the G(r) are observed
around 6.5 and 8.75 Å. The “phonon filtered” G(r) of the
time-average structure in Fig. 8(b) with its energy window
of 4 meV would correspond to data taken with an energy
analyzer on a thermal triple-axis spectrometer. It allows one to
immediately discriminate these differences between the 800-
and 0-K G(r) profiles in Fig. 8(a) that are exclusively due
to vibration smearing of the signal at high temperatures. For
example, a small peak at 3.5 Å or a shoulder at 4.8 Å are
both recovered in the 800-K profile upon filtering. Similarly,
the O-O peak broadening in Fig. 8(a) can be to a large extent
attributed to octahedra distortions due to thermal vibrations.
On the contrary, the phonon-filtered Nb-O peak at 800 K
[Fig. 8(b)] becomes relatively symmetric and tall and deviates
more significantly from the 0-K distribution than the untreated
one in Fig. 8(a). This may reflect a rather complicated form of
the corresponding potential well with possible side minima,
into which the Nb-O bonds may freeze in at low temperatures.
At high temperatures such configurations are visited as well
[Fig. 8(a)], but only temporarily so that their effect is partly
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FIG. 6. A part of the optimized 2 × 2 × 8 supercell viewed along
the c direction (a) and b direction (b). Oxygen, niobium, strontium,
and barium atoms are represented by red, light blue, dark blue, and
green color, respectively. While displacive disorder in pentagonal
channels is evident from (a) with slightly larger displacements for
Sr atoms, the picture in (b) clearly shows shifts of the O(4) and O(5)
atoms creating zigzag patterns along c and hinting at octahedra tilts.

understanding of our data and facilitate a comprehensive
analysis of the nanoscale structure.

The fragment of the optimized structure presented in Fig. 6
reveals important aspects of the static local structure: Ba/Sr
cations are displacively disordered in the pentagonal channels
with a large in-plane component of the displacement along
clearly preferred directions [cf. Fig. 6(a)]. We note that of the
two species, Sr atoms tend to shift more from the symmetric
4c positions. The structure viewed along the b direction in
Fig. 6(b) reveals substantial tilting of the oxygen octahedra
and, on a closer inspection, a system of alternating shorter
and longer Nb-O bonds along the c direction (polarized Nb-O
chains).

In Fig. 7(a) we present a comparison of the experimental
and calculated G(r) profiles which, taking into account that
no fitting was involved, display a remarkable agreement,
especially in the previously discussed problematic range of
distances (5–9 Å). To further substantiate the relevance of
our calculations, we concentrate on this range and plot G(r)
obtained from ab initio MD calculations at different temper-
atures [Fig. 7(b)]. The profiles are calculated from instanta-
neous snapshots of MD and correspond to what is expected
to be observed in the present experiment on a hot-neutron
diffractometer integrating scattered neutrons over a wide en-
ergy window (>100 meV, encompassing the complete energy
range of the system, similarly to x rays [50]). To improve the
statistical quality of such same-time probing of local structure,
100 G(r)’s of consecutive time frames are averaged for finite-
temperature functions. We confirm that the same temperature
dependence is observed as in Fig. 3(b) with an emergence of
the peak at ∼6.5 Å. For a direct comparison with experimental
data in Fig. 4, the temperature-distance map is plotted in
Fig. 7(c). In view of the good agreement with the experimental
results we move to the analysis of the local phenomena in the
calculated structures. We will use the PDF “language” as a
convenient way to describe these phenomena even if the direct
comparison with the experiment is not possible, e.g., for the
partial G(r).

Let us have a look at the temperature dependence of
G(r) from a different angle. By time-averaging the atomic
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FIG. 7. (a) Comparison of experimental (50 K) and calculated
(0 K) PDFs for SBN50. The latter data have been corrected for the
deviation from the experimental volume (1%). No fitting procedure
has been involved. (b) Temperature-dependent PDF from ab initio
molecular dynamics calculations, for comparison with the data pre-
sented in Fig. 3(b). (c) An interpolated map for comparison with
experiment in Fig. 4.

configurations resulting from our ab initio MD calculation,
we can filter out thermal disorder due to short-period (high
frequency) vibrations from the resulting PDFs, keeping any
(quasi)static disorder intact. This is demonstrated in Fig. 8
where we present PDFs at 800 K calculated (a) as before—in
Fig. 7(b)—from instantaneous time frames and (b) from a
structure obtained as an average over ∼1 ps (650 time frames).
Both PDFs are compared to that of the fully optimized
structure at 0 K. Again, the obtained temperature behavior in
Fig. 8(a) agrees very well with the experimental observations:
the first Nb-O peak is virtually temperature independent,
the intensity of the second, O-O peak changes substantially,
and the most pronounced changes in the G(r) are observed
around 6.5 and 8.75 Å. The “phonon filtered” G(r) of the
time-average structure in Fig. 8(b) with its energy window
of 4 meV would correspond to data taken with an energy
analyzer on a thermal triple-axis spectrometer. It allows one to
immediately discriminate these differences between the 800-
and 0-K G(r) profiles in Fig. 8(a) that are exclusively due
to vibration smearing of the signal at high temperatures. For
example, a small peak at 3.5 Å or a shoulder at 4.8 Å are
both recovered in the 800-K profile upon filtering. Similarly,
the O-O peak broadening in Fig. 8(a) can be to a large extent
attributed to octahedra distortions due to thermal vibrations.
On the contrary, the phonon-filtered Nb-O peak at 800 K
[Fig. 8(b)] becomes relatively symmetric and tall and deviates
more significantly from the 0-K distribution than the untreated
one in Fig. 8(a). This may reflect a rather complicated form of
the corresponding potential well with possible side minima,
into which the Nb-O bonds may freeze in at low temperatures.
At high temperatures such configurations are visited as well
[Fig. 8(a)], but only temporarily so that their effect is partly
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FIG. 8. G(r) derived from ab initio structures of SBN50. (a)
Comparison of PDFs for 0 K, CG-optimized (thin line) and 800-K
structures (thick line); (b) similar comparison with the 800-K PDF
being calculated from the time-averaged structure; (c) partial contri-
butions to PDFs in (b) from all oxygen atoms (top, shifted +2), from
equatorial oxygen atoms O(1,2,3) (middle, shifted +1), and from
O(1,2,3) and apical O(4,5) oxygen atoms (bottom, magnified 2× for
better comparison). See the notation of oxygen atoms in Fig. 1.

filtered out after the time average is taken [Fig. 8(b)]. Again,
the most spectacular difference is observed in the range of
5.25–6.75 Å with an indication that a peak at 6.2 Å, charac-
teristic for the time-averaged structure at high temperatures,
splits at low temperatures. The very same 6.2-Å peak is
present in the PDFs calculated from the average and from
the modulated structures in Fig. 5, meaning that the models
better represent the average high-temperature structure in this
distance region.

A. Octahedral tilts

From previous studies showing that the main deviation
from the average structure at lower temperatures comprises
modulated octahedral tilting, we expect that the split at 6.2 Å
is a manifestation of tilts. A confirmation of this can be found
in Fig. 8(c), where partial PDFs are shown for oxygen-oxygen
atomic pairs, again calculated in a phonon-filtered manner. If
all oxygen atoms are taken into account, we observe a clear
emergence of a separate peak at 6.5 Å. It is convenient to

(a)

(b)

FIG. 9. (a) Tilted octahedra with the distances that contribute to
the split peak at 6.2 Å in the PDF pattern in Fig. 8. One could draw
similar elongated and shortened connections between the neighbor-
ing octahedra in the c direction. (b) Information on octahedral tilts
and their contribution to peak splitting integrated over eight layers.
Red arrows correspond to average tilt vectors in one column with
every second octahedron taken with an opposite sign to account for
the alternating sense of tilt vectors in the c direction. Black lines
and their thickness mark the number of connections between apical
and equatorial oxygen atoms that fall in the range 6.3–6.7 Å with the
thickest lines having limiting 16 connections.

consider two sets of oxygen atoms: “apical” ones sharing the
ab planes with Sr/Ba atoms [marked as O(4) and O(5) in
Fig. 1] and “equatorial” ones sitting on the same ab planes as
Nb atoms [marked as O(1), O(2), and O(3) in Fig. 1]. Further
partition of G(r) into distributions of equatorial-only and
apical-equatorial O-O pairs reveals that the latter case features
clear splitting of a broad peak in the distance range of interest.
The way this split is related to tilting can be easily understood
from Fig. 9(a), where four octahedra of the 0-K-optimized
structure are presented with marked distances that without the
tilt are equal. The fact that this distance partition is clearly
seen in the PDF is due to a combination of at least two factors.
First, there is no other strong signal around ∼6.5 Å, so at least
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FIG. 8. G(r) derived from ab initio structures of SBN50. (a)
Comparison of PDFs for 0 K, CG-optimized (thin line) and 800-K
structures (thick line); (b) similar comparison with the 800-K PDF
being calculated from the time-averaged structure; (c) partial contri-
butions to PDFs in (b) from all oxygen atoms (top, shifted +2), from
equatorial oxygen atoms O(1,2,3) (middle, shifted +1), and from
O(1,2,3) and apical O(4,5) oxygen atoms (bottom, magnified 2× for
better comparison). See the notation of oxygen atoms in Fig. 1.

filtered out after the time average is taken [Fig. 8(b)]. Again,
the most spectacular difference is observed in the range of
5.25–6.75 Å with an indication that a peak at 6.2 Å, charac-
teristic for the time-averaged structure at high temperatures,
splits at low temperatures. The very same 6.2-Å peak is
present in the PDFs calculated from the average and from
the modulated structures in Fig. 5, meaning that the models
better represent the average high-temperature structure in this
distance region.

A. Octahedral tilts

From previous studies showing that the main deviation
from the average structure at lower temperatures comprises
modulated octahedral tilting, we expect that the split at 6.2 Å
is a manifestation of tilts. A confirmation of this can be found
in Fig. 8(c), where partial PDFs are shown for oxygen-oxygen
atomic pairs, again calculated in a phonon-filtered manner. If
all oxygen atoms are taken into account, we observe a clear
emergence of a separate peak at 6.5 Å. It is convenient to

(a)

(b)

FIG. 9. (a) Tilted octahedra with the distances that contribute to
the split peak at 6.2 Å in the PDF pattern in Fig. 8. One could draw
similar elongated and shortened connections between the neighbor-
ing octahedra in the c direction. (b) Information on octahedral tilts
and their contribution to peak splitting integrated over eight layers.
Red arrows correspond to average tilt vectors in one column with
every second octahedron taken with an opposite sign to account for
the alternating sense of tilt vectors in the c direction. Black lines
and their thickness mark the number of connections between apical
and equatorial oxygen atoms that fall in the range 6.3–6.7 Å with the
thickest lines having limiting 16 connections.

consider two sets of oxygen atoms: “apical” ones sharing the
ab planes with Sr/Ba atoms [marked as O(4) and O(5) in
Fig. 1] and “equatorial” ones sitting on the same ab planes as
Nb atoms [marked as O(1), O(2), and O(3) in Fig. 1]. Further
partition of G(r) into distributions of equatorial-only and
apical-equatorial O-O pairs reveals that the latter case features
clear splitting of a broad peak in the distance range of interest.
The way this split is related to tilting can be easily understood
from Fig. 9(a), where four octahedra of the 0-K-optimized
structure are presented with marked distances that without the
tilt are equal. The fact that this distance partition is clearly
seen in the PDF is due to a combination of at least two factors.
First, there is no other strong signal around ∼6.5 Å, so at least
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one of the new peaks can be tracked. Second, the geometry of
the octahedral network is such that the relevant oxygen atoms
shift in a concerted manner either away from or towards each
other creating a large difference between the shorter and the
longer distances.

To better understand the nature of the tilts in our ab initio
optimized structure we plot in Fig. 9(b) column-averaged
rotation axes (red arrows) represented as vectors with their
magnitude proportional to the rotation angle. A similar picture
is given in the Appendix (Fig. 12) with the axes being not
averaged to show that the dispersion of directions within
columns is small. We overlay the tilt axes distribution with
a network of connections between O(1,2,3) and O(4,5) oxy-
gen atoms in neighboring columns that fall in the range of
6.3–6.7 Å. Again, the information is integrated along the c
direction and the thickness of black lines is proportional to
the number of connections between a given pair of columns.
In this way we are able to visualize the short-range nature of
tilt correlations. Obviously, a “stronger” connection shows up
for octahedra that are tilted towards each other (their rotation
axes have a large component transverse to their connecting
vector). One can appreciate that Nb(2)O6 octahedra forming
square channels (perovskitelike units) have a strong tendency
for a correlation of tilts among themselves. On the other hand
the “linking” Nb(1)O6 octahedra have “weaker” connections,
“transmitting” correlations in selected directions only and
creating in this way local tilt paths. Another interesting ob-
servation is the tendency for ordering of tilt axes’ directions
for linking octahedra [darker color in Fig. 9(b)]. They are
aligned in [110] and alternate in [1̄10], which makes the two
diagonal directions inequivalent, clearly breaking the average
tetragonal symmetry.

The average tilt magnitude for the 0 K structure is 8.4(5)◦.
In fact, the tilts do not disappear in our calculations even at the
highest temperatures with their average magnitude being ∼5◦

at 800 K. However, this smaller magnitude accompanied with
a moderate deterioration of tilt correlations suffices for the two
separate peaks in the PDF to merge into a single broad one.

B. Local polarization

We will concentrate now on Nb atoms and their displace-
ments from octahedra centers creating local dipoles. Magni-
fied comparison of experimental and calculated distributions
[Fig. 7(a)] of Nb-O bond distances is given in Fig. 10(a). In
Figs. 10(b) and 10(c) we present contributions to this first
PDF peak from different Nb-O pairs, taking into account the
crystallographically nonequivalent Nb(1,2) and O(1-5) sites.
The difference between the Nb-O profiles involving equatorial
O(1,2,3) and apical O(4,5) oxygen atoms is obvious at low
temperatures [thin lines in Figs. 10(b) and 10(c), respectively]:
while for the latter there are two peaks reflecting the tetragonal
distortion, the former has a single, rather broad peak. There
are very substantial differences between Nb(1) and Nb(2)
atoms. The tetragonal distortion coming from displacements
of the Nb(1) atoms is bigger and is present even at high tem-
perature, while the Nb(2) only at low temperatures displaces
to the extent characteristic for Nb(1) at 800 K [Fig. 10(c)].
This smaller shift of Nb(2) along the c axis is coupled to the
much more off-centered distribution in the ab plane [see the
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FIG. 10. Detailed analysis of the Nb-O distances within octa-
hedra. (a) Comparison of experimental and calculated Nb-O PDF
profiles [enlarged part of Fig. 7(a)]. (b),(c) Contributions to G(r)
from pairs oriented in the ab plane and in the c direction, respec-
tively. Numbers in parentheses quantify the amount which a given
set of atoms contributes to the total peak. As in Fig. 8(b) thin
lines correspond to CG-optimized structure, thick ones to average
structure at 800 K. Blue and red lines are for Nb(1) and Nb(2) atoms,
respectively. (d) Temperature evolution of Nb displacements from
centers of oxygen octahedra along the c direction in time-averaged
structures (over 0.2 ps). The color scale represents an average Nb
displacement in eight octahedra forming a column in the c direction.
Red circles mark Nb(1)O6 octahedra.

arrow in Fig. 10(b)]. The characteristic shoulder on the side of
bigger distances visible in experimental and calculated PDFs
can be therefore interpreted as coming both from the tetrag-
onal distortion and from the large in-plane displacements of
Nb(2).

It is interesting to track the development of the octahedral
column polarization in time-average structures on lowering
temperature. This is shown in Fig. 10(d) where the color
scale quantifies Nb displacements from the center of oxygen
octahedron along the c direction averaged over eight octahe-
dra in one column. In agreement with the partial PDFs, the
Nb(1) columns (in red circles) remain strongly polarized at
high temperatures. Additionally one can see that the senses
of polarization for Nb(1) columns do not change within the
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one of the new peaks can be tracked. Second, the geometry of
the octahedral network is such that the relevant oxygen atoms
shift in a concerted manner either away from or towards each
other creating a large difference between the shorter and the
longer distances.

To better understand the nature of the tilts in our ab initio
optimized structure we plot in Fig. 9(b) column-averaged
rotation axes (red arrows) represented as vectors with their
magnitude proportional to the rotation angle. A similar picture
is given in the Appendix (Fig. 12) with the axes being not
averaged to show that the dispersion of directions within
columns is small. We overlay the tilt axes distribution with
a network of connections between O(1,2,3) and O(4,5) oxy-
gen atoms in neighboring columns that fall in the range of
6.3–6.7 Å. Again, the information is integrated along the c
direction and the thickness of black lines is proportional to
the number of connections between a given pair of columns.
In this way we are able to visualize the short-range nature of
tilt correlations. Obviously, a “stronger” connection shows up
for octahedra that are tilted towards each other (their rotation
axes have a large component transverse to their connecting
vector). One can appreciate that Nb(2)O6 octahedra forming
square channels (perovskitelike units) have a strong tendency
for a correlation of tilts among themselves. On the other hand
the “linking” Nb(1)O6 octahedra have “weaker” connections,
“transmitting” correlations in selected directions only and
creating in this way local tilt paths. Another interesting ob-
servation is the tendency for ordering of tilt axes’ directions
for linking octahedra [darker color in Fig. 9(b)]. They are
aligned in [110] and alternate in [1̄10], which makes the two
diagonal directions inequivalent, clearly breaking the average
tetragonal symmetry.

The average tilt magnitude for the 0 K structure is 8.4(5)◦.
In fact, the tilts do not disappear in our calculations even at the
highest temperatures with their average magnitude being ∼5◦

at 800 K. However, this smaller magnitude accompanied with
a moderate deterioration of tilt correlations suffices for the two
separate peaks in the PDF to merge into a single broad one.

B. Local polarization

We will concentrate now on Nb atoms and their displace-
ments from octahedra centers creating local dipoles. Magni-
fied comparison of experimental and calculated distributions
[Fig. 7(a)] of Nb-O bond distances is given in Fig. 10(a). In
Figs. 10(b) and 10(c) we present contributions to this first
PDF peak from different Nb-O pairs, taking into account the
crystallographically nonequivalent Nb(1,2) and O(1-5) sites.
The difference between the Nb-O profiles involving equatorial
O(1,2,3) and apical O(4,5) oxygen atoms is obvious at low
temperatures [thin lines in Figs. 10(b) and 10(c), respectively]:
while for the latter there are two peaks reflecting the tetragonal
distortion, the former has a single, rather broad peak. There
are very substantial differences between Nb(1) and Nb(2)
atoms. The tetragonal distortion coming from displacements
of the Nb(1) atoms is bigger and is present even at high tem-
perature, while the Nb(2) only at low temperatures displaces
to the extent characteristic for Nb(1) at 800 K [Fig. 10(c)].
This smaller shift of Nb(2) along the c axis is coupled to the
much more off-centered distribution in the ab plane [see the
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from pairs oriented in the ab plane and in the c direction, respec-
tively. Numbers in parentheses quantify the amount which a given
set of atoms contributes to the total peak. As in Fig. 8(b) thin
lines correspond to CG-optimized structure, thick ones to average
structure at 800 K. Blue and red lines are for Nb(1) and Nb(2) atoms,
respectively. (d) Temperature evolution of Nb displacements from
centers of oxygen octahedra along the c direction in time-averaged
structures (over 0.2 ps). The color scale represents an average Nb
displacement in eight octahedra forming a column in the c direction.
Red circles mark Nb(1)O6 octahedra.

arrow in Fig. 10(b)]. The characteristic shoulder on the side of
bigger distances visible in experimental and calculated PDFs
can be therefore interpreted as coming both from the tetrag-
onal distortion and from the large in-plane displacements of
Nb(2).

It is interesting to track the development of the octahedral
column polarization in time-average structures on lowering
temperature. This is shown in Fig. 10(d) where the color
scale quantifies Nb displacements from the center of oxygen
octahedron along the c direction averaged over eight octahe-
dra in one column. In agreement with the partial PDFs, the
Nb(1) columns (in red circles) remain strongly polarized at
high temperatures. Additionally one can see that the senses
of polarization for Nb(1) columns do not change within the
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Concluding remarks 

•  PDF analysis is a powerful tool to characterise ill ordered structures 

•  simple & intuitive for simple systems 

•  complex scenarios call for modelling efforts 

•  recent advances in computing open new avenues 
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