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Hanna L. B. Boströma,b∗ and Ronald I. Smithc
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1 Experimental details

Energy-dispersive X-ray spectroscopy

The metal ratio was confirmed by energy-dispersive X-ray spectroscopy in a Zeiss Merlin scan-

ning electron microscope equipped with an Ultim Max 100 mm2 Silicon Drift Detector. The

data were acquired using an acceleration voltage of 20 kV and a beam current of 1 nA for 20

min at a working distance of 6.0 mm. The data was evaluated using the AZtec software and

light elements (C, N and O) were included in the fit to the spectra. A minimum of 12 positions

were measured for each of the 5 samples, giving an average composition as shown in Table S1.

Representative morphology is shown in Fig. S1.

Table S1: Composition as determined by EDX

Metal Ratio

Rb 0.90(9)

Cu 1

Co 0.92(6)

Thermogravimetric analysis

Thermometric analysis was carried out under N2 gas using a Perkin Elmer thermogravimetric

analyzer TGA 7. The sample was held at 30 ◦C for 15 min followed by heating at 5 ◦C min−1

until 500 ◦C. The sample mass as a function of temperature is shown in Fig. S2. Assuming the

mass loss until ∼250 ◦C to be water loss gives an estimated water content of 3–5 water molecules

per formula unit. Note that this calculation will also include surface-adsorbed water.

Powder diffraction

Powder X-ray diffraction was carried out on the I11 beamline at Diamond Light Source, UK,

using a beam energy of 15 keV. The data were collected using the Mythen2 PSD detector with

short exposure times (2 × 4 s, 0.25 ◦ offset) to prevent significant beam damage to the samples.

A Si NIST 640c standard standard was measured to obtain accurate instrument parameters
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Figure S1: Representative morphology of RbCuCo(CN)6

Figure S2: Thermogravimetric analysis of RbCuCo(CN)6

(i.e. intrinsic peak shape, wavelength and zero point). Additional strain terms were added to

the refinement to adjust the model peak shape to fit the data. Variable-temperature diffraction
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patterns were collected in the range 100–500 K on heating using an Oxford cryostream. To

prevent beam damage, the sample was translated between successive measurements to ensure

irradiation of a pristine part.

Time-of-flight neutron powder diffraction patterns (NPD) were collected on the GEM in-

strumentS1 at the ISIS neutron and muon source, Rutherford Appleton Laboratory, UK. The

sample (∼ 600 mg) was dehydrated in vacuum at 120 ◦C for 24 h prior to loading into a 6 mm

vanadium sample can and sealed with indium wire. Data were collected at room temperature

for 350 µAh integrated proton beam current to the ISIS target, corresponding to an exposure

time of approximately 2 hours in the neutron beam. Initial data manipulation and reduction

was carried out using the Mantid software package.S2, S3

Crystal structure refinement was performed using the Topas softwareS4, S5 with data from

detector banks 2–6 and average 2θ angles 17.9486–153.898◦. Structural parametrisation in terms

of distortion modes was obtained from ISODISTORT.S6 The background was modelled by a

Chebyshev polynomial function. The occupancies were restrained to the values obtained by EDX

and the distribution of Rb over the two independent sites was refined. No distance restraints

were applied. Anisotropic displacement parameters were allowed to vary within ±50% of the

isotropic value and certain off-diagonal terms in the tensor were fixed to 0 to avoid unphysical

displacements.

2 Crystallographic details
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Å

3
10

88
.3

94
(4

8)

Z
4

R
w
p

6.
41

2%

A
to

m
o
cc

x
y

z
u
1
1

u
2
2

u
3
3

u
1
2

C
u

1
0.

25
0.

75
0

0.
03

03
(5

0)
0.

03
0(

10
)

0.
01

01
(8

2)
0
.0

0
6
7
(6

2
)

C
o

0.
92

0.
25

0.
25

0
0.

03
0(

17
)

0.
03

0(
33

)
0.

01
0(

26
)

0
.0

0
4
(1

9
)

C
0.

92
0.

42
64

2(
90

)
0.

22
61

3(
76

)
0

0.
01

80
(4

2)
0.

01
80

(5
4)

0.
00

60
(4

1)
−

0
.0

1
1
0
(5

0
)

C
0.

92
0.

25
0.

25
0.

81
04

(1
1)

0.
01

80
(5

1)
0.

00
60

(6
3)

0.
00

60
(5

8
)

−
0
.0

0
5
6
(4

2
)

C
0.

92
0.

25
22

4(
76

)
0.

44
41

4(
90

)
0

0.
01

80
(5

3)
0.

00
60

(5
5)

0.
00

60
(5

4)
0

N
0.

92
0.

53
01

7(
71

)
0.

20
35

7(
56

)
0

0.
04

31
(5

3)
0.

04
31

(4
7)

0.
01

44
(3

3)
0
.0

0
8
5
(4

0
)

N
0.

92
0.

25
0.

25
0.

69
70

1(
90

)
0.

04
31

(4
7)

0.
01

44
(5

2)
0.

01
44

(5
1
)

0
.0

0
5
3
(3

4
)

N
0.

92
0.

78
70

1(
56

)
0.

05
44

9(
71

)
0

0.
04

31
(5

1)
0.

01
44

(4
6)

0.
01

44
(4

6)
−

0
.0

0
7
4
(3

4
)

R
b

0.
83

05
(9

2)
0

0.
5

0.
25

0.
08

9(
10

)
0.

04
63

(8
1)

0.
03

02
(7

5)
0

R
b

0.
06

95
(9

2)
0

0
0.

25
0.

09
(1

3)
0.

03
0(

84
)

0.
03

0(
94

)
0

6



Table S3: Variable-temperature lattice parameters of RbCuCo(CN)6, as found from Pawley refine-

ments of powder X-ray diffraction data.

T / K a / Å b / Å c / Å

100 10.79625(11) 9.96713(10) 10.04184(10)

150 10.81295(11) 9.96845(10) 10.03961(9)

200 10.83505(11) 9.97263(10) 10.03945(9)

250 10.85033(11) 9.97232(9) 10.03616(9)

300 10.86868(11) 9.97441(9) 10.03498(9)

350 10.8875(2) 9.9784(2) 10.03627(14)

400 10.9008(2) 9.97948(14) 10.03499(14)

450 10.9155(2) 9.9821(2) 10.0351(2)

500 10.9320(2) 9.9841(2) 10.0349(2)
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Figure S3: Variable-temperature X-ray diffraction patterns of RbCuCo(CN)6 (black) with the sim-

ulated patterns from Pawley refinements (blue to red).

3 Group-theoretical discussion

For primitive cubic systems (parent space group Pm3̄m), the accessible zone-boundary irre-

ducible representations (irreps) are described by the letters R (12 , 1
2 , 1

2), M (12 , 1
2 , 0) and X (12 ,

0, 0) and the zone-centre irrep by Γ (0, 0, 0). The coordinates in brackets give the propagation
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Figure S4: The reciprocal unit cell of a face-centred cubic cell is body-centred cubic, as shown. For

the cell drawn in black, the blue point corresponds to (12 , 1
2 , 0) relative to the central grey lattice

point. Following a translation to the (equally valid) unit cell in purple with a purple central lattice

point, the blue point is now described by the coordinates (0, 0, 1
2) relative to the purple lattice point.

Hence, these two sets of coordinates refer to the same point in reciprocal space.

vector/wavevector of the distortion. Distortions with different periodicities necessarily trans-

form as distinct irreps and so are distinguishable by symmetry. As an example, the conventional

tilt systems of a simple perovskite are described by R+
4 (out-of-phase) and M+

3 (in-phase).S7

Molecular perovskites also support unconventional tiltingS8, S9 transforming as one of Γ+
4 , X+

3 ,

X+
5 , or M+

5 (see Ref. 10 for visual depictions). Note that the irrep R+
1 corresponds to B-site

cation order and thus results in the double perovskite structure with space group Fm3̄m.

In face-centred cubic systems (parent space group Fm3̄m), the characters of the X- and M-

type distortions—with respect to the primitive structure—mix [Fig. S4]. In other words, these

points in reciprocal space (periodicities in real space) are now indistinguishable by symmetry

and are both referred to by X. To illustrate, the conventional in-phase tilt system a0a0c+ gives

the symmetry P4/mbm when acting on the Pm3̄m parent (irrep M+
3 ).S7, S11 The unconventional

tilt described by X+
3 yields P4/mcc, which is easily distinguishable from P4/mbm by virtue of

the glide planes. However, when these two tilt systems are present in double perovskites with

parent symmetry Fm3̄m, the space group P4/mnc is obtained in both cases. The irrep relative

to the Fm3̄m parent is X+
3 for both of these tilts.
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It is possible to map pairs of irreps with respect to Pm3̄m to the corresponding irreps in

Fm3̄m, by evaluating the combined effect of each irrep with respect to Pm3̄m with the “face-

centring mode” R+
1 . Such analysis is readily performed using the group-theoretical software

ISODISTORTS6 and the results are given in Table S4. The distortion modes on the same row

have identical symmetry-breaking properties when acting upon the Fm3̄m aristotype. In two

cases (where the irrep is described by k−
2 ), there is a direct mapping between the irrep labels in

Fm3̄m and Pm3̄m and the inclusion of R+
1 has no effect.

Γ-point modes do not lead to superlattice reflections in diffraction measurements and their de-

tection can be challenging. A familiar example are magnetic structures, where antiferromagnetic

spin order induces additional reflections in neutron diffraction patterns, whereas ferromagnetic

order does not. Distortions that transform as R-point modes in Pm3̄m—e.g out-of-phase tilting

and certain orbital order patterns—appear at the Γ-point relative to Fm3̄m, as seen in Table 1.

As a result, the Jahn-Teller distortion described by R+
4 gives additional reflections when acting

on the primitive ABX3 Pm3̄m aristotype, but not when it appears in double perovskites (Fm3̄m

aristotype), as it is now a Γ mode. This Jahn-Teller distortion is therefore more difficult to probe

in double perovskite relative to simple perovskites. A related example of this problem occurs in

A-site ordered 1322 perovskites, such as NaMn7O12.
S12 Here, the R-point orbital order relative

to Pm3̄m transforms as a Γ-point mode relative to the Im3̄m aristotype and hence requires

detailed neutron diffraction to detect.S13
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Table S4: The relationship between distortions in Pm3̄m and Fm3̄m. Irreps are given for the

structure with the B-site at the origin.

Fm3̄m Pm3̄m

Irrep Space group Irrep Distortion Irrep Distortion

Γ+
1 Fm3̄m Γ+

1 cubic strain R+
1 B-site order

Γ+
3 I4/mmm Γ+

3 tetragonal strain R+
3 Jahn-Teller distortion

Γ+
4 I4/m Γ+

4 unconventional tilt R+
4 conventional tilt

Γ+
5 Immm Γ+

5 orthorhombic strain R+
5 A-site displacement

Γ−
2 F 4̄3m R−

2 A-site order

Γ−
4 I4mm Γ−

4 polar mode R−
4 polar mode

Γ−
5 I 4̄2m Γ−

5 octahedral deformation R−
5 octahedral deformation

X+
1 P4/mmm X+

1 B-site order M+
1 B-site order

X+
2 P42/mnm X+

2 Jahn-Teller distortion M+
2 Jahn-Teller distortion

X+
3 P4/mnc X+

3 unconventional tilt M+
3 conventional tilt

X+
4 P42/mmc X+

4 octahedral deformation M+
4 A-site order

X+
5 Cmce X+

5 unconventional tilt M+
5 unconventional tilt

X−
2 P42/nmc M−

2 A-site displacement

X−
3 P4/nmm X−

3 A-site order M−
3 columnar shift

X−
4 P42/nnm X−

4 octahedral deformation M−
4 octahedral deformation

X−
5 Cmcm X−

5 columnar shift M−
5 antipolar mode
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