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Magnetic order in a metal thiocyanate perovskite-
analogue

Matthew J. Cliffe,∗1 Oscar Fabelo,2,3 Laura Cañadillas-Delgado,2†

Metal thiocyanate perovskite-analogues are a growing class
of materials, but although they contain paramagnetic
cations there have been no reports of their magnetic prop-
erties. Due to the large separations between the param-
agnetic cations, with a shortest through-bond distance of
15.1 Å, these materials might be expected to be good exam-
ples of paramagnets. In this communication we investigate
the magnetic properties of a metal thiocyanate framework
Cr[Bi(SCN)6] ·xH2O. We find that Cr[Bi(SCN)6] ·xH2O under-
goes long-range magnetic order at TN = 4.0(2)K. We use neu-
tron powder diffraction to determine that Cr[Bi(SCN)6] ·xH2O
has a MnO-type {111}cubic-ordering as its ground state, con-
sistent with frustrated nearest- and next-nearest-neighbour
antiferromagnetic interactions. This suggests that appropri-
ate design of metal thiocyanate perovskite-analogue struc-
tures may reveal a rich vein of frustrated magnetism.

Molecule-based perovskite-analogues, framework compounds
built from corner-sharing octahedra with a general formula
AxMX3 where at least one of A, M or X is a molecular ion, offer
a diverse range of new chemistries and functionality to the solid
state scientist.1,2 In particular, including molecular components
generates additional degrees of freedom, which permits order-
ings impossible in conventional atomic analogues—for example,
ordering of the electric dipole of MeNH +

3 as an A-site guest can
generate electrical polarisation.3,4 This polar ordering could, if
combined with magnetic order generated by M-site cations, gen-
erate multiferroic materials possessing simultaneous electric and
magnetic order.3,5 The magnetism of molecule-based perovskites
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Fig. 1 (a) Crystal structure of the Cr[Bi(SCN)6] framework. Disordered
guest water omitted for clarity. 12 (b) The structure showing only the mag-
netic Cr3+ ions and the nearest- (J1) and next-nearest-neighbour (J2) su-
perexchange pathways, together with the through-bond distance.

has therefore been intensively investigated, particularly focussing
on metal formates due to the diversity of A-site ammonium and
M-site transition metal cations which can be incorporated. A wide
range of magnetic formates have now been investigated, with
particular excitement found in the wide-range of non-collinear
magnets, including the perovskite A[M(CHOO)3]6–8 and niccol-
ite mixed-metal formates A{M[M′(CHOO)6]}9–11.

A major challenge for molecular magnetism has been the weak-
ness of the magnetic interactions between paramagnetic ions, es-
pecially compared to the pure elements and simple oxides, where
strong exchange can be produced through direct overlap of the
magnetic orbitals, or a single intervening anion. Developing our
understanding of how crystal chemistry determines magnetic in-
teractions will aid us realising both in producing practical mag-
netism, and, critically, in targeting exotic magnetic phases requir-
ing careful balance of interactions. The cyanide Prussian Blue
analogues provide an outstanding example of how crystal engi-
neering can be used to optimise magnetic properties, with the
enhancement of magnetic Curie temperatures TC from 5.6(1) K
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for Prussian Blue itself, Fe4[Fe(CN)6]3 ·xH2O,13 up to 376 K,
KV[Cr(CN)6].14

Thiocyanate as a pseudohalide ligands is well-known for its op-
tical properties,12,15 but control over its magnetism is much less
developed, with most focus either on either the two dimensional
pseudobinaries16–19 or frameworks incorporating additional or-
ganic coligands17,20–22. Recently, some of us showed that the
magnetism of the layered pseudobinary M(NCS)2, M = Cu, Ni,
Co, Fe and Mn, can be qualitatively explained on the basis of
changing orbital occupation and size, leading to enhancement
of interactions and uncovering layered antiferromagnetism.18,19

Three dimensionally connected, perovskite-analogue structured
materials would be of particular interest as magnets, but thus far
no frameworks containing only paramagnetic metals on the M-
site has been synthesised, as the sulfur terminus requires a softer
metal such as Cd2+,23 Bi3+,12 or Pt4+,24 leading to the “dou-
ble perovskite” structure. These sulfur-bonding metals are all
diamagnetic, which suggests that the paramagnetic ions in thio-
cyanate Prussian Blue analogues would be magnetically isolated.
However, were these paramagnetic metal ions to be magnetically
connected through superexchange pathways, these frameworks
would be examples of magnets with the J1− J2 face-centered cu-
bic model [Fig. 1(b)], which is both the source of exotic frustrated
states,25,26 and shared by both rock-salt structured oxides27,28

and double perovskites29–31.
Here, we report the magnetic properties of a metal double-

perovskite framework, Cr[Bi(SCN)6] ·xH2O [Fig. 1], using a com-
bination of bulk magnetometry and neutron powder diffraction.
We show that despite the large distances (>8 Å) between param-
agnetic ions, there is significant superexchange coupling between
these ions: indeed, we find that it has long-range magnetic order
below 4.0(2) K. We then go on to solve the magnetic structure of
Cr[Bi(SCN)6] ·xH2O, demonstrating that it orders with ferromag-
netically correlated close-packed {111}cubic type planes, antifer-
romagnetically coupled, like MnO.27,32 This finding suggests that
by using the extensive range of chemistry available in perovskite-
analogue metal thiocyanates we could tune the magnetic interac-
tions to realise exotic quantum states.

A multigram sample of Cr[Bi(SCN)6] ·xH2O was prepared
via solution precipitation, in which an aqueous solution of
K3Cr(NCS)6 ·4H2O (5.89 g, 10 mmol) was added to a solution
of Bi(NO3)3 ·5H2O (4.85 g, 10 mmol) in 2M HNO3, stirred for 2
hours, filtered, washed with water and dried.12 We confirmed the
structure of this compound using powder diffraction, and from
the lattice parameters we determined that this sample was hy-
drated (x ≈ 1) [ESI Fig. 3].12 We measured the magnetisation
in a 100 Oe applied field using an MPMS-3 magnetometer on
warming from a sample cooled in zero field, calculating the sus-
ceptibility using the small field approximation.

The susceptibility showed a sharp cusp at 4.0 K and Curie
Weiss fitting to the high temperature susceptibility (20-300K, in-
cluding a temperature independent paramagnetism term) gave
a Weiss temperature, θ , of −7.8(2) K, and an effective moment
of 3.27(0.06) µB, reduced from the spin-only value of 3.87 µB

[Fig. 2]. Isothermal magnetisation measurements at 2 K and 5 K
showed no evidence of hysteresis, with a field-induced transition

Fig. 2 Variable temperature magnetic susceptibility product measured
over the range 2–300 K (zero field cooled). Inset shows the magnetic
susceptibility measured over 2–10 K, highlighting magnetic order. Or-
ange dashes line indicates the Curie-Weiss fit, carried out over the range
20 to 300K.

at around 1.4(1) T observered in the data measured at 2 K [ESI
Figs. 4,5]. Together, this suggests that Cr[Bi(SCN)6] ·H2O is an
antiferromagnet, with mildly frustrated ratio of f = |θ |/TN = 1.9.

To confirm that the ground state was indeed long-range mag-
netic antiferromagnetic order, we carried constant wavelength
powder neutron diffraction measurements on the high-intensity
medium resolution D1B diffractometer at ILL, Grenoble [Fig. 3,
ESI Figs. 1,2].33 The incident wavelength was λ = 2.52 Å and the
scattering was measured over an angular range of 2 < 2θ < 128◦.
We measured high quality long-acquisition time diffraction pat-
terns at 10 K and 2 K, supplemented by shorter measurements
at intermediate temperatures of 5, 4.5, 4, 3.5, 3 and 2.5 K. By
subtracting the 10 K dataset from the lower temperature data
we were able to confirm that additional magnetic Bragg peaks
emerged between 4 and 4.5 K [Fig. 3], demonstrating that the
cusp identified in bulk magnetic susceptibility was due to antifer-
romagnetic order. We first refined the structural model against
the previously determined room temperature structure in space
group P21/n of Cr[Bi(SCN)6] ·xH2O to determine the overall scale
and unit cell parameters using the Rietveld method and the Full-
Prof software suite, giving a = 8.3312(16) Å, b = 8.3805(17) Å,
c = 11.9723(15) Å, β = 90.30(3)◦ [ESI Fig. 2].34

We began our determination of the magnetic structure by in-
dexing the additional magnetic reflections with reference to the
pseudocubic Fm3̄m

√
2×
√

2× 1 supercell, because the magnetic
lattice has near-cubic metrical symmetry: sinβ = 5×10−6, a/V

1
3 =

a/acubic = −0.74%, b/acubic = −0.09%, c/acubic = +0.84%. This
gave us a propagation vector of kcubic = ( 1

2
1
2

1
2 ). This will corre-

spond, for a simple collinear antiferromagnet, to ferromagneti-
cally correlated close packed {111}cubic planes coupled antiferro-
magnetically. However, accounting for the true monoclinic P21/n

2 | 1–5Journal Name, [year], [vol.],
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Fig. 3 Detail of the magnetic Rietveld refinement on the Pc21/n Shub-
nikov space group, showing all observed magnetic Bragg peaks. The
magnetic contribution has been isolated by subtracting the paramagnetic
contribution (10 K). Observed (black points) and calculated (orange solid
line) powder diffraction pattern (magnetic RBragg = 7.77). The observed-
calculated difference pattern is depicted as a grey line at the bottom of
the figure. Inset depicts the temperature dependence of the intensity of
the first observed magnetic Bragg line obtained through Gaussian fitting
of a single line.

symmetry of the nuclear structure splits this pseudocubic propa-
gation vector into two inequivalent propagation vectors: (0 1

2
1
2 )

and ( 1
2 0 1

2 ), the E and Y points on the Brillouin zone boundary, re-
spectively. This reflects the fact the {111}cubic-type close-packed
planes are symmetry- and chemically-distinct in this material. Us-
ing the k-search program program program included in the Full-
Prof suite34 to quantitatively assess the propagation vectors re-
vealed both the (0 1

2
1
2 ) and ( 1

2 0 1
2 ) vectors, with a slightly better fit

for ( 1
2 0 1

2 ), Y , than (0 1
2

1
2 ), E, (figure of merit = 0.37 vs 0.82 ).

Using the ISODISTORT tool from the ISOTROPY software
suite,35 we were able to identify the three distinct possible ir-
reducible representations (irreps) consistent with this family of
propagation vectors that produce a non-zero magnetic moment:
mE1 +E2, mY1 and mY2 (Miller and Love notation).36 These three
models correspond to the magnetic spaces groups PS1̄ (mE1 +E2)
and Pc21/n (mY1, mY2). We were able to achieve a good Ri-
etveld refinement fit to models for all three of these structures, in
each case leading to structure consisting approximately of ferro-
magnetically correlated {111}cubic antiferromagnetically coupled.
These structures are nearly collinear with moments lying nearly
within the {111}cubic plane with small tilts of the moments away
from the primary axis (ca. 6◦), though the high degree of pseu-
dosymmetry meant our determination of the relative angles of
the moment is not completely unambiguous. We were able to re-
fine the magnitude of the Cr3+ giving M = 2.45(20) µB, which
is approximately 80% of the anticipated spin-only value. This
small deviation is likely explained by the combination of some
covalency and comparatively high scaled measurement tempera-
ture (T/TN = 0.5). The main difference between the models was
which of the four {111}cubic type planes the spins ordered ferro-
magnetically within: the mY models ordered in the (11̄1)cubic or

Fig. 4 Magnetic structure of Cr[Bi(SCN)6] · (H2O). Magnetic Cr atoms
are coloured in green and black to illustrate their relative orientations,
and the other non-magnetic framework atoms are shown in grey. The
{111}cubic type planes in which all spins are ferromagnetically correlated
are highlighted. The magnetic and nuclear unit cells are related as fol-
lows: amag = anuc− cnuc, bmag =−bnuc and cmag =−2anuc.

(101̄) planes and the mE1 +E2 model ordered in the (111̄)cubic

or (011̄) planes. We found that the mY1 model fitted the data
best and as the mE1 +E2 is in addition a lower symmetry triclinic
structure with two symmetry independent moments, we there-
fore think the mY1 model is likely to be correct structure [Fig. 4].
Single crystal neutron diffraction data would allow for completely
unambiguous determination of the magnetic structure but as yet
single crystals of sufficient size are unavailable.

The most striking feature of this order is that it occurs at
such accessible temperatures. The shortest through space dis-
tance between Cr atoms is d = 8.32 Å, and the shortest through-
bond distance is d = 15.1 Å, and occurs through 8-bond superex-
change, Cr−N−C−S−Bi−S−C−N−Cr. This can be compared
to the iron cyanide Prussian Blue, which orders ferromagnet-
ically at 5.6(1) K13 with the magnetic Fe3+ ions separated by
7.2 Å, where magnetic superexchange occurs through a six-bond
Fe3+−N−C−Fe2+−C−N−Fe3+ pathway 10.2 Å long. In Prussian
Blue, charge and spin delocalisation onto Fe2+ (approximately
5% of an electron) through a mixed-valence mechanism are crit-
ical to the generation of long-range order.37,38 Mixed valency is
not likely in this case as the adjacent oxidation states for both Cr
and Bi are not easily accessible, and the antiferromagnetic inter-
actions we observe rule out the ferromagnetic ‘double exchange’
found in Prussian Blue. On possible explanation would be facil-
itation of this comparatively strong superexchange through the
accessible NCS redox states—as can be see in the relatively dis-
persive conduction band in our previously reported DFT band-
structure calculations of Cr[Bi(SCN)6].12

The importance of effective superexchange can be
seen by comparison to paramagnetic salts of Cr3+, e.g.
[Cr(CN)6][Co(NH3)6], where |θ | < 0.05 K and dCr−Cr = 7.4 Å.39
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These comparisons also allow us to eliminate through-space
dipolar coupling as a significant contributor to the observed
order. Indeed, even in molecular cluster nanomagnets with
similar magnet-magnet spacing but much larger total spin it
is clear that superexchange rather than dipolar order drives
the transition to magnetic long-range order, e.g. the S = 35/2
[Fe19(metheidi)10(OH)14O6(H2O)12]NO3 ·24H2O has a shortest
Fe-Fe distance of 8.3 Å and orders at 1.2 K due to superexchange
interactions.40

The Cr ions form a face-centered cubic lattice, with only small
chemical differences between different crystallographic direc-
tions. The interactions are likely to be primarily through-bond
rather than through space, and as such the nearest neighbour (J1)
and next nearest neighbour (J2) interactions are likely to be com-
parable in magnitude [Fig. 1(b)]. This is directly analogous to
what has been found in both rocksalt transition metal monoxides,
e.g. the canonical MnO,27,32 and the oxide double perovskites29.
The {111}cubic AFM order observed (Type II) occurs for J2 > 0.5J1

for an ideal J1 − J2 face-centered cubic magnet with antiferro-
magnetic interactions. The combination of this with the observed
mild frustration, |θ |/TN = 1.9, and the presumed weakness of both
further-neighbour superexchange (due to the long distances) and
of non-Heisenberg effects due to the Cr3+ ion presence suggests
that suggests that J2 < J1, and thus that a small (20%) reduc-
tion in J1/J2 might induce a transition into a highly frustrated
state.41,42 Like other perovskites, Cr[Bi(SCN)6] has a wide-range
of potential chemical possibilities for tuning its magnetic func-
tion: not only through substitution of the magnetic Cr,12 but also
of the non-magnetic Bi,23,24 and the anionic ligand43 or the in-
clusion of A-site cations44. This, together with the moderate ex-
change strength found in this material, comparable with the Zee-
man splitting accessible through superconducting magnets, sug-
gests that NCS double pervoskites are ideal platforms to engineer
the complex, chiral, multi-k magnetic orderings of current interest
for their potential use in magnetic computation.26,45
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