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It is shown that due to the ionic sizes of Sr21 and Ru41, crystal
structure distortions are expected in the layered structure of
Sr3Ru2O7. Using neutron powder di4raction of Sr3Ru2O7, the
expected distortions are indeed found and their nature is studied
at room temperature. It is found that among the eight possible
modes of pure rotations (i.e., rotations along symmetry axes) of
the oxygen octahedra, only one mode is consistent with the
neutron data. In this mode the octahedra rotate about the c axis
with intra- and interbilayer order. This ordered model is in
contrast to a previously reported semi-ordered model, where the
rotations in every other bilayer have interbilayer disorder.
( 2000 Academic Press
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INTRODUCTION

The discovery of high-temperature superconductivity in
layered perovskites (1), low-temperature superconductivity
in Sr2RuO4 (2), which has single layers of RuO6 octahedra,
and the remarkable magnetoresistive properties in layered
1Permanent address: Department of Physics, Ben-Gurion University of
the Negev, P. O. Box 653, Beer Sheva 84190, Israel.

2Permanent address: Physical Science Division, Electrotechnical Labor-
atory, Umezono 1-1-4, Tsukuba 305-8568, Japan.
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manganese oxides (3) renewed interest in the structural and
physical properties of the corresponding two-layer com-
pound Sr

3
Ru

2
O

7
(4}6). In two studies it was found that

Sr
3
Ru

2
O

7
is paramagnetic above &150 K (k

%&&
&2.8 k

B
)

and shows a magnetic transition at &20 K (4, 5). These
results cast doubt (5) on a study by Cao et al. (6), who had
reported that Sr

3
Ru

2
O

7
exhibits ferromagnetism below

104 K with an additional transformation occurring at 66 K.
The electrical resistivity of Sr

3
Ru

2
O

7
is metal-like, with

o
!"

@o
#
, showing a sharp change in the slope of o

#
at

&50 K, and of o
!"

at &20 K (5, 6). Determination of the
precise nature of the structural distortions (see below) in
Sr

3
Ru

2
O

7
is a prerequisite for understanding these physical

properties, especially, for correlating changes in crystal
structure to magnetic and transport phenomena observed at
low temperatures.

Sr
3
Ru

2
O

7
is a member of a family of materials with the

Sr
3
Ti

2
O

7
-type structure (7) and with the chemical formula

A
3
M

2
O

7
(A"alkaline/rare earth metal, M"transition

metal), where M occupies the center of an octahedron of
oxygen atoms and A is located in the cages formed between
these octahedra (Fig. 1). When A is large, the network of
octahedra is under tension and the corner-sharing MO

6
octahedra can form a high symmetry structure with no
distortion. When M is large, the network of octahedra is
under compression, leading to buckling at the shared
oxygen apexes, which is accommodated by cooperative
1
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FIG. 1. The crystal structure of A
3
M

2
O

7
with the Sr

3
Ti

2
O

7
-type

structure. It consists of bilayers of M-centered oxygen octahedra and
belongs, if undistorted, to the I4/mmm space group. The A ions (shaded
spheres) and the a

0
by c

0
unit cell (dashed line) are shown.

FIG. 2. A diagram of R
M

vs R
A

for A
3
M

2
O

7
materials with the

Sr
3
Ti

2
O

7
-type structure (R

M
"ionic radius (8) of M). (1) Sr

3
Ir

2
O

7
(10), (2)

Sr
3
Ru

2
O

7
(present work), (3) La

3
Ni

2
O

7
(11), (4) Ca

3
Ti

2
O

7
(12), (5)

Sr
3
Ti

2
O

7
(12), (6) Sr

3
Fe

2
O

7
(13), (7). Sr

3
V

2
O

7
(14), (8) La

1.4
Sr

1.6
Mn

2
O

7
(15), (9) Sr

3
Mn

2
O

7
(16), and (10) Ca

3
Mn

2
O

7
(17). Materials with (solid

circles) and without (open circles) distortion are shown, together with the
calculated zero strain (dashed) line. Note that distorted/undistorted mater-
ials appear above/below this line as predicted.

362 SHAKED ET AL.
rotations of the octahedra. The transition between these two
states will occur at a &&zero strain'' point where the ionic sizes
of M and A exactly match the sizes of their respective cages.
This can be formulated into a geometrical requirement,
namely (R

A
#R

O
)/(R

M
#R

O
)"J2, where R

M
, R

A
, and R

O
are ionic radii for M, A, and O. Using R

O
"1.40 As (8), the

relation R
M
"0.71 R

A
!0.41 is obtained for the &&zero

strain line'' in R
M

vs R
A

space. Above this line, the octahed-
ral network is under compression and distortions are ex-
pected. Of the nine previously studied A

3
M

2
O

7
compounds,

six with no distortions appear below this line, whereas three
with distortions appear above the line (Fig. 2). The structure
of the compounds with no distortions or disordered distor-
tions belongs to the tetragonal I4/mmm space group (9),
with a

0
&3.9 As , c

0
&20 As (Fig. 1), and Z"2.
In the present paper we report the results of a study of the
crystal structure of Sr

3
Ru

2
O

7
at room temperature in poly-

crystals, with special attention to structural distortions.
Since the ionic radii of Sr2` and Ru4` (1.44 and 0.62 As (8))
place this material above the zero strain line, we expect, and
indeed "nd, this material to be distorted. The structural
distortions correspond to a pure rotational mode and are
highly ordered. This result is in agreement with an earlier
electron di!raction result (18), and in contrast to a recent
neutron powder di!raction result where semi-ordered dis-
tortions are proposed (19) for this material.

EXPERIMENT

A polycrystalline sample of Sr
3
Ru

2
O

7
was prepared by

a conventional method of solid state reaction as follows.
A stoichiometric mixture of powders of SrCO

3
(99.99%)

and RuO
2

(99.9%) was ground and pressed into pellets. The
pellets were sintered in air at 1173, 1423, and 1573 K each
for 24 h. The sample was then left to cool in the furnace and
was taken out of the furnace after 2 h when it reached
673 K. This is in contrast to other preparation methods
where the sample was quenched from the highest temper-
ature (19). X-ray di!raction (XRD) did not reveal any
impurity lines. However, the amount of ferromagnetic im-
purity SrRuO

3
(¹

C
"160 K) was estimated at about 1%

from the temperature dependence of the magnetic sus-
ceptibility. As was observed in previous preparations (5),



STRUCTURE OF Sr
3
Ru

2
O

7
363
magnetic susceptibility vs temperature showed a maximum
at about 20 K, and the electrical resistivity vs temperature
showed a metallic behavior.

The neutron di!raction data were collected at room tem-
perature for a 5.32-g sample by the time-of-#ight technique
using the Special Environment Powder Di!ractometer
(SEPD) (20) at the Intense Pulsed Neutron Source (IPNS).
Superlattice re#ections (SLR) were observed (Fig. 3) in the
phase pure di!raction pattern, which was therefore indexed

with respect to a J2a
0 '

J2a
0 '

c
0

supercell. This supercell
(Fig. 4) corresponds to a unit cell in the (nonstandard) space
group F4/mmm of the undistorted lattice and is twice the
volume of the standard I4/mmm unit cell (Fig. 1) (7, 9). The
following SLRs were observed: 212, 123, 214, 218, 129, 321,
232, 1213, 141, 412, 238, and 143. These SLRs satisfy the
condition that h#l"2n and, hence, require a lattice with
a centered face perpendicular to the b axis (i.e., a B lattice
(9)). The "rst three SLRs were also observed in a high-
statistics XRD measurement with the same relative inten-
sities as in the neutron di!raction.

SURVEY OF POSSIBLE DISTORTED STRUCTURES

It is well known that perovskite and perovskite-related
structures distort predominantly through rotations of rigid
oxygen octahedra (21). Exceptions to this rule are found
with very large distortions when there is an appreciable
distortion of the unit cell. In the present case, it is found that
the unit cell is not distorted (a"b); hence, only distortions
FIG. 3. A portion of the observed neutron di!raction pro"le of
Sr

3
Ru

2
O

7
. The re#ections are indexed with respect to the unit cell delin-

eated in Fig. 4. Three observed re#ections, though consistent with the unit
cell, do not belong to the F lattice. They (upper tick marks) belong to
a superlattice, which is obtained by removing two face-centered transla-
tions, 1

2
, 1
2
, 0 and 0, 1

2
, 1
2

from the F lattice.

FIG. 4. The supercell used in the present work. The corresponding
lattice parameters are a"J2a

0
and c"c

0
, rendering a volume which is

twice the volume of the undistorted I4/mmm unit cell (Fig. 1). In this unit
cell the bioctahedrons are placed at 0, 0, 0; 1

2
, 1
2
, 0; 1

2
, 0, 1

2
; and 0, 1

2
, 1

2
;

underscoring the F4 (nonstandard) tetragonal lattice of the undistorted
structure.
resulting from rotations of the oxygen octahedra are ex-
pected. The number of allowed rotations is signi"cantly
reduced due to the constraint imposed by the shared apexes
of neighboring octahedra. There are only eight modes of
pure rotations (i.e., rotations about symmetry axes) possible
(Fig. 5), consistent with the observed unit cell (Fig. 4). Each
one is related to a di!erent phonon mode. These modes
belong to space groups (Table 1) that are subgroups of order
4 or 8 of the space group, I4/mmm of the undistorted
structure (Fig. 6) (9).

STRUCTURE DETERMINATION

Selection rules. From the selection rules on allowed
SLRs (see Experiment) it is concluded that the structure



FIG. 5. The possible distorted structures of Sr
3
Ru

2
O

7
, derived from

simple rotations (i.e., rotations about symmetry axes) of rigid octahedra,
consistent with the unit cell of Fig. 4. Each octahedron of Fig. 4 is replaced
by an arrow which represents the sense of rotation of the octahedron. The
space groups to which these structures belong are listed in Table 1.
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must have a B lattice. This result rules out structures with
tetragonal symmetry (i.e., m5, m6, and m7 (Fig. 5)).

Comparison of neutron and X-ray di+raction. The rela-
tive intensities of the SLRs 212, 123, and 214 observed in
XRD are equal to those observed in the neutron di!raction.
This implies that the contribution to these re#ections comes
from a single atomic species that distorts and lowers the
I4/mmm (F4/mmm) symmetry of the undistorted structure.
TABL
Structural Models of Sr3Ru2O7 with Distortions Consisting o
Symmetry Reduction with Respect to the Undistorted Struct

Mode Space group
Sym.
reduc.

I1 D17
4h

- I4/mmm, d139 1
I2 D17

4h
- I4/mmm, d139 1

m1 D18
2h

- Bbcm, d64 4
m2 D22

2h
- Bbcb, d68 4

m3 D17
2h

- Bbmm, d63 4
m4 D21

2h
- Bmcm, d67 4

m5 D14
4h

- P4
2
/mnm, d136 4

m6 D10
4h

- P4
2
/mcm, d132 4

m7 C2
4h

- P4
2
/m, d84 8

m8 C3
2h

- B112/m, d12 8
m1#m3 C12

2v
- Bb2

1
m, d36 8

m2#m4 C6
2h

- B112/n, d15 8

Note. I1 and I2 designate the nondistorted and distorted disordered stru
structure proposed by the present study is m2.
This observation suggests that oxygen atoms alone contrib-
ute to the observed distortion and is consistent with limiting
the search to structural models with rotation of the oxygen
octahedra.

Preliminary Rietveld analysis. The powder di!raction
data were analyzed using the Rietveld program GSAS (22)
for several structural models (Table 1). The undistorted
(I4/mmm) structure (I1 in Table 1) yielded a poor "t with
anomalously large ;

11
for the oxygen atoms in the Ru

plane. Upon introducing disordered rotations of the oc-
tahedra about the c axis, which can be modeled by using
split oxygen atom positions in the I4/mmm space group,
a reasonable value of ;

11
and a considerable improvement

in the "t were obtained. These results alone indicate dis-
placements of oxygen atoms in the xy plane and, hence,
point to m1 and m2 (Fig. 5) as the most probable structures.

Rietveld analysis. Next, each one of the eight structural
models (Fig. 5) was fully re"ned. The structure m2, orthor-
hombic space group Bbcb, yielded by far the best "t of the
eight structures (Table 1). The structures m5, m6, and m7,
which do not satisfy the selection rules on the allowed SLRs,
gave a very poor "t to the observed data. The combination
of rotations m1#m3 (found in Ca

3
Ti

2
O

7
(12)) yielded

a poor "t, whereas m2#m4 did not yield an improved "t
compared to m2.

Stability of the solution. In order to test the stability of
this (m2) solution against interbilayer disorder, we &&uncon-
strained'' the interbilayer order in the rotations of the oxy-
gen atoms in the Ru planes (O3 in Table 2) by adding
oxygen atoms that rotate in the opposite sense (O4 in
Table 2). When re"ned under the constraint that the sum of
E 1
f Rotations of the Oxygen Octahedra, Their Space Groups,
ure, and a Summary of the Results of the Rietveld Analysis

Angle s2 R
wp

R
p

(3) (%) (%)

0 6.153 10.78 8.01
6.8 (1) 4.032 8.72 6.05
5.4 (1) 4.744 9.46 6.53
6.8 (1) 2.384 6.71 4.62
3.3 (1) 5.299 10.00 7.20
3.6 (1) 5.326 10.03 7.38
3.1 (1) 5.573 10.26 7.51
2.6 (2) 5.320 10.02 7.37
3.9 (1) 5.253 9.96 7.38
4.3 (1) 4.809 9.53 6.96

5.3#3.0 (1) 4.363 9.07 6.31
6.6#0.6 (1) 2.425 6.77 4.67

cture (no superlattice re#ections). mi's (i"1,. . , 8) are de"ned in Fig. 5. The



FIG. 6. Group}subgroup relations for the eight simple structures of
Fig. 5, and for other structures which are derived from the Sr

3
Ti

2
O

7
type,

previously reported for other materials. The order of the subgroup (sym-
metry decrease) is listed on the right (in parenthesis).
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the fractions (site occupancies) of the two atoms is equal to
1, this re"nement converged to essentially the ordered solu-
tion (m2) with a small fraction (&4%) of disorder (see
TABL
Structural Parameters and Re5ne

Atom x y z Fract

Ru 1
4

1
4

0.40298 (7) 1.0
Sr1 1

4
1
4

0 1.0
Sr2 1

4
1
4

0.18631 (6) 1.0
O1 1

4
1
4

1
2

1.0
O2 1

4
1
4

0.30448 (8) 1.0
O3 0.5293 (2) !0.0293 (2) 0.09710 (8) 0.959
O4 0.4707 (2) 0.0293 (2) 0.09710 (8) 0.041

Lattice parameters (As ): a"5.5006 (4) b"5.5006 (4) c"20.725 (1)

Space group: Bbcb (d68)
Coordinates: (0, 0, 0)#(1/2, 0, 1/2)#

G (x, y, z !x, 1/2#y, z x,!y, 1/2#z !x, 1/2!y
Constraints: x (O3)#x (O4)"1, y (O3)#y (O4)"0, x (O3)#y (O3)"1

;
*40

(O3)";
*40

(O4), Fraction (O3)#Fraction (O4)"1, ;
11
"

Range of d spacing (As ): 0.5 to 3.95
No. of data points: 5152 No. of re#ections: 1372 No. of variables: 3

s2"2.384 R
wp

(%)"6.71 R
p

(%)"4.62

Bond lengths (As ): Ru}O1"2.012 (2) Ru}O2"2.039 (2) Ru}O3"1.9582

Note. The numbers in parentheses are equal to the standard deviations and
errors were "xed throughout the re"nement.
below), showing that the choice of interbilayer order is
justi"ed.

Conclusion of the crystal structure determination. It is
concluded that m2, which we shall call the ordered model, is
the crystal structure consistent with our data. The Rietveld
pro"le calculated for the ordered model, with the observed
data, is shown in Fig. 7. The re"ned parameters for this
structure with other information are summarized in Table 2.

It is a valid question to ask whether any of the subgroups
of Bbcb provide a better "t to the data. We see no evidence
in our raw data for any additional re#ections that would
suggest a lower symmetry. Also, the temperature factors do
not suggest additional static displacements, and the identi-
cal re"ned values for the orthorhombic lattice parameters
a and b suggest that the distortion involves only pure
rotations. We have not made an exhaustive investigation of
all possible lower symmetry models, but all lower symmetry
models we investigated converged to the face-centered Bbcb
solution. If additional atom displacements or disorder
exists, it will likely require single-crystal data to see them.

DESCRIPTION OF THE ORDERED MODEL

The undistorted crystal structure is shown in Fig. 1.
Consider one bilayer of RuO

6
octahedra, where every oc-

tahedron is rotated about the c axis, and in each bioctahed-
ron the sense of rotation is reversed across the shared apical
E 2
ment Information for Sr3Ru2O7

ion
;

*40
;

11
";

22
;

33
;

12
(As 2/100) (As 2/100) (As 2/100) (As 2/100)

* 0.20 (3) 0.48 (5) 0.24 (8)
0.68 (4) * * *

0.80 (4) * * *

* 1.55 (9) 0.5 (1) *

* 0.95 (6) 1.4 (1) 0.3 (1)
(5) 0.80 (3) * * *

(5) 0.80 (3) * * *

, 1/2#z)
/2, z (O3)"z (O4),
;

22

8

(2)

represent the statistical error of the last signi"cant digit. Parameters without



FIG. 7. The neutron di!raction data collected for the Sr
3
Ru

2
O

7
sample (#) with the calculated Rietveld re"nement pro"le (solid line) of the
ordered model. The orthorhombic space group Bbcb (d68) was used in the
calculations. The background was "tted as part of the re"nement, but has
been subtracted before plotted. Tick marks below the di!raction pro"le,
mark the calculated positions of the allowed re#ections. A di!erence curve
(observed minus calculated) is drawn at the bottom.

TABLE 3
Fit Criteria (23) for the Re5nements of the Ordered Model of

the Present Study in the Bbcb Representation, and for the Pre-
viously Published (19) Semi-ordered Model in the Pban Repres-
entation

Fit Bbcb
Pban

criterion ordered
semi-ordered

u v

s2 2.410 2.764 2.634
R

wp
(%) 6.74 7.23 7.05

R
p

(%) 4.66 5.10 4.94

Note. The re"nements were performed using isotropic thermal para-
meters (as was done in Ref. 19). When the constraints on site occupancies in
Pban (column 4) are removed (see text), it converges to the ordered model
(column 2).

u"Crystal parameters (except lattice parameters) as published (19). v"
Re"ned crystal parameters.
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oxygen atom. This is represented in Fig. 5 by outward (or
inward) pairs of arrows. Given a bioctahedron with a cer-
tain sense of rotation (say outward arrows), its four close
neighbor bioctahedrons are constrained (by the shared oxy-
gen atoms) to have an opposite sense of rotation (i.e., inward
arrows). There is no frustration in this mode of ordering;
hence, a long range order of the bioctahedrons with two
senses of rotations (i.e., inward and outward) is established
in two dimensions (2D). This bilayer with 2D ordered rota-
tions is the building block of the ordered model, obtained by
repeatedly using B translations (i.e., 1/2 0 1/2) to stack these
bilayers along the c axis. This interbilayer ordering estab-
lishes a long-range order along the c axis, in addition to the
2D intrabilayer long-range ordering, yielding altogether
a structure where the rotations have 3D long-range order.
Our analysis shows that &4% of the bilayers consist of
bioctahedrons with an opposite sense of rotation (Table 1,
see fraction of O4). These are stacking errors (sometimes
called stacking faults) in the B stacking, and represent inter-
bilayer disorder. A stacking error occurs at random along
c when, in a B stacking, a bilayer is obtained from its close
neighbors through an A (i.e., 0 1/2 1/2) rather than a B trans-
lation. Stacking faults amounting to a few percent, depend-
ing on preparation, are not uncommon in layered materials.

COMPARISON WITH THE SEMI-ORDERED MODEL

In a previous paper Huang et al. (19) reported a structure
(deduced from neutron powder di!raction) of Sr

3
Ru

2
O

7
,

di!erent from our structure (i.e., the ordered model) re-
ported here. Their structure consists of di!erent stacking of
the same building blocks used in the ordered model. It is
obtained by stacking half of the bilayers along c, with
interbilayer order, by repeatedly using the c translation (i.e.,
0 0 1). The other half, interleaved between the bilayers of the
"rst half, are stacked with intrabilayer disorder, using, at
random, the A and B translations. This structure, therefore,
represents a semi-ordered model and belongs to a P lattice.

Huang et al. re"ned this structure in the space group
Pban. However, they imposed constraints that de"ne a high-
er symmetry and imposed interbilayer disorder in half of the
bilayers. Speci"cally, Huang et al. imposed two kinds of
constraints. First, they constrained atom positions (e.g.,
y"1/2!x, see their Table 2) and the lattice parameters
(a"b) in such a way that the orthorhombic Pban symmetry
is transformed to that of the tetragonal space group P4/nbm.
Thus, we have performed the re"nements in the constrained
Pban model of Huang et al. and in P4/nbm and obtained
identical results. In this paper, in order to not confuse
readers who are not conversant with the crystallography, we
compare our re"nement in Bbcb with a re"nement done in
Pban with the same constraints used by Huang et al.
(Table 3). Our re"nement of the ordered model in Bbcb
gives a substantially better "t than a re"nement using the
semi-ordered of Huang et al. in Pban.

The second constraint of Huang et al. involves the site
occupancies of the four oxygen atom positions in the planes
of the Ru atoms (8m sites in their Table 2). These four site
occupancies are constrained to the values 1.0, 0.0, 0.5, and 0.5,
which de"ne a rather complex pattern of order and disorder.
The rotations of the RuO

6
octahedra in alternate bilayers

have a full interbilayer order (site occupancies 1.0 and 0.0),
while the rotations in the intervening bilayers (site occu-
pancies 0.5 and 0.5) have a full interbilayer disorder. Using
the Pban model of Huang et al., we removed these constraints
on site occupancies and let the site occupancies re"ne, while
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retaining the constraints on atom positions (which de"ne
pure rotations of the RuO

6
octahedra around the c axis and

keep the bilayers equally spaced). This re"nement converged
smoothly to a solution identical to the one we achieved using
the face-centered space group Bbcb which is a supergroup of
Pban (Fig. 6), with a substantial improvement in the "t.

These re"nement tests show that the ordered model we
report and not the semi-ordered model is consistent with our
neutron data. It is possible that, as a result of quenching the
sample during preparation, the sample studied by Huang et al.
(19) could have a di!erent degree of disorder in the rotations
of the RuO

6
octahedra than our sample. However, such a

situation would likely lead to a partially ordered Bbcb struc-
ture (i.e., with general disorder in the sense of rotation) rather
than alternating layers of RuO

6
octahedra that are either

fully ordered or fully disordered, as reported by Huang et al.

DISCUSSION AND CONCLUSIONS

The structure of Sr
3
Ru

2
O

7
exhibits ordered rotations of

6.83 about the c axis, belonging to a pure mode (m2 in Fig.
5), Although it belongs to the orthorhombic space group
Bbcb (d68) (9), our analysis shows that the lattice para-
meter a is equal to b within the experimental uncertainty.
Distortions were reported for three other isostructural
(when undistorted) materials (Fig. 2). In Sr

3
Ir

2
O

7
, rotations

of 123 about the c axis were found (10). However, the sense of
rotation was reported to exhibit a complete interbilayer dis-
order. In Ca

3
Ti

2
O

7
, large distortions (i.e., aOb) were found

that consist of a mixed mode (m1#m3) (12). In La
3
Ni

2
O

7
,

large distortions (i.e., aOb) were found that include distor-
tion of the octahedra (11). These three materials together with
Sr

3
Ru

2
O

7
appear above the zero strain line in Fig. 2. Six

other materials, where no distortion was found, appear
below the zero strain line. This suggests that the rotational
distortions are of steric rather than electronic origin. The
mechanism responsible for the rotation's interbilayer order
or disorder is unclear at the present time. The fact that
Sr

3
Ru

2
O

7
(with interbilayer order) and Sr

3
Ir

2
O

7
(with in-

terbilayer disorder) have almost identical coordinates in R
M

vs R
A

space leads us to believe that it is not of steric origin.
The crystal structure determination of the present work

shows that the rotations of the oxygen octahedra are or-
dered in 3D. This is in contrast to results reported by Huang
et al. (19) where the rotations of only half of the octahedra
are ordered in 3D. A knowledge of the correct crystal
structure is needed for calculation of the electronic band
structure, assignment of vibrational modes (e.g., in Raman
or neutron inelastic scattering), interpretation of magnetic
interactions on a microscopic scale, understanding possible
structural phase transitions manifest in transport and mag-
netic measurements, assessing the e!ect of disorder on trans-
port, and understanding the e!ect of extended defects such as
stacking faults and their e!ects on physical properties.
Note added in proof : After the paper was submitted, we realized that
according to Landau Theory and renormalization group theory (24), the
transition to Bbcb (present work) is allowed to be continuous, whereas
a transition to Pban (as proposed by Huang et al. (19) is not allowed to be
continuous.
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