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The surface atomic and chemical structures of a Sr0.63Ba0.37Nb2O6(001) single crystal are studied

using the low-energy electron diffraction (LEED) and X-ray photoelectron spectroscopy. Sharp,

well-defined LEED patterns are observed, consisting of the superposition of two surface recon-

structions, (
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)R45�, probably due to long-range ordering of the

alkaline earth metal vacancies in A1 or A2 sites. The Sr/Ba stoichiometry is determined by high-

resolution X-ray photoelectron spectroscopy. The Sr 3d core level has 2 components corresponding

to the 12- and 15-fold coordinated A1 and A2 sites. The Ba 3d core level has only one component,

consistent with the A2 site occupancy. The long-range order of the cation vacancies implies that it

is rather the Sr/Ba occupancy of the A2 sites which is responsible for the local random fields at the

origin of the relaxor behavior. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922773]

Tetragonal tungsten bronzes have been widely investi-

gated because of their outstanding pyroelectric, piezoelec-

tric, and nonlinear optical properties.1 In particular, much

interest has been devoted to Srx Ba1–x Nb2O6 (SBN100x)

due to its excellent electro-optical properties.2–6 SBN is a

uniaxial ferroelectric with spontaneous polarization along

the c-axis and shows relaxor behavior as the Sr content

increases.7 The Curie temperature, dielectric constant, and P-

E hysteresis can be varied by changing the Sr/Ba atomic ra-

tio in the range of 0.25< x< 0.75.8 For x> 0.6, typical

relaxor behavior is observed with a broad frequency depend-

ent peak of the dielectric permittivity versus temperature.

The relaxor behavior is believed to be due to quenched ran-

dom fields (RFs) resulting from randomly distributed cation

vacancies on the A type sites.9 A better understanding of

how cation chemistry influences the relaxor properties is de-

sirable to optimize material design.

The unit cell can be described by the general structural

formula [(A1)2(A2)4C4][(B1)2(B2)8]O30, where A, B, and C

represent the different cation sites. The narrowest, triangular

channels (type C) with 9-fold oxygen coordination sites are

too small to contain either Sr or Ba. The intermediate tetrag-

onal channels (A1) with 12-fold oxygen coordination are

occupied only by the Sr atoms while the largest, pentagonal

channels (A2) with 15-fold oxygen coordination sites can be

filled by Ba or Sr atoms.10,11 The ferroelectric polarization is

determined mainly by the distortion of the NbO6 octahedra;

whereas variation of the [Sr]/[Ba] atomic ratio shifts the tem-

perature of the FE to PE phase transition, changes the per-

mittivity, and modifies the relaxor properties of SBN.11

Regardless of the [Sr]/[Ba] ratio, 1/6 of the A (¼A1þA2)

sites are empty,12 whereas the B1 and B2 sites are fully

occupied by Nb atoms.

Electric charge disorder can create local RFs.13 X-ray

diffraction (XRD) has suggested that the local structural

modifications induced by the isovalent Sr/Ba occupancy of

the A2 site may be responsible for the charge disorder.14

Chernaya et al. have shown that the displacement of the Sr

atom from the mirror plane in the pentagonal A2 site is cor-

related with the relaxor properties.10 It is therefore of interest

to study more closely the local and long-range chemical

order in SBN. Here, we report an experimental study of the

SBN (001) single crystal surface. The surface atomic struc-

ture is determined using low-energy electron diffraction

(LEED) and strongly suggests long-range ordering of cation

vacancies. X-ray photoelectron spectroscopy (XPS) is used

to determine the surface Sr/Ba stoichiometry and chemical

environment of each atomic species. Piezo response force

microscopy (PFM) confirms the existence and size of polar

regions characteristic of relaxor SBN.

The 10� 10� 0.6 mm3 SBN (001) single crystal was

furnished by Pi-KEM. To eliminate surface carbon contami-

nation, the sample was ozone-cleaned by a short, 10 min ex-

posure to UV light in air before being introduced into the

ultra-high vacuum (UHV) setup. Then, it was annealed suc-

cessively at 300, 500, and 700 �C for 1 h to remove residual

contamination on the surface.15 LEED and XPS analyses

were performed in-situ in the same UHV setup, with a base

pressure of 2� 10�10 mbar. XPS was carried out using a

monochromatic Al Ka (1486.7 eV) X-ray source (Omicron

Nanotechnology GmbH). The overall energy resolution

(photons and spectrometer) was 0.35 eV. PFM employed a

NT-MDT Ntegra AFM for the phase imaging at 6 V ac and

3.7 kHz, using a Co/Cr tip and a 1–10 N/m stiffness.

Dielectric measurements were performed on a 2-point mea-

surement setup with cryo-furnace and possibilities to control
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the temperature between 80 and 500 K. The impedance was

measured at frequencies varying between 1 kHz and 1 MHz

(12 frequency per decade) with a Agilent 4294 A impedance

analyser. The excitation voltage was 200 mV. XRD was per-

formed with a 4 circle diffractometer.

The temperature dependence of the dielectric constant

for frequencies from 1 kHz to 1 MHz is plotted in Fig. 1(a).

The Curie temperature, as deduced from the 1 kHz curve, is

360 K, which corresponds to SBN61.16 The single crystal

X-ray diffraction gave a¼ 3.9324 and c¼ 12.4526 Å, which

corresponds to SBN63. The 2� 2 lm2 PFM phase image is

shown in Fig. 1(b). There is clear contrast that could corre-

spond to the expected polar nano-regions (PNRs). The phase

shift is close to 180� as expected from domains with opposite

polarization. The measured polarization pattern has no

obvious relationship with the topography (not shown).

Analysis of 50 such polar regions gives an average size of

0.151 6 0.023 lm2, in good agreement with previous results

for SBN61-SBN75.9 The absence of electro-mechanical

response in the bright areas of Fig. 1(b) corresponds to the

piezo-inactive areas observed by Shvartsman et al.9 A rather

high amplitude (6 V) has been used for the alternating volt-

age during PFM imaging, in order to enhance the signal to

noise ratio. For our 600 lm thick crystal, this corresponds to

an electric field of 100 V/cm, slightly increased by the tip

effect, but not so that it reaches the coercive field. Therefore,

PFM imaging has no influence on the genuine domain con-

figuration, and imaging has been performed several times

with no contrast change.

Figure 2(a) presents the LEED pattern acquired at 45 eV

to maximize surface sensitivity. The well-defined spots show

the square symmetry structure of the SBN(001) surface and

reveal the presence of long-range, ordered reconstruction. The

LEED spots are perfectly reproduced by the schematic pre-

sented in Fig. 2(b), obtained by the superposition of two recon-

structions: (
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�
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2
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(green)17,18 which can easily be formed by an ordered distribu-

tion of the empty A-type sites, as shown in Fig. 3. The 1/6

vacant A-sites is perfectly respected by the two surface recon-

structions based on cation vacancy ordering. Long-range order-

ing of A-site vacancies is not compatible with the random

FIG. 1. (a) Dielectric response of SBN

single crystal for frequencies between

1 kHz and 1 MHz. The Curie tempera-

ture is 360 K. (b) PFM phase response

of SBN surface. Phase scale: 180�

from black to white.

FIG. 2. (a) LEED image on SBN(001) single crystal surfaces at 45 eV. (b)

Schematic LEED diffraction pattern showing superposition of two patterns,

(
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)R26.6� (red) and (5
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�
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)R45� (green). The common points

are marked by blue color.

FIG. 3. Schematics of the (
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reconstructions due to different cation vacancy distributions. Three unit cells

are shown for each reconstruction. The bulk cation vacancy concentration of

1/6 is respected as are the A1/A2 site ratios in the reconstructed unit cells.

Vacancy sites are indicated by the small shaded squares. The SBN (1 � 1)

unit cell is the small (black) square.
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distribution of polar nanoregions observed by PFM. This leads

us to exclude the A-sites vacancies as the origin of the local

fields leading to the random distribution of polar nanoregions.

Figure 4(a) shows the XPS survey spectrum for the SBN

surface after annealing at 700 �C. The C 1s peak is below the

detection limit showing that the surface is clean. The Ba

3d5=2, Sr 3d, Nb 3d, and O 1s core level spectra are shown in

Figs. 4(b)–4(e) at normal and 60� (more surface sensitive)

emission. No new chemical states are observed with respect

to XPS data acquired after annealing at lower temperature or

as-received. The XPS spectra were fitted using CasaXPS

software,19 Gaussian-Lorentzian lineshapes, and Shirley

background. The Sr 3d spin-orbit (S-O) splitting was fixed at

1.8 eV and the intensity ratio of the S-O doublet to 1.5. The

sensitivity factors in the NIST database20 were used to esti-

mate stoichiometry.

The Ba 3d5=2 spectra have only one main component

with a binding energy (BE) of 779.8 eV. Bulk and surface

spectra are identical; the single peak is therefore assigned to

Ba in A2 sites with unchanged occupancy in the surface and

near-surface region.

The Sr 3d spectra are presented in Fig. 4(c). There are

two 3d doublets. The first, at low binding energy (LBE) of

133.8 eV (3d5=2) is labelled 1, the second, is shifted by

1.2 eV to high binding energy (HBE) and labelled 2. The

grazing emission spectrum shows that this LBE component

is slightly more intense at the surface. The A1 and A2 sites

have different chemical environments because they are 12

and 15-fold oxygen coordinated and provide a straightfor-

ward explanation for the two components. We therefore

attribute Sr1 to Sr in the A1 site and Sr2 to Sr in the A2 site.

This agrees both qualitatively and quantitatively with a

recent XPS study of SBN.21

The surface stoichiometry, as deduced from the XPS

peak areas is Sr0.63Ba0.37Nb2O5.972, in agreement with that

deduced from bulk sensitive XRD and close to that obtained

from the dielectric measurements. The slight difference in Sr

3d intensities at normal and 60� emission may be due to

some surface oxygen vacancies (VO) at the surface, however,

as will be discussed below, the concentration involved is an

order of magnitude lower than that required to justify the

interpretation of the LBE component of the Sr 3d as a sur-

face peak.

The Nb 3d spectra show no low binding energy (LBE)

component which would be representative of reduced Nb,

for example, Nb4þ, formed under oxygen-deficit condi-

tions.21 This is to be expected because lower Nb valence

states oxidize to Nb5þ at room temperature.22,23

The O 1s spectra in Fig. 4(e) have three components,

peak 1 at 529.8 eV, due to oxygen in the perovskite-like

environment, and peaks 2 (530.8 eV) and 3 (531.9 eV). The

latter are clearly of surface origin (their relative intensity

doubles at an emission angle of 60�). From the binding ener-

gies, peak 2 may be attributed to oxygen in lattice positions

coordinated with a proton,15 whereas peak 3 is ascribed to

hydroxyl groups chemically bound to surface cations,24 pres-

ent even in some dry samples.25

From the relative intensities of the Ba and Sr 3d core-

levels, we determine a [Sr]/[Ba] ratio of 1.67 using Sr (Ba)

cross-sections and inelastic mean free paths of 0.06934

FIG. 4. (a) XPS survey spectrum of

SBN(001) single crystal. Core level

spectra: (b) Ba 3d5=2; (c) Sr 3d; (d) Nb

3d; (e) O 1s core level spectra at nor-

mal (top) and 60� (bottom) emission

angles.
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(0.6036) and 1.78 (1.085) nm, respectively.20 X-ray measure-

ments give the A1 and A2 site occupancy to be 66%–72% and

�90%, respectively, whatever the Sr/Ba ratio.12 For Sr0.63

Ba0.37Nb2O6, the general structural formula can therefore be

written as [(Sr1)1.4(Sr2)1.73(Ba)1.87][(NbB1)2(NbB2)8]O30. This

gives a ratio of the Sr A-site occupancy, [Sr]A2/[Sr]A1¼ 1.24.

The measured XPS intensity ratio is, however, 1.21 (1.15) for

the bulk (surface). Identifying the Sr1 and Sr2 with the A1 and

A2 sites, respectively, the [Sr]A2/[Sr]A1 ratio is therefore 2.1%

(7.0%) less than that expected from stoichiometry. Although

small, the difference is greater than the typical XPS sensitivity

and therefore significant.

One possible explanation is a contribution to the SrI in-

tensity from Sr in the A2 site reduced by electron transfer fol-

lowing formation of VO. Such charge transfer would occur

principally to Sr because of the larger Pauling electronegativ-

ity. The Sr intensity ratio could then be written: ([Sr]2–2VO)/

([Sr]1þ 2VO)¼ 1.21(1.15), with [Sr]1þ [Sr]2¼ 0.63 giving a

bulk and surface VO concentration of 0.14% and 0.47%,

respectively. These low VO values are consistent with the ab-

sence of states in the band gap (not shown). The UHV anneal-

ing may simply have redistributed Sr occupation of the A1

and A2 sites within the bounds described by Podlozhenov

et al.12 Long range ordering of cation vacancies, as suggested

by the LEED patterns, would require cation mobility, making

Sr redistribution possible.

An alternative interpretation of the LEED patterns could

be some sort of surface segregation leading to reconstruc-

tions, often observed in the case of adsorbates.17,18 However,

the LEED patterns were always the same, even for the as-

received sample (although much weaker). Furthermore, the

Sr/Ba surface stoichiometry changes by less than 7% after

annealing at 700 �C temperature and no new core level com-

ponent is observed. We can therefore exclude a chemically

different surface phase as being at the origin of the LEED

reconstruction. The LEED patterns could also be due to the

ordering of oxygen vacancies, particularly as the sample was

annealed at 700 �C. However, this would require 1/6 oxygen

vacancies which is 30 times greater than the estimated con-

centration. Therefore, the only possibility for the observed

LEED patterns is A-site vacancy ordering.

In conclusion, XPS, XRD, and electrical characteriza-

tion show reasonable agreement on the SBN stoichiometry.

Well-defined (
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face reconstructions are observed and thought to be due to

the long-range order of alkaline earth metal vacancies on A

sites. The quantitative XPS analysis shows that stoichiome-

try is preserved at the surface, confirming that the cation va-

cancy ordering is consistent with the bulk SBN structure.

The electron beam spot is �0.1 mm. Therefore, the LEED

shows ordering of the cation vacancy sites occurs over dis-

tances much greater than the polar regions observed by

PFM, while the electrical measurements show that the

dielectric constant has the typical relaxor behavior. This

excludes cation vacancies from being at the origin of the

relaxor behavior. Chernaya et al. provide evidence that the

relaxor properties are closely linked to the displacement of

Sr atoms off the mirror axis in the pentagonal A2 sites.10

The splitting in the Ba and Sr positions decreases with

increasing Sr content, increasing the relaxor behavior, and

reducing the acentric distortion of the NbO6 octahedra re-

sponsible for the purely ferroelectric properties.

This knowledge should be invaluable in predicting the

ferroelectric properties of, for example, strain engineered

thin films. Future work should include a systematic chemical

analysis of the XPS peaks as a function of the Sr content and

micro-probe LEED with sub-micron spatial resolution in

order to map out the distribution of the surface reconstruc-

tions and study the correlations with the nano-polar regions.
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