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Srn+1RunO3n+1 (𝑛= 1,2,∞) series
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Effect of structure parameter n and its coupling with the connection mode among RuO6 octahedra of Srn+1RunO3n+1
(n = 1, 2, ∞) are investigated. The gradually enhanced rotation and tilting effect with increasing n are observed in
Srn+1RunO3n+1. Besides, the chemical valence of Ru is not changed, while the one of Sr gradually varies with increasing
n, which highlights the great contribution of connection mode to the chemical environment. Our results show a strong n
dependence on the connection mode between octahedra in Srn+1RunO3n+1 (n = 1, 2, ∞).
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1. Introduction
The peroviskite-like strontium ruthenates Srn+1RunO3n+1

(n= 1, 2, ∞), where n is the number of layers of corner-sharing
RuO6 octahedra per formula unit, display a remarkable ar-
ray of complex electronic and magnetic properties.[1] SrRuO3

(n = ∞) is an itinerant ferromagnet.[2] Bilayered Sr3Ru2O7

(n = 2) is identified as an enhanced paramagnet.[3] Single-
layer Sr2RuO4 (n= 1) is an unconventional superconductor.[4]

Specifically, Srn+1RunO3n+1 exhibits strong dependence on
the number n, reflecting the high level of strong structure pa-
rameter n control effect in this system.

It is believed that the octahedra of RuO6 in
Srn+1RunO3n+1 (n = 1, 2, ∞), which exhibits a delicate bal-
ance among RuO6 octahedra,[5] is the origin of those intrigu-
ing physical properties.[6] The distortion of octahedron, such
as the size, shape, and connection mode among octahedra,
tends to have a profound influence on the ground state.[7] As
the RuO6 octahedra in these crystals have very similar size,[8]

the property can thus be greatly tuned by the connection mode.
The change of n, which reflects the number of Ru–O layers,
will modify the connection mode of octahedra. Because it
is crucial to study the modulation of the connection mode
changed by n, a deeper understanding of the properties of
these ruthenates may be developed.

In this paper, we focus on the layered system of
Srn+1RunO3n+1 (n = 1, 2, ∞) series. The coupling between
structure parameter n and connection mode among RuO6

octahedra is investigated using the x-ray diffraction (XRD)
and extended x-ray absorption fine structure (EXAFS) meth-
ods. With n increasing, the rotation effect and tilting effect
(Fig. 1(d)) are detected[9,10] and the chemical valence of Sr is
changed. There is a strong n dependence on the connection

mode among octahedra in layered Srn+1RunO3n+1 (n = 1, 2,
∞) series.

2. Experimental
Single-phase polycrystalline Srn+1RunO3n+1 (n = 1, 2,

∞) samples were synthesized by a conventional solid-state
reaction method. The crystal structure was confirmed by
XRD using Rigaku Dmax-rB diffractometer. All XRD data
were collected in a step mode with an interval of 0.02◦ in
2θ range of 10◦ < 2θ < 70◦. The crystal structure analy-
sis was performed using the Rietveld refinement method.[11]

The x-ray absorption data at Ru K-edge for all samples were
recorded at room temperature in transmission mode at beam-
line BL14W1 in the Shanghai Synchrotron Radiation Facil-
ity (SSRF), China. The EXAFS data were processed using
ATHENA, and the structural parameters were obtained us-
ing the code of IFEFFIT.[12] The x-ray photoelectron spec-
troscopy (XPS) measurements were carried out by PHI 5000
VersaProbe with Al Kα x-ray source. The temperature depen-
dence of resistivity was measured by the standard four-probe
method.

3. Results and discussion
We define n (n = 1, 2, ∞) as the number of Ru–O layers,

which are composed of corner sharing Ru–O octahedral (see
Fig. 1). The Sr2RuO4 (n = 1) has a single Ru–O layer (see
Fig. 1(a)), and Sr3Ru2O7 (n = 2) has double coupled Ru–O
layers (see Fig. 1(b)) and SrRuO3 (n = ∞) is a distorted per-
ovskite with a continuous stack of Ru–O layers (see Fig. 1(c)).
In order to investigate the effect of structure parameter n on
the property, we perform detailed structure analysis. The x-
ray diffraction measurement reveals that all Srn+1RunO3n+1
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(n = 1, 2, ∞) samples are of single phase. The refinement re-
sults for all samples are compared with that of experimental
data. As can be seen from Fig. 2, the refinement results are
of high quality with Rwp factor lower than 7%. The calculated
lattice parameters a, b, c, volumes, and Ru–O–Ru angles are
summarized in Table 1.
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Fig. 1. (color online) Schematic illustration of the unit cells of (a)
Sr2RuO4 with space group I4/mmm, (b) Sr3Ru2O7 with space group
I4/mmm, and (c) SrRuO3with space group Pnma. (d) Schematic illus-
tration of the rotation (upper) and tilting (down) effect between RuO6
octahedra. Ru ions are in the center of each octahedra.

Table 1. Calculated lattice parameters a, b, c, volumes, and Ru–O–Ru
angles of Srn+1RunO3n+1 (n = 1, 2, ∞) from structure refinement.

Sr2RuO4 (n = 1) Sr3Ru2O7 (n = 2) SrRuO3 (n = ∞)
I4/mmm I4/mmm Pnma

a/Å 3.8751(1) 3.8792(1) 5.5580(1)
b/Å 3.8751(1) 3.8792(1) 7.8807(3)
c/Å 12.7279(2) 20.5242(9) 5.5403(1)

V /Å3 191.128(4) 308.856(25) 242.671(13)
Rwp/% 5.79 6.43 6.99

Ru–Oab–Ru/(◦) 180 179.3(2) 170.4(3)
Ru–Oc–Ru/(◦) 180 166.1(2)

As can be seen from Table 1, with increasing n, the space
group of Srn+1RunO3n+1 (n = 1, 2, ∞) evolves from I4/mmm
to Pnma. Besides, the Ru–Oab-Ru angle, which represents the
rotation effect between octahedra (see Fig. 1(d)),[13] gradu-
ally decreases with n, indicating the enhanced rotation effect,
while the tilting effect between octahedra (see Fig. 1(d)) is lost
in structure with I4/mmm symmetry. Although the structure
calculation with space group I4/mmm for Sr3Ru2O7 is of high
quality, Kiyanagi et al. indicated that Sr3Ru2O7 may prefer
a lower symmetry space groups with slight tilting effect.[14]

However, the titling angle is so small that it cannot be detected
using a refinement method.

The x-ray absorption fine structure (XAFS) technique is
suitable for solving this problem. The XAFS enables one to
acquire information on the local environment of each element
in the material under investigation. As a result, the XAFS is
especially attractive for studying the structure near core atoms,

especially the distance between core atom and neighbor atoms.
Figure 3 shows the normalized XAFS spectra at Ru–K edge
for samples of Srn+1RunO3n+1 (n = 1, 2, ∞). The absorption
edge of the x-ray absorption near edge structure (XANES)
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Fig. 2. (color online) x-ray diffraction data (line) and calculated
data (×) for the samples (a) Sr2RuO4 with space group I4/mmm, (b)
Sr3Ru2O7 with space group I4/mmm, and (c) SrRuO3 with space group
Pnma. Marks with short bar (|) indicate the positions of Bragg reflec-
tions, and the difference between observed and calculated data are in
the bottom.
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Fig. 3. (color online) Normalized XAFS spectra at the Ru–K edge for
samples of Srn+1RunO3n+1 (n = 1, 2, ∞). Insert shows the detailed
spectra near the absorption edge.
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spectrum is expected to shift when the valence state of man-
ganese is altered.[15] Nevertheless, the shift of x-ray absorp-
tion spectra of our samples has not been detected here, demon-
strating that the chemical valence of Ru is not changed with
increasing n. It can be concluded that the chemical environ-
ment around Ru ions (in RuO6 octahedra) remains the same
despite increasing n.

However, the local structure does change with n. As can
be seen in the insert of Fig. 3, new small peaks (marked with
dashed lines) can be observed with increasing n. The k2-

weighted Fourier transform spectra x(k) are shown in Fig. 4(a).

The atoms corresponding to each peak are marked in the

figure.[16] In Fig. 4(a), with the increase of n, the shape of

Ru peaks is clearly changed. This peak gradually splits into

two peaks, indicating that there may be two types of Ru–Ru

paths in Srn+1RunO3n+1 when n > 1. This result reveals that

the structure parameter n has profound effect on the connec-

tion mode between RuO6 octahedra in Srn+1RunO3n+1 (n = 1,

2, ∞).
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Fig. 4. (color online) (a) Fourier transformed spectra from EXAFS data of Srn+1RunO3n+1 (n = 1, 2, ∞) at the Ru K-edge. Insert
shows the detailed difference of samples. Atoms corresponding to each peak are marked. (b)–(d) Comparison between the Fourier
transformed EXAFS spectra and the fitted curves. The ranges between the two vertical dash lines are the fitting ranges.

To better understand the connection mode evolution of
Srn+1RunO3n+1 (n = 1, 2, ∞), EXAFS data need to be cal-
culated. The Ru–Ru distances are obtained using the Fourier
transform data, over the range of 0.6–4.6 Å. Fitting curves are
shown in Figs. 4(b)–4(d). It is seen that the observed data and
calculated data match very well with the R factor below 0.002.
The calculated Ru–Ru distance, Debye–Waller factors σ2, and

the coordination number N*amp, are shown in Table 2. Two

types of Ru–Ru paths are observed in Sr3Ru2O7 (n = 2) and

SrRuO3 (n = ∞). Ru–Ru path in the c direction represents

the Ru–Ru distance between corner-sharing RuO6 octahedra

in the c direction, while Ru–Ru path in the ab plane represents

the distance at the Ru–O plane.

Table 2. Calculated Ru–Ru distance, Debye–Waller factors σ2, and the coordination number N*amp of Ru K-edge EXAFS data for
Srn+1RunO3n+1 (n = 1, 2, ∞).

R factor Path R/Å N*amp σ2/Å2

Sr2RuO4 (n = 1) 0.0016 ab plane Ru–Ru 4.064 3.892 0.0046

Sr3Ru2O7 (n = 2) 0.0014
c direction Ru–Ru 3.960 0.811 0.0005
ab plane Ru–Ru 3.855 3.244 0.0054

SrRuO3 (n = ∞)
0.0018 c direction Ru–Ru 3.953 3.884 0.0023

ab plane Ru–Ru 3.836 1.942 0.0066
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In Sr2RuO4 (n = 1), only one scattering path of Ru–Ru
can be observed, while two paths of Ru–Ru are achieved in
Sr3Ru2O7 (n = 2) and SrRuO3 (n = ∞) in the fitted range. As
the RuO6 octahedra in these crystals have very similar size, the
evolution of the Ru–Ru distance should be attributed to the ro-
tation and tilting effect between RuO6 octahedra. The Ru–Ru
distance L in Sr2RuO4 (n = 1) is longer than that in Sr3Ru2O7

(n = 2) and SrRuO3 (n = ∞), namely, L(n = 1)> L(n = 2)>
(n=∞). This result puts forward a direct consequence that the
rotation and tilting effect is gradually enhanced with increas-
ing n.

In addition, the Ru–Ru distance difference between the
two paths is 0.105 Å in Sr3Ru2O7 (n = 2) and 0.117 Å
in SrRuO3 (n = ∞), respectively. The increased difference,
0.105 Å (n = 2) and 0.117 Å (n = ∞), once again reveals the
gradually enhanced rotation and tilting effects with increasing
n. The structure parameter n can effectively tune the connec-
tion mode between RuO6 octahedra. Rotation and tilting ef-
fects between RuO6 octahedra arise with increasing n. Strictly,
Sr3Ru2O7 prefers a lower symmetry space groups with tilting
effect involved, instead of I4/mmm. Our calculated Ru–Ru
distances show clear n dependence, supporting this scenario
well.

The evolution of connection mode with increasing n
should result in the change of chemical environment. The
XAFS result reveals that the chemical valence of Ru is not
changed. As a result, the bond environment of Sr and O may
be changed with n. The XPS has been widely used to study
the chemical environment. Figure 5 shows the Sr 3d core-level
XPS spectra of Srn+1RunO3n+1 (n = 1, 2, ∞). As can be seen,
the 3d peak position gradually moves to lower binging energy.
The behavior is different from previous result,[17] which may
result from the oxygen non-stoichiometry in Srn+1RunO3n+1

due to the solid-state reaction method.
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Fig. 5. (color online) Sr 3d core-level XPS spectra of Srn+1RunO3n+1
(n = 1, 2, ∞). The peak positions are marked by the solid bars.

The n dependence of electrical resistivity ρ(T ) is mea-
sured and shown in Fig. 6. The Sr2RuO4 (n = 1) shows
semiconducting behavior, while Sr3Ru2O7 (n = 2) and
SrRuO3 (n = ∞) show metallic property. Still, the semi-
conducting behavior in Sr2RuO4 stems from the oxygen

non-stoichiometry.[18] A clear anomaly can be observed in
Fig. 6(c), suggesting that the effect of magnetic transition be-
comes more significant as the dimensionality decreases.
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Fig. 6. (color online) Resistivity of Srn+1RunO3n+1((a) n= 1, (b) n= 2,
(c) n = ∞) as a function of temperature. The arrow indicates the Curie
transition.

4. Conclusions
In this study, the structure and chemical valence in

Srn+1RunO3n+1 (n = 1, 2, ∞) are investigated. In Sr2RuO4

(n= 1), only the rotation effect is observed. Two scatting paths
of Ru–Ru can be observed in Sr3Ru2O7 (n = 2) and SrRuO3

(n = ∞), indicating the coexistence of the rotation and tilting
effects in the structure. Gradually enhanced rotation and tilt-
ing effects with increasing n are observed. With the evolution
of the connect mode, chemical valence of Sr is changed. There
is a strong n dependence in the change of connection mode be-
tween octahedra in Srn+1RunO3n+1 (n = 1, 2, ∞), which is the
origin of the abundant property in Srn+1RunO3n+1 (n = 1, 2,
∞) series.
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