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Abstract

We report on the crystallographic structure of the layered perovskite iridate Sr3Ir2O7, investigated using transmission electron

microscopy. The space group was found to be Bbcb (D22
2h, No. 68 in the International Tables for Crystallography) at 315K. A very

fine twin structure with 901 rotation with respect to the c-axis was observed. The crystal structure at temperatures lower than 285K,

where a phase transition from paramagnetism to weak ferromagnetism is known to occur, was also examined. There was no

difference in the extinction rule for the diffraction patterns between the two phases. We conclude that there is no change in the space

group for this magnetic transition. There still remains the possibility of a change in the rotation angle of IrO6 octahedrons and a

corresponding change in the interatomic distance between Ir and O, though.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, the transport and magnetic properties
of layered perovskite-type ruthenium oxides have been
attracting significant attention since they show interest-
ing behavior. For example, Sr2RuO4 shows spin-triplet
superconductivity [1,2], and Ca2RuO4 is found to be an
anti-ferromagnetic Mott-insulator [3]. The layered
perovskite type Sr3Ru2O7 ruthenium oxides also yield
very interesting behavior. On cooling, an increase in the
magnetic susceptibility below �150K, and a decrease in
it at �20K are reported [4–9]. This was analyzed as
ferromagnetism induced by uniaxial-pressure [10]. While
the electrical resistivity is similar to that of metals, it
shows a sharp change at �20K. This property of
e front matter r 2004 Elsevier Inc. All rights reserved.
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Sr3Ru2O7 has been discussed as quantum critical
behavior [11]. Ca3Ru2O7 has been reported to show a
phase transition to an anti-ferromagnetic metal at TN ¼

56K and to an insulator at TM ¼ 48K [12]. These
properties of the material have been discussed as due to
the behavior of the 4d electrons of Ru under the
influence of a crystal field with the structure distortion.
The physical properties of iridates have also been

attracting recent attention, because the similar and
related behaviors of 5d electrons of Ir are expected. For
example, the magnetic properties of Sr3Ir2O7 change
from paramagnetism to weak ferromagnetism at
�285K [13–15], and anisotropy in magnetic suscept-
ibility is reported at temperatures lower than 50K [13].
It is known that perovskite-type compounds are often
accompanied by variations in the rotations and tilts of
oxygen octahedrons. For example, Sr2RuO4 shows no
tilt and no rotation of the octahedrons, whereas
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Sr3Ru2O7 does show a rotation. The rotation changes
the interatomic distance between oxygen and the metal
atom. The energy levels of the d-electrons are related to
the crystal lattice structure. Therefore, the determina-
tion of the space group and precise structural analysis
are important. However, there have been few studies for
the refinement of structure analysis for iridates thus far.
The crystal structure of Sr3Ir2O7 has been investigated

and was found to be Ruddlesden–Popper type with n ¼

2 at first, with I4=mmm for the space group [16,17].
Using X-ray diffraction, Subramanian et al. have
reported the possibility of a 121 rotation of the IrO6
octahedron with respect to the c-axis, but they only
mentioned I4=mmm as the parent structure, since the
expected superlattice reflections were too weak to
investigate details. They suggested that the rotations
might be a state of disorder [16]. Recently, Cao et al.
showed new analysis of the structure using electron
Fig. 1. Crystal lattice of Ruddlesden–Popper structure for n ¼ 2. The

space group is I4=mmm (No. 139 International Tables). The spheres

indicate Sr atoms and the octahedrons indicate IrO6. An Ir atom is

located in the center of the octahedron. Oxygen atoms are located at

the corners of the octahedrons.
diffraction and high-resolution electron microscopy,
and indicated the space group to be Bbca [13], but
details of their analysis were not described in their
report. The results by Subramanian et al. may be
incomplete for current situation of research work on
transport and magnetic properties of this crystal, but
results by Cao et al. are inconsistent with that by
Subramanian et al., and therefore structure of this
crystal remains still to be refined. In this paper, we
report on the structure analysis of Sr3Ir2O7 using
transmission electron microscopy (TEM). Possibility of
a crystal lattice change accompanying the observed
magnetic transition at �285K is also examined.
Fig. 1 shows a unit-cell of the Ruddlesden–Popper

type structure with n ¼ 2. Spheres represent Sr atoms
and octahedrons represent IrO6. Oxygen atoms are at
the corners and Ir atoms are at the centers of the
octahedrons. Rotation of the octahedrons is not
considered in this structure. Fig. 2(a) represents the
Fig. 2. (a) I4=mmm reciprocal lattice for the crystal structure shown in

Fig. 1. (b) A new reciprocal lattice system, which is going to be used in

the next section. The 1 1 0 and 110 reciprocal points of I4=mmm are

chosen to be 2 0 0 and 0 2 0 in this new reciprocal lattice system. The

new axes are rotated by 451 with respect to the c-axis, and the unit cell

length is
ffiffiffi

2
p

times longer than for I4=mmm.

Fig. 3. The temperature dependence of magnetization for Sr3Ir2O7 in

an FC sequence and a ZFC sequence with mH ¼ 1T .
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reciprocal lattice of the Ruddlesden–Popper type
structure for n ¼ 2. In this figure, the space group is
I4=mmm (International Tables No. 139). In the follow-
ing sections, we use a new coordinate system described
in Fig. 2(b) to consider the rotations of IrO6 octahe-
drons. New a and b axes were chosen, rotated by 451
with respect to the c-axis.
2. Experiment

Polycrystalline samples of Sr3Ir2O7 were synthesized
using a high-pressure technique. First, precursors of
Sr3Ir2O7 were prepared from SrCO3 and IrO2 with the
nominal compositions of Sr3Ir2O7. These materials were
mixed and heated at 1173K for 12 h in air. Next, the
Fig. 4. Parallel beam electron diffraction patterns observed at 315K, at (a) th

indicate weak intensities observed at the [001] zone axis. Diffraction pattern
precursors were placed in gold capsules and pressed up
to 2GPa using a cubic-anvil-type high-pressure appara-
tus at room temperature. The specimens were then
heated up to 1273K, held at this temperature for 2 h,
and finally cooled down to room temperature. The
samples were found to be almost single phase, except for
tiny amounts of SrIrO3 impurity. Estimated lattice
parameters, assuming the tetragonal parent structure,
are a ¼ 3:9026 (A and c ¼ 20:9300 (A, which agrees with
the previous report [15]. DC magnetization was mea-
sured using a SQUID magnetometer (Quantum Design
MPMS). Thin specimens for the TEM were prepared by
ion milling. TEM observations were carried out using a
JEM 4000FX instrument operated at 100–200 kV to
reduce radiation damage. Parallel beam diffraction and
convergent beam electron diffraction (CBED) patterns
e [001] zone axis, and at (b) the [100] zone axis direction. White arrows

at (c) ½1 1 0� zone axis and (d) ½1 2 0� zone axis.
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were observed at various crystallographic orientations.
A Gatan double-tilt N2 cooling stage was used at 315,
200, and 125K. Observations at 315K were performed
using an electric heater equipped for the cooling stage.
In a typical transmission electron microscope, it is
known that the leakage of magnetic field is in the range
of 2 T in the specimen chamber from the objective
electron lens. We concluded this had no particular
influence on the magnetic transition of Sr3Ir2O7, because
this is similar and the comparable range to the
magnetization experiment.
Fig. 5. Model structures for the Ruddlesden–Popper type crystal of

n ¼ 2 with rotated octahedrons. Dark octahedrons represent counter-

clockwise rotation with respect to the c-axis, and bright octahedrons

represent clockwise rotation. (a) Structure of Bbcb, and (b) Acaa. In

these structures, the rotation directions of vertical neighboring pairs

are opposite. In (a), a shift of +(0.5, 0, 0.5) gives an identical structure.

In (b) a shift of +(0, 0.5, 0.5) gives an identical structure. Both

structures belong to No. 68 in the International Tables for Crystal-

lography. (c) Bbcm and (d) Acam. In these two structures, the rotation

directions of vertical neighboring pairs are the same. In (c), a shift of

+(0.5, 0, 0.5) gives an identical structure. In (d) a shift of +(0, 0.5, 0.5)

gives an identical structure. Both structures belong to No. 64 in the

International Tables for Crystallography.
3. Results and discussion of the structure at 315K

First, the magnetization of the specimens was
confirmed. Fig. 3 shows the measured DC magnetiza-
tion of the specimen in the temperature range from 1.8
to 330K, in a field cooled sequence (FC), and a zero
field cooled sequence (ZFC) at a field of m0H ¼ 1T. The
graph indicates that the magnetic transition occurs at
�280K. A substantial increase in magnetization is
observed below this temperature. The significant differ-
ence between the ZFC and FC plots clearly indicates a
ferromagnetic component. This result agrees with
previously reported results [13–15].
TEM observations indicate that the sizes of the

polycrystalline grains were more than several micro-
meters. Some grains were large enough to be considered
as single crystals and were chosen for the investigation.
Fig. 4 shows parallel beam electron diffraction patterns
observed at the [001], [100] (or [010]), ½1 1 0�, and ½1 2 0�
zone axes orientations, taken at 315K. Those indices of
reflections are given by the new system introduced in
Fig. 2(b). In Fig. 4(a) reflections of h, k ¼ 2n, such as
2 0 0, 4 0 0, 0 2 0, 0 4 0, 2 2 0, 4 4 0 are observed clearly.
Very weak diffracted intensities at h þ k ¼ 2n þ 1, such
as 1 0 0, 0 1 0, 2 1 0, y., are observed. However,
reflections such as 0 1 0, 0 3 0, 1 0 0, 3 0 0, y., are not
observed in Fig. 4(b) at the [100] orientation. We took a
number of diffraction patterns of [100] and/or [010] zone
axes orientations using different crystals, however
reflections of 1 0 0, 3 0 0, y., h 0 0 ðh ¼ 2n þ 1Þ, 0 1 0,
0 3 0, y., 0 k 0 ðk ¼ 2n þ 1Þ, were not observed. We
concluded that weak reflections such as 1 0 0, 3 0 0,y. ,
h 0 0 ðh ¼ 2n þ 1Þ, 0 1 0, 0 3 0, y., 0 k 0 ðk ¼ 2n þ 1Þ, at
the [001] zone axis in Fig. 4(a) are due to multiple
scattering via higher-order Laue zones. This is a typical
phenomenon in a structure belonging to the nonsym-
morphic space group; see for example [18]. In the
present case, for the [001] zone axis for example, an
electron is scattered to an hkl reflection on a higher
order Laue zone, and then comes back to the position of
the 1 0 0 reflection on the zeroth order Laue zone by a
scattering of 	h þ 1, 	k;	l. Both reflections of hkl and
	h þ 1, 	k, 	l are supposed to be allowed reflections,
and this scattering process can yield intensity at the 1 0 0
position, where the structure factor itself has a zero
value. In the observation at the [001] zone axis, the
length of the c* vector is very short, so that the
scattering processes involving higher order Laue zones
can take place much more strongly than the case at the
[100] zone axis observation.
At the ½1 2 0� zone axis in Fig. 4(d), a series of

reflections 2 1 1, 2 1 2, 2 1 3, 2 1 4,y., appears, indicating
that the structure is not I4=mmm since reflections do not
exist at such positions in I4=mmm. Moreover, it looks as
if it has a periodicity of double cell along the c-axis
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direction. Also, the very weak reflection 2 1 0 is
observed. Therefore, whether the reflection 2 1 0 in Fig.
4(a) and (d) is due to the multiple scattering, or is a
genuine reflection seems uncertain. This weak reflection,
2 1 0, observed in Fig. 4(a) and (d) will be discussed later.
The structure of this crystal can now be discussed

considering the results observed in Fig. 4. The presence
of rotated oxygen octahedrons in this structure has been
reported previously [16]. Fig. 5 shows model structures
for the Ruddlesden–Popper type of n ¼ 2 with rotated
octahedrons. Dark octahedrons represent counter-
clockwise rotation with respect to the c-axis, and bright
octahedrons represent clockwise rotation. Horizontal
neighboring octahedrons always rotate in opposite
directions since they are connected by one oxygen atom.
For a pair of vertical neighbors, there are two types of
rotational configurations. In one type, the rotations are
in opposite directions, while in the other type, the
rotation is in the same direction for a pair of vertical
neighbors. The configuration with the same rotational
direction will be discussed later. Let us discuss the case
of the opposite rotational direction first. Fig. 5(a) and
(b) show structures with opposite rotations for vertical
neighboring pairs of octahedrons. The space groups can
be described as Bbcb for (a) and Acaa for (b). Both
belong to D22

2h, and No. 68 in the International Tables
for Crystallography. There is a difference in the vertical
stacking of the layers for the rotated octahedrons,
between Fig. 5(a) and (b). In the structure described in
Fig. 6. (a), (b), (c) and (d) represent the reciprocal lattices for the structures sh

reciprocal points where the diffracted intensities can be observed. The open cir

However, intensity can appear at these positions depending on incident elec
Fig. 5(a), a shift of +(0.5, 0, 0.5) gives an identical
structure. In Fig. 5(b) a shift of +(0, 0.5, 0.5) gives an
identical structure. If there is only rotation of the
octahedrons without anisotropic distortion, the two
structures in Fig. 5(a) and (b) are identical to each other
after a 901 rotation of the whole unit cell, i.e., they have
the relationship of rotated twins. Fig. 6(a) and (b) show
reciprocal lattices for the Bbcb and Acaa, respectively.
The closed circles are positions of the reciprocal points
with diffracted intensity, and open circles are the
positions where the structure factors are zero. However,
diffracted intensity may appear by multiple scattering
depending on the incident beam direction. If there are
Bbcb and Acaa domains in a crystal, both reciprocal
lattices are superimposed. In this case, a series of
reflections of 2 1 1, 2 1 2, 2 1 3, 2 1 4,y. in Fig. 4(d) will
appear, and the observed diffraction patterns in Fig. 4
can be explained without any contradictions.
In Fig. 5(a) and (b), we assumed opposite rotations

for the octahedrons of vertical neighboring pairs. If we
consider the same rotational direction for a pair of
vertical neighbors, the space group is either Bbcm or
Acam. Both belong to D18

2h, and No. 64 in International
Tables for Crystallography. The structures are illu-
strated in Fig. 5(c) and (d). These two structures have a
relationship of rotated twins with respect to the c-axis
again. There is the possibility of fine twin domain
structure. The reciprocal lattice structures are shown in
Fig. 6(c) and (d). Again, the superimposition of the two
own in Fig. 5, respectively. The closed circles represent the positions of

cles represent the positions where the structure factors have zero-value.

tron beam orientation due to multiple electron scattering.
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reciprocal lattices gives a series of reflections of 2 1 1,
2 1 2, 2 1 3, 2 1 4,y. . However, the structure factors for
2 1 0, 4 1 0y., or 1 2 0, 1 4 0,y. are not zero in these
structures. Then, reciprocal points of the 2 1 0 and 1 2 0
reflections become solid circles in Fig. 6(c) and (d),
respectively. The issue of the space group, whether it is
Bbcb (Acaa) or Bbcm (Acam), needs to be considered if
the observed weak reflections such as 2 1 0, 4 1 0, y.
1 2 0, 1 4 0, y. are genuine or not. Fig. 7 shows
calculated structure factors for electron diffraction as a
function of the octahedron rotation angle for the 2 1 0,
2 1 2 reflections in Bbcb, 2 1 1, 2 1 3 in Acaa, 2 1 0, 2 1 2 in
Bbcm and 2 1 1 in Acam. This figure shows an increase in
structure factors as functions of the rotation angle of
octahedrons, and indicates that the intensity of the 2 1 0
is stronger than that of the 2 1 2 in Bbcm (Acam). On the
other hand, the 2 1 2 can appear to be stronger than the
2 1 0 in Bbcb (Acaa). The observed intensity of the 2 1 0
in Fig. 4(d) is much weaker than that of the 2 1 2.
Therefore, we conclude that Bbcm (and Acam) do not fit
the experimental results. The weak reflection 2 1 0
observed in Fig. 4(a) and (d) is therefore due to multiple
scattering, and the space group is deduced to be Bbcb (or
Acaa) without contradictions.
Fig. 7. Calculated structure factors for electron diffraction as a

function of the rotation angle of the octahedrons. The vertical axes are

absolute values of structure factors (structure potential) Ug. The

horizontal axes represent the rotation angle in degrees. The results are

shown for reflections of 2 1 0, 2 1 2 of Bbcb, and 2 1 1, 2 1 3 of Acaa in

the upper figure, and reflections of 2 1 0, 2 1 2 of Bbcm, and 2 1 1 of

Acam in the lower figure.
The difference in extinction rules between Bbcb and
Bbcm is somewhat critical as seen above. However,
differences among other space groups are not that
critical. Shaked et al. have analyzed the structure of
Sr3Ru2O7 by neutron and X-ray diffraction [19,20].
They have discussed the possibility of the structure
being B112=m (No. 12), B112=n (No. 15), Bb21m (No.
36), Bbmm (No. 63), Bbcm (No. 64), Bmcm (No. 67),
Bbcb (No. 68), P42=m (No. 84), P42=mcm (No. 132), and
P42=mnm (No. 136). They concluded that the structure
of Sr3Ru2O7 is Bbcb (No. 68). Their results for
Sr3Ru2O7 also agree with the present electron diffrac-
tion results for Sr3Ir2O7. If we consider not only the
rotation but also tilting of the octahedrons, some of the
above space groups can be candidates, but we could
discard the possibility of the other nine space groups,
since they have different extinction rules.
Fig. 8 shows a TEM image taken near the ½120� zone

axis orientation. Very fine contrast on the ab-plane is
observed, these planar defects are concluded to be
domain boundaries between the Bbcb and Acaa lattices,
i.e., these structures can be regarded as fine twins with
901 rotation with respect to the c-axis. In Fig. 4(b), (c)
and (d), weak streaks can be observed along the c-axis
direction. These streaks may be caused by the presence
of fine twins on the ab-plane. Subramanian et al.
examined the structure of Sr3Ir2O7 single crystal by X-
ray diffraction [16]. They have discussed the presence of
disorder for the rotation of the octahedrons. Their
results agree with the fine rotated twin structure
observed in this study.
Fig. 8. Bright field TEM image near the ½1 2 0� orientation. The very

fine twin structure can be observed. Domains of Bbcb and Acaa have a

thin sheet shape and are stacked along the c-axis.
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Fig. 9. Diffraction pattern at: (a) [001] zone axis at 200K, (b) ½1 1 0� zone axis at 200K, and (c) at ½1 2 0� zone axis at 125K.
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4. Diffraction patterns at low temperatures

When the specimens were cooled to 200 and 125K, we
did not observe appearance of any new reflections. Some
examples of the observed electron diffraction patterns
are shown in Fig. 9 where (a) is taken at the [001] zone
axis at 200K, (b) is taken at 125K at ½110�, and (c) is
taken at the ½120� zone axis orientations. The extinction
rules of these observed electron diffraction patterns are
identical to those at 315K. We therefore concluded that
there was no change in the space group at lower
temperatures. However, the possibility of changes in the
rotation angle of the octahedrons still needs to be
considered, accompanying the changes in the magnetic
properties at �285K, similar to the case for Sr3Ru2O7
[19]. As shown in Fig. 7, the intensities of superlattice
reflections clearly depend on the rotation angle of the
octahedrons. We have observed these superlattice
reflections several times at 315, 200 and 125K in fixed
positions. However, the intensity changes of these
reflections are uncertain. In Sr3Ru2O7, the change in
the rotational angle has been reported to be more or less
than 11 in the region from 0 to 300K [19]. Such subtle
changes in the angle of rotation may be possible.
5. Conclusions

Electron diffraction patterns and transmission elec-
tron microscopy images of Sr3Ir2O7 were obtained. The
space group of this crystal is found to be Bbcb (D22

2h, No.
68 in the International Tables for Crystallography) at
315K. The crystal has a fine twin structure with 901
rotation with respect to the c-axis. At lower tempera-
tures, at 200 and 125K, there was no change in the
extinction rule in the electron diffraction patterns.
Therefore, we concluded there is no change in the space
group accompanying the observed change in magnetic
properties. However, a possibility of a small change in
the rotational angle of IrO6 octahedrons still remains.
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