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Orthogonal spin ordering is rarely observed in magnetic oxides because nearest-neighbor symmetric Heisen-
berg superexchange interactions usually dominate. We have discovered that in the quadruple perovskite
CaFe3Ti4O12, where only the S = 2 Fe2+ ion is magnetic, long-range magnetic order consisting of an unusual
arrangement of three interpenetrating orthogonal sublattices is stabilized. Each magnetic sublattice corresponds
to a set of FeO4 square planes sharing a common orientation. This multi-k magnetic spin ordering is the result of
fourth-neighbor spin couplings with a strong easy-axis anisotropy. In an applied magnetic field, each sublattice
tends towards ferromagnetic alignment, but remains polarized by internal magnetic fields generated by the others,
thus stabilizing in a noncollinear canted ferromagnetic structure. CaFe3Ti4O12 provides a rare example of how
nontrivial long-range spin order can arise when near-neighbor Heisenberg superexchange is quenched.

DOI: 10.1103/PhysRevResearch.3.043208

I. INTRODUCTION

Nontrivial spin orderings often underlie exotic physical
phenomena such as high-TC superconductivity, magnetore-
sistance, (multi)ferroelectricity, and topological insulating
behavior [1–3]. The discovery of novel magnetic structures
also has the potential to open up new avenues of research in
condensed-matter physics, as well as new technological and
scientific applications [4].

In the majority of complex magnetic transition-metal
oxides, magnetic properties are dominated by symmetric
(Heisenberg) exchange interactions which are typically orders
of magnitude stronger than other interactions between mag-
netic centers. This tends to result in comparatively simple
(anti)ferromagnetic structures [5–7]. The Hamiltonian be-
tween two magnetic centers H = Ji j

∑
〈i j〉 �σi · �σ j , where Ji j is

the Heisenberg coupling between neighboring i and j spins
(�σ )], is maximized for a pair of atoms with spins oriented
(anti)parallel to each other. In the conventional Heisenberg
model it is the sign of Ji j that determines the relative ori-
entation between the spins. When an additional interaction
such as antisymmetric exchange (Dzyaloshinskii-Moriya in-
teractions) or large anisotropy becomes dominant, an unusual
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noncollinear structure can be stabilized [8]. These typically
take place in low crystal symmetries, and therefore realizing
nontrivial magnetic structures in materials with high crystal
symmetry is a significant challenge [4].

The A-site ordered quadruple perovskites AA′
3B4O12 can

accommodate transition-metal cations not only at the oc-
tahedral B site but also at the square-planar, orthogonally
oriented A′ sites. When the B site is occupied by nonmagnetic
cations, the complex magnetic interactions between spins at
the A′ sites can provide a variety of nontrivial magnetic orders
in the cubic crystal system [9]. For example, A′-site Cu2+

(S = 1/2) spins can align either ferromagnetically (FM) in
CaCu3Ge4O12 and CaCu3Sn4O12 (TC = 13 and 10 K, re-
spectively), or antiferromagnetically (AFM) in CaCu3Ti4O12

(TN = 25 K) as a result of competing direct exchange and su-
perexchange interactions [10–12]. A trend can be rationalized
for related quadruple perovskite materials where increasing
A′-site spin values leads to an increase in the magnetic tran-
sition temperature, from 10 ∼ 25 K for S = 1/2 (Cu2+ in
CaCu3B4O12), to 37 K for S = 2 (Mn3+ in YMn3Al4O12) and
44 K for S = 5/2 (Mn2+ in LaMn3V4O12) [13,14].

The material CaFe3Ti4O12 is the only known quadruple
perovskite where the A′ sites are exclusively occupied by
Fe2+ centers with S = 2, yet initial studies did not find any
long-range magnetic order down to 4.2 K [15,16]. This ab-
sence of magnetic ordering was notably unconventional. In
this paper, we report magnetic neutron-diffraction studies
on CaFe3Ti4O12. We find that the S = 2 Fe2+ spins as-
sume a complex triple-k antiferromagnetic order at 2.8 K.
From Monte Carlo simulations, we understand this to be
a consequence of strong easy-axis type anisotropy, arising
from the spin-orbit coupling of the Fe2+ spins in the A′-site
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square-planar coordination. This anisotropy suppresses
Heisenberg superexchange between first- and second-
neighbor spins, allowing further-neighbor interactions to
stabilize an orthogonal long-range spin arrangement.

II. EXPERIMENT

Polycrystalline samples of CaFe3Ti4O12 were prepared
from 1:3 molar-ratio mixtures of CaTiO3 and FeTiO3. The
mixtures were ground together, packed in gold capsules, and
heated at 1000 °C under 9 GPa for 6 h using a DIA cubic anvil
high-pressure apparatus. Further details can be found in the
Supplemental Material (SM) [17].

Neutron powder-diffraction data were collected using the
POLARIS and WISH instruments at the ISIS neutron source,
United Kingdom [18,19] At WISH, data were collected
from a nonsintered 5.8-mm-diameter pellet of approximately
800 mg. The pellet was contained within a vanadium can
where its position was fixed using a cadmium rod. Rietveld
profile refinements were performed using the GSAS suite of
programs [20]. Group theoretical calculations were performed
using the ISODISTORT and ISOTROPY software [21,22].

57Fe Mössbauer spectra were collected at 300 and 5 K from
powder samples of CaFe3Ti4O12 in transmission geometry
with a constant-acceleration spectrometer using a 57Co /Rh
radiation source.

The magnetic properties of the material were measured
using a Quantum Design magnetic properties measurement
system (MPMS) superconducting quantum interference de-
vice magnetometer. The heat-capacity data were collected
using a Quantum Design physical properties measurement
system (PPMS) from a hard pellet of the CaFe3Ti4O12 sample
obtained by using the high-pressure apparatus (65 tons).

The Monte Carlo algorithm was used for finding differ-
ent possible spin configurations in the CaFe3Ti4O12 material
using an in-house code [23]. Neutron powder-diffraction pat-
terns were then calculated. Semiclassical simulation of the
Hamiltonians [see Eqs. (1) and (2) below] were performed by
replacing the spin operators with unit vectors and neglecting
quantum entanglement. This is a good approximation for the
large (S = 2) Fe2+ spins (further details in SM [17]). The
powder-diffraction patterns were computed from 16 indepen-
dent samples on a system comprising 32 × 32 × 32 magnetic
unit cells of CaFe3Ti4O12 in periodic boundary conditions.

III. RESULTS AND DISCUSSION

A. Zero-field spin ground state

Neutron powder-diffraction data collected from
CaFe3Ti4O12 at 300 K confirm the A-site ordered quadruple
perovskite structure [Fig. 1(a), Figs. S1–S3] [18,20]. The
Mössbauer spectrum collected at 300 K shows a doublet for
which the isomer shift and quadrupole splitting are in very
good agreement with Fe2+ in a square-planar coordination
(Fig. S4) [16]. A second small doublet corresponds to
the signal of the octahedrally coordinated Fe2+ centers in
FeTiO3, which is also detected in neutron-diffraction data
[approximately 4.6(1) wt. %]. These results clearly indicate
Fe2+ at the A′ sites and nonmagnetic Ti4+ at the B sites,
yielding the charge formula Ca2+Fe2+

3 Ti4+
4 O12 [24,25].

(a)

(b)

(c)

FIG. 1. (a) The crystal structure of the quadruple perovskite
CaFe3Ti4O12 where the calcium (A), iron (A′ A′), titanium (B),
and oxygen atoms are represented as white, green, blue, and red
spheres, respectively. (b) ZFC and FC magnetic susceptibility data
(H = 0.01 T). Inset shows temperature dependence of inverse mag-
netic susceptibility (ZFC) with the Curie-Weiss fit [solid blue line,
150 � T (K ) � 300]. (c) Heat-capacity data collected at different
magnetic fields. The temperature axis T is the same for (b) and (c).

Temperature-dependent magnetic susceptibility data reveal
a local maximum at 2.8 K [Fig. 1(b)]. This transition is
also confirmed by a λ-type peak in heat-capacity data at 0
T [Figs. 1(c), S5]. The calculated magnetic entropy Sm =
∫(Cm/T ) dT of 3.25(1) J Fe mol–1 K–1 corresponds to only
24% of the expected value for Fe2+ S = 2 [R ln5 = 13.38 J
Fe mol–1 K–1, Fig. S5(b)], indicating a considerable degree of
magnetic frustration. Likewise, while the overlap of the zero
field-cooled (ZFC) and field-cooled (FC) curves [Fig. 1(b)]
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is consistent with antiferromagnetic ordering, a Curie-Weiss
(CW) fit to the data yields θCW = +12.04(2) K from which
ferromagnetic short-range correlations can be inferred [26].
Furthermore, the frustration index |θCW/TN| ∼ 4 is larger than
those reported for the related materials CaCu3Ti4O12 ( f ∼
1.3, G-type antiferromagnetic) and LaMn3V4O12 ( f ∼ 1, he-
lical antiferromagnetic) [14,27].

No structural changes are observed for CaFe3Ti4O12 from
neutron diffraction data collected down to 5 K [Fig. 2(a),
Table II in SM]. [18] In contrast, data collected below the
magnetic transition [T = 1.5 K, Fig. 2(b)] show additional
peaks at the L point of the Brillouin zone [k = (1/2, 1/2, 0)].
These additional peaks are much broader than the nuclear re-
flections. From analysis of the line broadening of the magnetic
reflections, we can estimate a magnetic correlation length of
approximately 655 Å which corresponds to ∼44 magnetic
unit cells (details in SM [17]). This short correlation length
of the magnetic domains further supports magnetic frustration
[28,29].

In order to solve the magnetic structure, irreducible rep-
resentation analysis was used (details in Sec. 4 of the SM)
[21,22,30]. From the indexed magnetic unit cell, six magnetic
propagation vectors (k vectors) can be deduced from sym-
metry operations of the underlying point group. All solutions
using one or two sets of such k vectors (arms of the star) and
a single irreducible representation produce models in which
only two-thirds or fewer of the Fe2+ sites are ordered and
the magnetic moment refines to unphysically large values. A
high-symmetry model was thus constructed using three arms
of the star, k: (1/2, 1/2, 1), (1/2, 1, 1/2), and (1, 1/2, 1/2).
The resulting triple-k ordering is shown in Fig. 3(a) (details
in Table VII, SM) [31]. While the direction of the moment
on each site depends on the orientation of the FeO4 square
plane, the model has only one refinable parameter: the abso-
lute magnitude of the Fe2+ moment. This produces a good fit
to the data [wRp = 4.46%, Fig. 2(b)]. The magnetic moment
at each iron site refines to 3.78(1) μB, in good agreement with
the 4 μB expected for high-spin Fe2+.

The A′-site Fe2+ spin ground state can be described as
three orthogonal interpenetrating antiferromagnetic sublat-
tices. Each sublattice consists of Fe2+ spins in one of the three
possible orientations of the FeO4 planes, and orders at a differ-
ent one of the three k vectors [Figs. 3(b) and 3(c)]. Each iron
moment is thus orthogonal to its first and second neighbors
[1NN and 2NN, Fig. 3(d)], and parallel or antiparallel to its
third and fourth neighbors (3NN and 4NN).

The found dependence of the direction of the 1NN and
2NN moments with the orientation of the FeO4 square planes
is expected from strong spin-orbit coupling. The situation is
similar to that observed in the SrFeO2 and Sr3Fe2O5 materials
containing high-spin Fe2+ cations in square-planar environ-
ments. In these phases, an orbital contribution to the magnetic
moment from spin-orbit coupling leads to the emergence of
single-ion anisotropy [32,33]. However, in those materials
the FeO4 square planes are parallel with each other and
there is no competition between single-ion anisotropy and
symmetric Heisenberg exchange interactions. In contrast, in
CaFe3Ti4O12 the Fe2+ spins sit at A′ sites which are orthog-
onally arranged in the lattice [Fig. 1(a)]. This may lead to

(a)

(b)

(c)

FIG. 2. Crystal and magnetic structure refinement results of
CaFe3Ti4O12 against neutron powder-diffraction data at (a) 5 K in
zero field, (b) 1.5 K in zero field, and (c) 1.5 K in 8-T field. In
all patterns, the tick marks correspond to the reflection positions
of the nuclear structures of CaFe3Ti4O12 (black) and FeTiO3 sec-
ondary phase (4.6%, red). In (b), (c), green tick marks show the
positions of the reflections corresponding to the magnetic spin struc-
tures with propagation vectors k = (1/2, 1/2, 0) and k = (0, 0, 0),
respectively.

magnetic anisotropy along a lattice-dependent direction (easy-
axis anisotropy).

A neutron diffraction pattern calculated from Monte Carlo
simulations of the Heisenberg exchange interactions between
1NN and 2NN spins are in effect without the influence of
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(a) (b)

(c) (d)

FIG. 3. (a) The antiferromagnetic structure of CaFe3Ti4O12 is formed by three interpenetrating orthogonal sublattices. (b) Each sublattice
orders one-third of the available Fe sites. (c) Each sublattice corresponds to the three possible orientations of the FeO4 square planes (xy,
yz, xz). (d) There are two inequivalent pathways for 4NN Heisenberg interaction: via Fe centers or via Ca [labeled 〈i j〉4 and 〈i j〉′

4 in (c),
respectively]. The easy axes point on the direction of the Fe-Ca-Fe 〈i j〉′

4 paths (see also Fig. S6).

easy-axis anisotropy is shown in Fig. 4. The Hamiltonian
considered for this simulation is given in Eq. (1), where Ji j

corresponds to the Heisenberg exchange integrals between
〈i j〉 neighbors and �σi corresponds to the site spin.

H = J1

∑

〈i j〉
�σi · �σ j + J2

∑

〈i j〉2

�σi · �σ j . (1)

As summarized in Fig. 4, the case proposed in Eq. (1)
leads to partial ordering with magnetic wave vector k = 0 for
arbitrary values of J1 and J2. These features are absent in the
experimental data collected from CaFe3Ti4O12 [Figs. 2(b) and
4(b)], implying that 1NN and 2NN interactions do not play a
significant role in the observed magnetic ground state. The
simplest mechanism for the quenching of such 1NN and 2NN
Heisenberg interactions is a dominant magnetic anisotropy
term that fixes near-neighboring spins perpendicular to one
another. The Heisenberg coupling then becomes effectively
zero.

In addition to quenching nearest-neighbor Heisenberg
interactions, such easy-axis anisotropy allows for 2NN
Dzyaloshinskii-Moriya interactions. However, these do not
seem to be dominant as they link the sublattices and

would therefore destabilize the triple-k ordering. This leaves
3NN and 4NN interactions as the ones predominantly re-
sponsible for the long-range ordering observed. Notably,
interactions between 3NN favor either long-range ferromag-
netic or (111)/2 antiferromagnetic orders, neither of which
are observed. Therefore, we believe the 3NN Heisenberg in-
teractions are subleading.

The pathways of magnetic spin interaction between 4NN
are either via an iron or a calcium center at their midpoints
[Figs. 3(c) and 3(d)]. If the Fe-Fe-Fe pathways are anti-
ferromagnetic but the Fe-Ca-Fe ones are ferromagnetic, we
naturally obtain the observed (110)/2 ordering. Furthermore,
the fact that the ordered moment is normal to this wave vector
suggests that the easy axes point in the direction of the Fe-Ca-
Fe pathway and the moments thus lie within the FeO4 square
planes as shown in Fig. 3(c).

To demonstrate that further-neighbor interactions
and easy-axis anisotropy are needed to stabilize the
experimentally observed triple-k ground state, Monte
Carlo simulations of three cases were performed.
We considered 4NN interactions perturbed by either:
(a) 3NN interactions, (b) 2NN Dzyaloshinskii-Moriya
interactions favoring an orthogonal k = (111)/2 order, or

043208-4
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FIG. 4. Comparison of the simulations (top panel) and exper-
imental (bottom panel) magnetic neutron-diffraction pattern for
CaFe3Ti4O12. The simulated pattern corresponds to the case where
Heisenberg exchange integrals for 1NN and 2NN spins (J1 and J2)
are in effect without the influence of easy-axis anisotropy (details in
SM) [23]. This situation leads to partial ordering (k = 0) yielding the
reflections indicated with gray dotted lines (�) which do not match
the experimental data [(110)/2, solid lines].

(c) 2NN Dzyaloshinskii-Moriya interactions fully frustrated.
The results are summarized in Fig. 5. The Hamiltonian
considered is given in Eq. (2), where D2 corresponds to the
Dzyaloshinskii-Moriya interaction strength between 2NN
spins and A

∑
i(�ni · �σi )2 corresponds to the easy-axis type

anisotropy term (further details in SM [17]).

H = J4

∑

〈i j〉4

�σi · �σ j − J ′
4

∑

〈i j〉′4
�σi · �σ j − J3

∑

〈i j〉3

�σi · �σ j

+ D2

∑

〈i j〉2

�ni j · (�σi × �σ j ) + A
∑

i

(�ni · �σi )
2. (2)

The 〈i j〉4 and 〈i j〉′4 terms in Eq. (2) denote the two 4NN
pathways Fe-Fe-Fe and Fe-Ca-Fe, respectively [Figs. 3(c) and
S6]. The easy axes ni point in the direction of the Fe-Ca-Fe
pathways 〈i j〉′4.

In Fig. 5, the vertical solid lines indicate the position of the
(110)/2 peaks arising from 4NN spin interactions. Sufficiently
strong 3NN interactions (Heisenberg integral J3) replace such
(110)/2 peaks with those corresponding to the reciprocal lat-
tice vectors [� in Fig. 5(a)]. The two possible D2 contributions
introduce peaks at (111)/2 and are represented with gray
dotted lines [Figs. 5(b) and 5(c)].

We found that for ordered D2, a first-order transition would
be induced [D2 = 0.5 J3, Fig. 5(b)]. The latter is not ob-
served experimentally. Meanwhile, in the case where J3 is

(a)

(b)

(c)

(d)

FIG. 5. Comparison of the simulations and experimental mag-
netic neutron powder-diffraction patterns for CaFe3Ti4O12. The
patterns corresponding to perturbations to J4 by J3 and D2 both
ordered and frustrated are presented in (a), (b), and (c) respectively.
Panel (d) shows the experimental data collected at 1.5 K and 0 T.
The scale bar at the right indicates the different values considered for
the parameters J3/J4 and |D2|/J4 for the patterns in (a), and (b), (c),
respectively.

active and D2 are fully frustrated, the (110)/2 peaks would be
present even at very strong perturbations and would coexist
with the peaks arising from such perturbations [Fig. 5(c)].
Thus, the triple-k spin ordering remains robust even for 2NN
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(a) (b)

FIG. 6. (a) The refined high-field canted ferromagnetic structure of CaFe3Ti4O12. (b) Neutron powder-diffraction data collected at 1.5 K
under various applied magnetic fields. An increase in intensity (from H � 0.25 T) of the k = (0, 0, 0) magnetic reflections and concomitant
gradual decrease of the k = (1/2, 1/2, 0) are observed.

Dzyaloshinskii-Moriya and 3NN Heisenberg exchange inter-
actions of comparable magnitude to the Heisenberg exchange
interactions between 4NN spins.

The transition temperature does not shift significantly from
that corresponding to the cubic-lattice Ising value of 4.5 J4.
Therefore, we can give a fairly confident estimate of J4 =
2.8/4.5 K = 0.62 K with slight differences expected between
J4 along inequivalent paths.

We note that the dominant 4NN interactions result in 3NN
neighbors arranged both ferromagnetically and antiferromag-
netically [see vectors on paths 〈i j〉4 and 〈i j〉′4 in Fig. 3(c)].
This frustration may contribute to the observed short magnetic
correlation length. Furthermore, this ground state stabilized
by further-neighbor interactions explains the much lower or-
dering temperature for CaFe3Ti4O12 compared to those of
other A′-site magnetic isostructural materials [13,14].

B. Field-induced spin structure

The magnetic transition for CaFe3Ti4O12 is significantly
suppressed under magnetic fields. The intensity of the C/T vs
T maximum at 2.8 K decreases with increasing field and the
weight of the peak integral broadens towards higher temper-
atures [Fig. 1(c)]. Neutron-diffraction data collected at 1.5 K
under a field of 8 T do not contain the magnetic reflections
of the antiferromagnetic structure. Instead, some nuclear re-
flections contain additional intensity consistent with magnetic
ordering at propagation vector k = (0, 0, 0) [Fig. 2(c)]. The
intensity of these reflections is not well reproduced using
a magnetic structure with collinear spins, either in a ferro-
or ferrimagnetic configuration. However, they can be well
accounted for using a magnetic structure comprising three
noncollinear canted ferromagnetic sublattices [Fig. 6(a)].
Each of these ferromagnetic sublattices corresponds to a set
of FeO4 square planes with the same orientation. All spins
make an angle of 80.7(1)° with the normal of their FeO4 plane
and the spins in other sublattices. The arrangement produces a
net moment along 〈111〉 from which the spins form a relative
angle of 41.5(1)° [Fig. 6(a)]. All moments in the structure
are refined with only three parameters (Mx, My, Mz) and the
refined moment per iron of 4.35(1) μB is again consistent with

the expected value of 4 μB for Fe2+, S = 2. This larger-than-
expected moment may be explained from the fact that the data
were collected from a polycrystalline sample which can result
in an overestimation of the refined moment.

Under a field, the moment direction remains coupled to the
FeO4 square-plane direction, consistent with the strong easy-
axis anisotropy and spin-orbit coupling. However, in this case,
the three sublattices are ferro- rather than antiferromagnetic.
This generates internal magnetic fields that serve to polarize
the moments towards a common direction (〈111〉) and leads
to their canted orientation. In agreement with the canted fer-
romagnetic structure, the magnetization measured at 2 K does
not reach saturation even at 5 T (Fig. S7). The value of the
magnetization at T = 2 K, H = 5 T reaches only 7.90(1) μB

of the expected 12 μB per formula unit for a collinear ferro-
magnetic configuration of the spins.

Neutron-diffraction data collected from CaFe3Ti4O12 un-
der various applied magnetic fields at 1.5 K [Fig. 6(b)] confirm
the gradual decrease in intensity of the antiferromagnetic k =
(1/2, 1/2, 0) reflections and a commensurate increase in the
intensity of the canted ferromagnetic k = (0, 0, 0) reflections
with increasing field.

IV. CONCLUSIONS

The S = 2 Fe2+ centers at the A′ sites in CaFe3Ti4O12 order
antiferromagnetically at TN = 2.8 K. The spin configuration
is a triple-k structure within a cubic crystal symmetry com-
prising three orthogonally interpenetrating antiferromagnetic
spin sublattices. In this structure, the symmetric exchange
for first- and second-neighbor spins are minimized by strong
easy-axis type anisotropy arising from spin-orbit coupling
of the high-spin Fe2+ centers in the A′-site square-planar
coordination. Further-neighbor interactions are unquenched
and stabilize the resulting unusual triple-k spin ground state.
On application of magnetic field, the Fe2+ spins within each
sublattice adopt ferromagnetic ordering. These spins remain
coupled to the FeO4 square-plane direction but generate an
internal magnetic field that polarizes the spins of the other
sublattices. As a result, a canted ferromagnetic spin structure
is stabilized. This work provides important insights for the
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realization of nontrivial magnetic structures in high-symmetry
crystal structures.
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