
ARTICLE IN PRESS
0022-4596/$ - se

doi:10.1016/j.jss

�Correspond
E-mail addr
Journal of Solid State Chemistry 181 (2008) 1285–1291

www.elsevier.com/locate/jssc
Electronic parameters of Sr2Nb2O7 and chemical bonding

V.V. Atuchina,�, J.-C. Grivelb, A.S. Korotkova, Zhaoming Zhangc

aLaboratory of Optical Materials and Structures, Institute of Semiconductor Physics, SB RAS, 630090, Novosibirsk 90, Russia
bNational Laboratory for Sustainable Energy, Materials Research Department, Technical University of Denmark,

Frederiksborgvej 399, DK-4000 Roskilde, Denmark
cAustralian Nuclear Science and Technology Organisation, Lucas Heights, NSW 2234, Australia

Received 26 October 2007; received in revised form 19 January 2008; accepted 21 January 2008

Available online 16 February 2008
Abstract

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a strontium pyroniobate (Sr2Nb2O7) powder sample,

which was synthesized using standard solid-state method. The binding energy (BE) differences between the O 1s and cation core levels,

D(O–Nb) ¼ BE(O 1s)–BE(Nb 3d5/2) and D(O–Sr) ¼ BE(O 1s)–BE(Sr 3d5/2), were used to characterize the valence electron transfer on the

formation of the Nb–O and Sr–O bonds. The chemical bonding effects were considered on the basis of our XPS results for Sr2Nb2O7 and

earlier published structural and XPS data for other Sr- or Nb-containing oxide compounds. The new data point for Sr2Nb2O7 is

consistent with the previously derived relationship for a set of Nb5+-niobates that D(O–Nb) increases with increasing mean Nb–O bond

distance, L(Nb–O). A new empirical relationship between D(O–Sr) and L(Sr–O) was also obtained. Interestingly, the correlation between

D(O–Sr) and L(Sr–O) was found to differ from that between D(O–Nb) and L(Nb–O). Possible cause for the difference is discussed.

r 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Strontium pyroniobate (Sr2Nb2O7) is a ferroelectric
material with very high Curie temperature (TC ¼ 1342 1C),
very high chemical and thermal stability, and remarkable
piezoelectric and electro-optic properties [1–4]. The
Sr2Nb2O7 crystal structure is orthorhombic, in space
Cmc21 [5,6]. The unit cell is quite large, with a=3.9544,
b=26.767, and c=5.6961 Å [6]. As shown in Fig. 1, the
structure is formed by slabs (with a perovskite-type
structure) parallel to (010) planes. There are two types of
Nb atoms, both in octahedral position, with similar Nb–O
distances in the range of 1.81–2.31 and 1.82–2.24 Å. There
are also two types of Sr positions. The Sr(1) atom, lying
near the boundary of the slab and linking adjacent slabs, is
surrounded by seven oxygens at a distance 2.47–2.92 Å
away (not counting the bonding with more distant oxygen
atoms [6]). The Sr(2) atom is positioned inside the slab and
coordinated to 12 oxygen atoms with a Sr–O distance in
e front matter r 2008 Elsevier Inc. All rights reserved.

c.2008.01.046

ing author. Fax: +7383 333 2771.

ess: atuchin@thermo.isp.nsc.ru (V.V. Atuchin).
the range of 2.55–3.01 Å. The optical properties of
Sr2Nb2O7 include the presence of lightwave phase-match-
ing for second-harmonic generation under pumping by
Nd:YAG laser (l ¼ 1064 nm), noticeable nonlinear optical
coefficients and very weak photorefractive effect due to
high photoconductivity [7]. The dielectric constants of
Sr2Nb2O7 can be tuned effectively with doping by such
metals as Ta, V, or La into the Sr or Nb crystal sites
and these solid solutions are promising as working media
in ferroelectric random access memory devices [8–12].
Recently, a technique has been proposed for the fabrica-
tion of Sr2Nb2O7 nanorods, which enables further minia-
turization of this piezoelectric material in electronic devices
[13,14]. In addition, pure and N-doped Sr2Nb2O7 are active
photocatalysts for splitting water into H2 and O2 under
ultraviolet and visible range illumination [15–17].
In order to utilize the effects mentioned above, it is

important to have a thorough understanding of the
chemical bonding in Sr2Nb2O7. For potential applications
such as electronic devices and catalysts, it is also necessary
to determine the surface electronic parameters that control
the chemical properties of the surface layer. One of the
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Fig. 1. Crystal structure of Sr2Nb2O7 viewed along the a-axis. Small

spheres and octagons represent Sr atoms and NbO6 octahedra,

respectively. The unit cell is outlined. In color version the Nb(1) and

Nb(2) octagons are shown by red and violet, respectively.
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most widely used methods for the characterization of
surface electronic parameters is X-ray photoelectron
spectroscopy (XPS), which can be used for quantitative
determination of the electron charge transfer induced by
the formation of chemical bonds [18]. A recent study on the
N-doping effects in Sr2Nb2O7-based solid solutions men-
tioned some XPS results, however no detailed analysis was
provided [17]. The present study is aimed at producing a
detailed XPS study of Sr2Nb2O7 and to compare the Sr–O
and Nb–O bonding in Sr2Nb2O7 with other Sr- and Nb-
bearing oxides. We will also search for any correlation
between the electronic properties and chemical bonding in
Sr- and Nb-bearing compounds.

2. Experimental

The starting reagents for sample preparation consisted of
stoichiometric amounts of Nb2O5 (Aldrich, 99.99%) and
SrCO3 (Aldrich, 499.9%) powders. After grinding in an
agate mortar, the mixture was calcined at 850 1C for 60 h
and then sintered at T ¼ 1100 1C for a total of 300 h
(60 h+90 h+150 h) with intermediate grinding steps. The
last heat treatment was performed without compaction,
resulting in loosely agglomerated powders. This avoided
the introduction of crystal lattice strain through grinding.
X-ray diffraction (XRD) patterns were recorded after each
heat treatment with an STOE diffractometer using CuKa
radiation. Cell parameter calculations were performed by a
least-square fit method. Fig. 2 shows the XRD pattern
recorded on the sample after the final heat treatment. Aside
from three weak reflections attributed to the Sr5Nb4O15

impurity phase, all lines correspond to the Sr2Nb2O7 phase.
None of the other phases reported in the SrO–Nb2O5

system was detected [19,20]. The calculated lattice parameters:
a=3.9525(6) Å, b=26.780(4) Å, and c=5.7016(10) Å are in
close agreement with those given in [21].
XPS analysis was performed in ultrahigh vacuum with a

VG ESCALAB 220i-XL system employing a monochro-
matic AlKa (1486.6 eV) X-ray source. The X-ray gun was
operated at 120W, and the spectrometer pass energy was
set at 20 and 100 eV for regional and survey scans,
respectively. The powered sample was pressed onto a piece
of freshly cleaved indium metal and mounted under a
stainless steel foil with an open aperture of �3mm
diameter. The diameter of the analysis area was approxi-
mately 500 mm, and the thickness of the probed surface
layer was �5 nm. A low-energy electron flood gun was used
for the neutralization of surface charge buildup. The
binding energies (BEs) were calibrated by fixing the
saturated hydrocarbon component of the C 1s peak at
285.0 eV.

3. Results and discussion

The survey XPS spectrum recorded for Sr2Nb2O7 is
shown in Fig. 3. All peaks, except two, can be attributed to
photoelectrons emitted from constituent element core
levels. The line found at 285 eV is assigned to the C 1s

core level, arising from adventitious hydrocarbons (due to
exposure to air). A very weak peak around 458.3 eV was
also detected and attributed to the small amount
(o0.5 at%) of Ti impurity present in the sample presum-
ably from the starting reagent SrCO3. The Sr 3d and Nb 3d

XPS spectra are shown in Figs. 4 and 5. Both doublets (due
to spin–orbit splitting) show narrow symmetrical lines,
confirming unique chemical states for Sr and Nb in the
sample. Fig. 6 shows the O 1s core level. In this case,
besides the dominant spectral component related to crystal
oxygen, a higher BE shoulder is also evident. This smaller
component is related to surface OH groups as well as
adsorbed water (due to interaction of the oxide surface
with water vapor in air). A set of representative core levels
measured for Sr2Nb2O7 is presented in Table 1. For
comparison, the BE values of Nd 3d and O 1s, as estimated
from Fig. 4 in Ref. [17], are also included in Table 1.
A small BE shift by �0.2–0.3 eV has been found between
their BE values and those measured in our experiment,
which is well within the acceptable range of experimental
scatter in the results reported by different investigators.
One other notable difference is the much narrower
photoelectron peaks observed in our study (as indicated
by full-widths at half-maximum (FWHM) in Table 1),
probably largely due to the monochromatic X-ray source
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Fig. 2. The XRD pattern recorded on a powder sample of Sr2Nb2O7. Diamonds denote reflections from the Sr5Nb4O7 impurity phase.

Fig. 3. Survey X-ray photoemission spectrum of Sr2Nb2O7. Fig. 4. Detailed XPS spectrum of the Sr 3d doublet from Sr2Nb2O7.
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employed by us, but also possibly due to the high quality of
our sample.

It is well known that core level BE values can be used to
obtain information on the chemical bonding in materials
[18]. However, due to the uncertainties associated with
absolute BE values (caused by different experimental
conditions, e.g., charge Ref. [22]), chemical bonding effects
in a compound can be better described by the BE
difference, which is a more robust parameter as it is
independent of absolute BE values. The advantage of using
the BE difference has been demonstrated previously for
different types of oxides [23–30]. For example, D(O–Nb)=
BE(O 1s)–BE(Nb 3d5/2) was used successfully for the
characterization of Nb–O bonding [25]. This quantitative
parameter is independent of surface charging effects, and a
correlation between D(O–Nb) and the mean chemical bond
length L(Nb–O) was found for a set of niobates (all Nb
surrounded by six O atoms) [25]. The D(O–Nb) versus
L(Nb–O) plot from a group of Nb5+-bearing niobates, as
reported in Ref. [25], is reproduced here in Fig. 7 (solid
squares). A general trend of increasing D(O–Nb) with
increasing L(Nb–O) is evident in Fig. 7. As it appears, the
increase in D(O–Nb), with increasing L(Nb–O), corre-
sponds to a negative shift in the BE of Nb 3d5/2 core level
together with a small positive change in the BE of O 1s core
level. For Sr2Nb2O7, the D(O–Nb) value was determined as
323.0 eV from our XPS results. According to the crystal
structure data reported in Ref. [6], there are two Nb
positions in the crystal lattice of Sr2Nb2O7. Both Nb atoms
are in octahedral coordination, surrounded by six oxygen
atoms. The mean chemical bond length L(Nb–O) was
derived from Ref. [6] as 200.3 pm, which is typical for
Nb5+-niobates. The relationship between D(O–Nb) and
L(Nb–O) for Sr2Nb2O7 was included in Fig. 7 (triangle).
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Fig. 5. Detailed XPS spectrum of the Nb 3d doublet from Sr2Nb2O7.

Fig. 6. Detailed XPS spectrum of the O 1s core level from Sr2Nb2O7.

Table 1

Measured core level binding energy (BE) for Sr2Nb2O7

Core level BE (FWHM) (eV)

This study [17]a

Sr 3d5/2 133.1 (1.2) –

Sr 3d3/2 134.8 –

Nb 3d5/2 207.0 (1.0) 206.7

Nb 3d3/2 209.7 209.5

Sr 3p3/2 268.9 –

Sr 3p1/2 279.3 –

C 1s Fixed at 285.0 (1.4) –

Nb 3p3/2 365.2 –

O 1s 530.0 (1.4) 529.8

Numbers in parentheses are the measured full-widths at half-maximum

(FWHM).
aThe BE values were estimated from Fig. 4, and the reference C 1s BE

value was not specified in the paper.

Fig. 7. Niobates on the plane of D(O–Nb)–L(Nb–O). Position of

Sr2Nb2O7 is shown by the solid circle. The solid squares denote data

points of Nb5+-niobates considered in Ref. [25]. The compounds defining

the limits of Nb-bearing oxides are shown by formulas.
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As seen, the data point for Sr2Nb2O7 is in the middle of
those for Nb5+-niobates (Fig. 7), which means that the
covalency of the Nb–O bonds in Sr2Nb2O7 is intermediate
in comparison with that observed in other Nb5+-niobates
[25].

To define the dependence of D(O–Sr) ¼ BE(O 1s)–BE(Sr
3d5/2) on L(Sr–O) all available published results on the
measurement of electronic parameters of Sr-bearing oxide
crystals with XPS and related structural data were
accumulated and compared. The collection of data is
presented in Table 2 for 19 Sr-bearing oxide compounds. It
should be mentioned that for SrO, SrCO3, SrSO4,
Sr(NO3)2, and SrTiO3 the BEs of element core levels were
measured in several other studies as well [55–63]. The
values of D(O–Sr) for SrO, SrCO3, SrSO4, Sr(NO3)2, and
SrTiO3 are in the range of 395.8–397.7 eV [32,55–58],
398.1–398.9 eV [32,55,57–59], 397.75–398.0 eV [32,59],
398.8–399.1 eV [32,55,59], and 396.5–397.1 eV [32,60–63],
respectively. Such a scatter from different investigators of
the same compound is not uncommon, due to differences
in sample preparation and spectrometer calibration. To
improve self-consistency, only the values reported in
Ref. [32] were taken for the above-mentioned oxides, i.e.,
all the compounds were measured using the same spectro-
meter. The range of mean Sr2+–O bond length listed in
Table 2 is much wider than those found for Nb5+–O [25]
and Ti4+–O [27], due to the variety of coordination number
(6–12) exist for Sr-bearing oxides. It is well known that the
Sr–O bond length increases with the coordination number
[64]. Indeed, SrO (with six-coordinated Sr2+) and Na2Sr
(VO3)3 and Sr2CuO3 (with eight-coordinated Sr2+) define the
lower limit of L(Sr–O), while the four compounds having
12-coordinated Sr2+ have the longest Sr–O bond distances
(SrTiO3, Sr(NO3)2, Sr2FeMoO6, and SrSO4). In the case of
Sr2Nb2O7, the structure is more complex because there are
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Table 2

Mean Sr–O bond distance (L(Sr–O)), Sr2+ coordination number and XPS results for Sr-bearing oxide crystals

Compound L(Sr–O) Coordination number O 1s Sr 3d5/2 D(O–Sr)

pm Ref. BE (eV) Ref. BE (eV) Ref. (eV)

SrO 258.0 [31] 6 530.0 [32] 132.6 [32] 397.4

SrCO3 264.8 [33] 9 530.9 [32] 132.7 [32] 398.2

SrSO4 283.7 [34] 12 531.6 [32] 133.85 [32] 397.75

Sr(NO3)2 277.65 [35] 12 532.8 [32] 134.0 [32] 398.8

SrTiO3 275.7 [36] 12 529.0 [32] 132.5 [32] 396.5

SrRuO3 265.0 [37] 8 528.7 p.c. [38] 132.0 p.c. [38] 396.7

SrBPO5 272.6 [39] 10 531.3 [40] 132.5 [40] 398.8

Na2Sr(VO3)4 257.2 [41] 8 530.2 [42] 133.0 p.c. [42] 397.2

K2Sr(VO3)4 260.0 [41] 8 530.2 [42] 133.0 p.c. [42] 397.2

Rb2Sr(VO3)4 259.4 [41] 8 530.2 [42] 133.0 p.c. [42] 397.2

Cs2Sr(VO3)4 260.7 [41] 8 530.2 [42] 133.0 p.c. [42] 397.2

SrLaAlO4 261.2 [43] 9 528.85 [44] 131.9 p.c. [44] 396.9

SrLaGaO4 265.5 [45] 9 529.3 [46] 132.8 p.c. [46] 396.5

SrPrAlO4 259.65 [47] 9 528.9 [48] 131.7 p.c. [48] 397.2

SrPrGaO4 264.2 [49] 9 529.5 [50] 132.35 p.c. [50] 397.15

SrMoO4 259.45 [51] 8 530.8 [52] 133.7 [52] 397.1

Sr2FeMoO6 279.3 [53] 12 529.2 p.c. [54] 132.9 p.c. [54] 396.3

Sr2CuO3 259.5 [65] 7 530.85 [66] 133.2 [66] 397.65

Sr2Nb2O7 269.6 [6] 7+12 530.0 This study 133.1 This study 396.9

p.c.: private communication from the authors as well.

Fig. 8. Sr-bearing oxides (as listed in Table 2) on the plane of

D(O–Sr)–L(Sr–O). The compounds defining the limits of Sr-bearing

oxides are shown by formulas.
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two types of Sr positions, the Sr(1) is coordinated by seven
oxygens with L(Sr–O) ¼ 260.9pm and Sr(2) is coordinated
by twelve oxygens with a relatively long L(Sr–O) ¼
278.3pm distance. The mean Sr–O bond distance in
Sr2Nb2O7 sits, as expected, between those with nine and ten
coordination numbers.

In Fig. 8, all the compounds listed in Table 2 are shown
on the plane of D(O–Sr) versus L(Sr–O). Majority of the
oxides show a D(O–Sr) within the range of 396.5–397.5 eV.
Four compounds, SrCO3, SrBPO5, Sr(NO3)2, and SrSO4,
however, are characterized by much higher D(O–Sr) values,
and therefore their corresponding data points are shifted
away from the main cluster of points in Fig. 8. Nature of
this deviation is not clear. But this anomaly might be
related to the unique ligand groups in these compounds,
which contain short covalent bonds between a non-metallic
atom and oxygen (i.e., C–O, S–O, N–O, B–O, and P–O
bonds). As shown, the Sr2Nb2O7 data point is in the middle
of the main cluster of Sr-bearing crystals on the
D(O–Sr)–L(Sr–O) plane. From the main cluster of points,
a general trend of decreasing D(O–Sr) with increasing
L(Sr–O) can be observed. This is very intriguing as the
trend is opposite to what was observed previously for
Nb5+-niobates [26] and Ti4+-titanates [28]; D(O–Nb) and
D(O–Ti) were found to increase with increasing L(Nb–O)
and L(Ti–O), respectively. The exact cause for the observed
difference is unclear. It is possible that the nature of the
metal–oxygen bond governs the relationship between
D(O–M) and L(M–O). The Sr–O chemical bonds are
commonly classified as very ionic with complete transfer of
valence electrons from Sr to O atoms. As a result, the BE of
Sr 3d5/2 line is not expected to change much in different
Sr-bearing oxides. Therefore, the decrease (or increase) of
D(O–Sr) is predominantly determined by the decrease (or
increase) in the O 1s BE value, which is in turn affected by
the valence electron transfer from other cations that
covalently bonded with oxygen. For example, the tetra-
hedrally coordinated Mo6+ and V5+ ions in SrMoO4 and
M2Sr(VO3)4 (M ¼ Na, K, Rb, and Cs) form relatively
short and more covalent Mo–O and V–O bonds, resulting
in higher O 1s BE values (i.e., higher D(O–Sr) values). On
the other hand, the octahedrally coordinated Ti4+ and
Mo5+ ions in SrTiO3 and Sr2FeMoO6 form relatively long
Ti–O and Mo–O bonds, leading to lower D(O–Sr) values.
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In order to confirm this empirical relationship between
D(O–Sr) and L(Sr–O), it is highly desirable to obtain XPS
results from a larger number of Sr-bearing oxides,
especially from clean single crystal surfaces, rather than
those from less well defined powder surfaces (as quoted in
this study). Nevertheless, the trend observed for Sr-bearing
oxides in Fig. 8 is also expected for other oxides containing
alkaline-earth and, probably, alkaline cations.

4. Conclusions

The Sr2Nb2O7 powder was fabricated by solid-state
synthesis and constituent element core levels were mea-
sured with XPS. Based on these experimental results and
literature data (XPS and crystal structure) of other Sr- or
Nb-containing oxide compounds, a qualitative relationship
between the O and cation BE difference and the mean
cation–oxygen bond distance was revealed on the planes of
D(O–Nb)–L(Nb–O) and D(O–Sr)–L(Sr–O). The D(O–Nb)
and L(Nb–O) values found for Sr2Nb2O7 is consistent with
those evaluated previously for a large set of Nb5+-
containing oxides, with increasing D(O–Nb) values upon
the increase of Nb–O bond length, L(Nb–O). However, a
relationship of decreasing D(O–Sr) with increasing L(Sr–O)
was obtained for a set of Sr-bearing oxide crystals
including Sr2Nb2O7, which can not be explained by the
simple ionic model. For more detailed observation of the
Sr–O bonding in the future, it would be desirable to study a
family of Sr2T2O7 (T ¼ V, Nb, and Ta) oxides with varied
ionicity of the T–O bonds, and a set of different strontium
niobates to see the effect of Sr/Nb variation on the values
of D(O–Nb) and D(O–Sr) simultaneously.
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