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Anisotropic Band-Split Magnetism in Magnetostrictive
CoFe2O4

Harry Lane, Guratinder Kaur, Masahiro Kawamata, Yusuke Nambu, Lukas Keller,
Russell A. Ewings, David J. Voneshen, Travis J. Williams, Helen C. Walker,
Dwight Viehland, Peter M. Gehring,* and Chris Stock

Single crystal spinel CoFe2O4 exhibits the largest room-temperature
saturation magnetostriction among non-rare-earth compounds and a high
Curie temperature (Tc ∼ 780 K), properties that are critical to a wide range of
industrial and medical applications. Neutron spectroscopy reveals a large
band splitting (∼60 meV) between two ferrimagnetic magnon branches,
which is driven by site mixing between Co2+ and Fe3+ cations, and a
significantly weaker magnetocrystalline anisotropy (∼3 meV). Central to this
behavior is the competition between vast mismatched molecular fields on the
tetrahedral A-site and octahedral B-site sublattices and the single-ion
anisotropy on the B-site. This creates a strong, energetic anisotropy that locks
the magnetic moment within each structural domain in place. As a result of
these differing energy scales, switching structural domains is energetically
favored over a global spin reorientation under applied magnetic fields, and
this is what amplifies the magnetostrictive nature of CoFe2O4.
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1. Introduction

The Increasing demand for materials used
in chemical and biological sensing that inte-
grate magnetism with elastic strain fields[1]

has driven interest in applications such
as magnetoelastic resonator antennas for
wireless sensing and energy harvesting.[2]

Magnetoelastic coupling is also a funda-
mental topic in condensed matter physics,
particularly in the emerging field of
altermagnets[3–8]—a newly proposed class
of materials that break the product of parity
and time-reversal symmetry.[5] These mate-
rials exhibit piezomagnetism,[9,10] a linear
coupling between strain andmagnetic field,
which has been recognized as a defining
signature of altermagnetic behavior. The
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Figure 1. a) View along [111] of the CoFe2O4 inverse spinel structure: space group Fd3m (227). The Co and Fe cations occupy tetrahedral A and octahedral
B sites. b) Two possible magnetic structures consistent with the neutron diffraction data. The red and grey colors represent the two distinct magnetic
sublattices. c, d) Neutron diffraction (DMC, PSI) patterns measured above (900 K) and below (1.6 K) the transition temperature Tc ∼ 780 K. Solid red
lines represent the Rietveld refinement using Fullprof software.[41] The large dotted oval highlights the large change in the (111) Bragg peak intensity
across Tc.

presence of a time-reversal-symmetry-breaking field in such sys-
tems can lift the degeneracy of antiferromagnetic magnons,
thereby enabling control over magnon chirality and opening
pathways for spintronic applications.[11] The coupling in magne-
toelastic materials arises from anisotropy, which can be directly
characterized with neutron spectroscopy by measuring gapped
magnetic excitations. In this work, we apply neutron spec-
troscopy to investigate the crystalline and magnetic anisotropy
in the highly magnetostrictive ferrimagnetic spinel CoFe2O4,
which, in contrast to altermagnets, exhibits a quadratic coupling
between magnetism and strain. We also use neutron and X-ray
powder diffraction to identify the consequences of the ferrimag-
netic long-range order below Tc on both the nuclear structure and
the magnetic dynamics.
Magnetostriction is defined as the change in the dimensions of

a material in response to a change in magnetization. It is called
forced magnetostriction if the dimensions change as a function
of applied external magnetic field and spontaneousmagnetostric-
tion if the dimensions change in zero applied field below a mag-
netic ordering transition. The effect is a consequence of mag-
netoelastic coupling that stems from either a strongly distance-

dependent exchange interaction[12] or the presence of spin-orbit
coupling[13] that, in combination with the local crystalline elec-
tric field, gives rise to single-ion anisotropy. These energetics
produce an interplay between strain, shape anisotropy, and do-
main formation that can be tuned with a magnetic field, thus
making magnetostrictive materials extremely useful for a wide

Table 1. Refined structural parameters for CoFe2O4 at 900 K extracted from
the Rietveld refinement of neutron powder diffraction data fromDMCwith
𝜆 =2.460 Å. Space group, Fd3m, No. 227, (a = 8.44434(18) Å, atomic dis-
placement parameters, B iso ( Å

2), Rp = 5.80%, and wRp = 5.78%). The
implicit error in the site occupancy is ∼4–5%.

Atom x y z Occ. Biso Site

Fe1 1/8 1/8 1/8 76% 0.750(117) 8a

Co1 1/8 1/8 1/8 24% 0.750(117) 8a

Fe2 1/2 1/2 1/2 38% 1.077(100) 16d

Co2 1/2 1/2 1/2 62% 1.077(100) 16d

O 0.25584(14) 0.25584(14) 0.25584(14) 100% 1.654(51) 32e
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Table 2. Magnetic basis vectors 𝜓j and irreducible representations Γ𝜈 for
the A-site Co1/Fe1:(0.125, 0.125, 0.125) (Wyckoff symmetry 8a). There are
two equivalent sites with coordinates A1: (0.125, 0.125, 0.125) and A2:
(0.875, 0.875, 0.875). The decomposition of the magnetic representation
into irreducible representations of G k:Γ8 ⊕ Γ9 is given (taken from the
program SARA h.[50,51]). Six basis vectors with purely real components are
presented.

IRs Mode Basis vectors

A1 A2

Γ8 𝜓1 (8 0 0) (−8 0 0)

𝜓2 (0 8 0) (0 −8 0)

𝜓3 (0 0 8) (0 0 −8)

Γ9 𝜓4 (8 0 0) (8 0 0)

𝜓5 (0 8 0) (0 8 0)

𝜓6 (0 0 8) (0 0 8)

variety of technical applications such as actuators, transducers,
and sensors.[14–21]

Most ferromagnetic materials display a measurable mag-
netostrictive coefficient below their respective Curie ordering
temperatures.[22] These include elemental metals such as Co, Ni,
and Fe,[23–25] rare-earth alloys such as Terfenol-D (TbxDy1-xFe2,
x ≈ 0.3),[26,27] and transition metal oxides such as FeTi2O4.

[28]

Magnetostriction occurs through the alignment of the magnetic
domains[29] in a sample and through magnetoelastic coupling,
which provides a means of controlling the strain. Magnetostric-
tion therefore requires anisotropic magnetic moments that are
coupled to the underlying crystal lattice.
Rare-earth magnets are an ideal platform for studies of

magnetostriction given their large spin-orbit coupling constant
𝜆SO, which scales with atomic number as ∼Z2,[30] and highly
anisotropic f-orbitals. However, many rare-earth compounds or-
der magnetically at cryogenic temperatures, which prevents their
use in devices that must operate at ambient conditions. Among
the many known magnetostrictive materials, CoFe2O4 is of par-
ticular interest due to its stability, chemical flexibility,[31–33] and
high Curie temperature Tc. It is also composed of earth-abundant
transition metal ions, which makes it cheaper than the rare-earth
counterparts. CoFe2O4 crystallizes in a high-temperature cubic
structure belonging to the Fd3m space group (a = 8.385 Å) and
transforms to a tetragonal structure belonging to the I41∕amd
space group (a = b = 8.388 Å and c = 8.378 Å) below Tc ∼
780 K.[34,35] Complementary diffraction and microscopy studies
on CoFe2O4 report that the magnetostrictive properties result
from a switching of the tetragonal structural domains.[34] As
CoFe2O4 is used in applications as far ranging as drug delivery
and sensors, most studies of this material have been devoted to
nanoparticle[36] and thin-film samples; very few pertain to bulk
single crystals.We apply neutron spectroscopy to characterize the
bulk magnetic dynamics of CoFe2O4 and relate the results to the
favorable magnetostrictive properties. In particular, we discuss
the interplay between the energetics associated with anisotropy
and magnetic exchange.
This paper is structured as follows: Section 2 provides details

about the CoFe2O4 sample growth and the methods used in our
experiments; Section 3 discusses the crystallographic and mag-
netic structures of CoFe2O4; Section 4 summarizes the neutron

inelastic scatteringmeasurements of the spin dynamics; and Sec-
tion 5 describes the theoretical modeling. The paper ends with a
discussion of our results and a conclusion in Sections 6 and 7, re-
spectively.

2. Experimental Details

Powder samples of CoFe2O4 were prepared by mixing stoichio-
metric ratios of cobalt oxide and iron oxide. The mixture was
sintered multiple times before undergoing a final calcination at
1073 K in a box furnace. To determine the structural changes as-
sociated with the magnetic transition, x-ray diffraction measure-
ments were made from 300 to 1000 K using a Bragg-Brentano
geometry with a Rigaku SmartLab diffractometer equipped with
a high-temperature furnace. An incident X-ray wavelength of
𝜆 = 1.54 Å was selected using a Johansson monochromator and
then focused on the sample position using Cross Beam Optics
(CBO) with parabolic mirrors. Neutron diffraction was used to
determine the magnetic structure and the associated statically
ordered magnetic moment using the DMC cold-neutron diffrac-
tometer located at the SINQ spallation source (Paul Scherrer In-
stitute). Measurements were conducted with an incident neutron
wavelength of 𝜆 = 2.46 Å. A high-temperature furnace and a he-
lium cryostat were used to characterize the magnetic structure
between 900 and 1.6 K.
A large single crystal (≈ 10 g) of CoFe2O4 was grown in a

floating-zone furnace under high oxygen pressure (≈50 atm).
Neutron scattering measurements were carried out on this crys-
tal using the MERLIN time-of-flight spectrometer located at the
ISIS Neutron and Muon Source.[37] The crystal was aligned such
that Bragg reflections of the form (HHL) lay within the horizontal
scattering plane. The sample was cooled to≈ 10 K using a closed-
cycle cryostat. Data were collected with an incident neutron en-
ergy Ei = 75 meV and the Gd neutron chopper set to 200 Hz,
which provided an energy resolution of 5.8 meV (FWHM) at
the elastic line. The repetition-rate multiplication mode available
on MERLIN provided additional data (with better energy reso-
lution) at incident neutron energies of 20 meV (elastic resolu-
tion: 0.80 meV) and 9 meV (elastic resolution: 0.27 meV). Dur-
ing the experiment, the crystal was rotated through 170◦ in 0.5◦

steps.
Because the magnetic excitations in CoFe2O4 extend to high

energies, further neutron measurements were conducted on the
MAPS time-of-flight spectrometer (ISIS, UK).[38] The “Sloppy”
chopper package on MAPS combined with the longer secondary
flight path, which allows access to smaller scattering angles, fa-
cilitates measurements at high energy transfers. The same crys-
tal was used, still aligned in the (HHL) zone and cooled to
≈10 K using a closed-cycle cryostat. Data were measured with
Ei = 250 meV and the Fermi chopper frequency set at 400 Hz,
offering a resolution at the elastic line of 12.3 meV. All data from
MERLIN andMAPSwere reduced using theMantid data analysis
framework[39] and analyzed using the Horace package.[40] Given
the small size of the tetragonal distortion defined by the reso-
lution of our diffraction experiments, the data were reduced in
the cubic Fd3m space group. Except where otherwise stated, the
data are symmetrized according to the m3m point group to im-
prove statistics.
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Table 3.Magnetic basis vectors 𝜓j and irreducible representations Γ𝜈 for the B-site Co2/Fe2:(0.5, 0.5, 0.5) (Wyckoff symmetry 16d). The coordinates of
the equivalent positions are B1: (0.5, 0.5, 0.5), B2: (0.5, 0.25, 0.25), B3: (0.25, 0.5, 0.25), and B4: (0.25, 0.25, 0.5). The decomposition of the magnetic
representation into irreducible representations of G k:Γ3 ⊕ Γ5 ⊕ Γ7 ⊕ 2Γ9. There are twelve basis vectors, and the respective components for each site
are given below. Only real components are presented. The table was taken from the program SARA h.[50,51]

IRs Mode Basis vectors

B1 B2 B3 B4

Γ3 𝜓1 (12 12 12) (12 −12 −12) (−12 12 −12) (−12 −12 12)

Γ5 𝜓2 (6 −6 0) (6 6 0) (−6 −6 0) (−6 6 0)

𝜓3 (2
√
3 2

√
3 −4

√
3) (2

√
3 −2

√
3 4

√
3) (−2

√
3 2

√
3 4

√
3) (−2

√
3 −2

√
3 −4

√
3)

Γ7 𝜓4 (0 −2 2) (0 2 −2) (0 2 2) (0 −2 −2)

𝜓5 (2 0 −2) (−2 0 −2) (−2 0 2) (2 0 2)

𝜓6 (−2 2 0) (2 2 0) (−2 −2 0) (2 −2 0)

Γ9 𝜓7 (4 4 4) (4 −4−4) (4 −4 4) (44 −4)

𝜓8 (4 −2 −2) (4 2 2) (4 2 −2) (4 −2 2)

𝜓9 (4 4 4) (−4 4 4) (−4 4 −4) (4 4 −4)

𝜓10 (−2 4 −2) (2 4 −2) (2 4 2) (−2 4 2)

𝜓11 (4 4 4) (−4 4 4) (4 −4 4) (−4 −4 4)

𝜓12 (−2 −2 4) (2 −2 4) (−2 2 4) (2 2 4)

3. Magnetic and Nuclear Structures

The nuclear structure shown in Figure 1 (a) depicts the high-
temperature cubic phase of CoFe2O4, which belongs to the cubic
Fd3m space group (point group symmetrym3̄m). The parameters
obtained from a Rietveld refinement of the neutron diffraction
data measured at 900 K are listed in Table 1. Of particular impor-
tance is the presence of two distinct crystallographic sites for the
magnetic Fe3+ and Co2+ ions with differing Wyckoff symmetry
(denoted as 8a and 16d in Table 1). CoFe2O4 belongs to the fam-
ily of inverse spinels AB2O4 in which the tetrahedral A sites (site
symmetry 8a with eight equivalent positions in the unit cell) are
occupied by trivalent cations and the octahedral B sites (site sym-
metry 16d with sixteen equivalent positions in the unit cell) are
occupied preferentially by divalent ions. But when the two cations
are similar in size, as is the case for Fe3+ and Co2+, significant site
mixing can occur between the A and B sites. The greater stability
of Fe3+ compared with that of Fe2+, together with the requirement
of charge neutrality, dictates that the Fe and Co valences are un-
changed on mixing.[42,43] The local environment of the B site is
trigonally distorted from a perfect octahedral environment. This
provides a potential source of magnetic anisotropy for orbitally
active magnetic ions. We discuss the implications of these two

Table 4. Refined magnetic moments for CoFe2O4 at 1.6 K extracted from
the Rietveld refinement of neutron powder diffraction data measured on
DMC with 𝜆= 2.460Å. The space group is F1 and k⃗ = (0,0,0) r.l.u. The
magnetic moment directions are given in the first column, and the values
of the magnetic moments on the A and B sites are denoted as ma and
mb, respectively, in units of 𝜇B. The “goodness of fit” is given by the Rmag
factor.

Moment mA mB Rmag

//[100] 4.11 (4) 3.83 (3) 1.36

//[110] 4.10 (4) 3.83 (3) 1.41

different local crystalline electric field environment on the spin
magnetism below.
We used neutrons to determine the degree of cation mixing

in CoFe2O4 because the x-ray scattering cross section varies as
the square of the atomic number Z, and there is little contrast
between Fe (Z = 26) and Co (Z = 27). By comparison, the differ-
ence between the neutron nuclear coherent scattering lengths of
Fe (9.45 fm) and Co (2.49 fm) is quite large. The neutron diffrac-
tion results at 900 K are summarized in Table 1, and they clearly
indicate significant site mixing between the A and B sites. A M ö
ssbauer study of CoFe2O4 shows that the degree of site mixing is
highly sensitive to cooling conditions during sample preparation
whereas the magnetic transition temperature is not.[44] This sug-
gests that the underlying magnetism is robust against structural
disorder from site mixing.
Neutrons carry a magnetic moment, which makes them an ex-

cellent probe of spinmagnetism. The neutron powder diffraction
patterns shown in Figure 1c,d reveal the presence of additional
Bragg intensity at 1.6 K that is absent at 900 K (see, for example,
the large change in intensity at 2𝜃 ∼ 30◦ and 80 ◦). This extra in-
tensity is consistent with ferroicmagnetic order, as it appears only
at allowed nuclear Bragg peak positions. Furthermore, all mag-
netic peaks at low temperatures exhibit wave-vector-resolution-
limited linewidths, which is the hallmark of spatially long-range
magnetic order. Therefore, we assign the propagation vector k =
(0, 0, 0) to themagnetic ground state, in agreement with Ref. [45].
The refined ferrimagnetic structure, discussed below, is shown in
Figure 1b and involves ordering of the Co2+ and Fe3+ moments
on both A and B sites.
The magnetic structures compatible with k = (0, 0, 0) and the

nuclear symmetry were analyzed with representation analysis.
For generality, we refined the magnetic structure while allowing
the direction of the spin moment on the A and B sites to vary
without constraints. To do this, we refined the magnetic struc-
ture in the magnetic space group F1. Given the presence of two
sites with distinct Wyckoff site symmetries, there are two differ-
ent sets of magnetic basis vectors that are refined: one for the A
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Figure 2. a) Temperature dependence (Smartlab, Edinburgh) of the lattice constant measured with X-ray diffraction. Note that all refinements were done
using the cubic Fd3m space group. b) Temperature dependence of the (111) Bragg peak integrated intensity, which is almost entirely magnetic, obtained
from the DMC (PSI) neutron diffractometer (see Figure 1c,d). The onset of magnetic order coincides with a change in the curvature of the thermal
expansion. c) Rietveld refinement of the X-ray SmartLab data measured at 973 K.

site (symmetry 8a) and one for the B site (symmetry 16d). Basis
vectors𝜓i for themagneticA-site Co1/Fe1 andB-site Co2/Fe2 are
tabulated, respectively, in Table 2 and Table 3. Only two sites are
needed for the basis vectors on theA site and four for those on the
B site because each is related via translation symmetry to an addi-
tional four sites in the unit cell, thereby returning the number of
equivalent sites expected based on Wyckoff notation. While non-
collinear structures are possible solutions to the magnetic refine-
ment, given the constraints of powder averaging, and to simplify
evaluation of the magnetic moments, we have fixed the structure
to be purely collinear and therefore only consider the real com-
ponents of these basis vectors. In support of this simplifying as-
sumption areM ö ssbauer studies on the inverse spinel Fe2O3,

[46]

which are highly suggestive of collinear ferrimagnetism, and re-
fined magnetic structures in other magnetic spinels that dis-
play collinear magnetism.[47–49] Tables 2 and 3 list the irreducible
representations Γ𝜈 (IRs) that characterize the transformation
properties.
For the A site listed in Table 2, the magnetic structure asso-

ciated with the magnetic propagation vector k = (0, 0, 0) has six
basis vectors (𝜓1−6) falling under two irreducible representations
(Γ8,9). For the B site listed in Table 3, given the different site
symmetry, there are 12 basis vectors (𝜓1−12) and four irreducible
representations (Γ3,5,7,9). Refinement of the neutron powder data
shows that the basis vectors on the A site transforming as the
Γ9 irreducible representation provide the best description of the
data. On theB site, two possibilities give equivalent fits, one trans-
forming as Γ9 and one as Γ7 and Γ9. This results in two possible
magnetic structures: one with the moment pointing along [100]
and the other with the moment pointing along [110]. As shown
in Table 4, both possibilities result in equivalent qualities of fit as
characterized by the R factors listed. The two possible magnetic
structures are illustrated in Figure 1b.

It is instructive to compare the refined moment values in
Table 4 to expectations based on full magnetic ordering. Fe3+ con-
sists of five d electrons across five 3d orbitals, and Co2+ has seven
electrons in the outer 3d shell. Therefore we expect Fe3+ sites to
have S = 5

2
and Co2+ to have S = 3

2
. If the low-temperature orbital

moment is quenched (⟨L⃗⟩ = 0), then the orderedmoment should
scale as the linear combination of these two spin values weighted
by the occupancy listed in Table 1, with each of the A and B sites
having an effective spin S̃. This would imply an expected average
effective moment of 𝜇̃ = gS̃ (with the Landé factor taken to be 2)
of 4.5 𝜇B for site A and 3.8 𝜇B for site B. These values agree well
with those listed in Table 4 and demonstrate consistency between
the nuclear and magnetic structures refined from the neutron
powder diffraction data.
We now discuss the critical properties of the magnetostruc-

tural transition at ∼780 K. The local coordination of a mag-
netic ion influences its spin and orbital properties. However,
with five d− electrons, assuming a weak or intermediate crystal
field strength,[52] Hund’s rules combined with the Pauli exclu-
sion principle imply that the Fe3+ cation will always be pure S = 5

2
with no orbital degree of freedom regardless of whether it occu-
pies a tetrahedrally (A) or octahedrally (B) coordinated site. The
single-ion physics of Co2+, on the other hand, is very different.[53]

In an octahedral environment, applying Hund’s rules and the
Pauli principle to the seven d− electrons results in an orbital de-
generacy. This can be seen by populating the strong crystal-field
basis consisting of the lower-energy, triply-degenerate |t2g⟩ and
the higher-energy, doubly-degenerate |eg⟩ orbitals with an orbital
degree of freedom existing in the lower-|t2g⟩ manifold. This sit-
uation maps exactly onto an orbital degree of freedom with an
effective leff = 1.[52,54]

The existence of an orbital degree of freedom[55] for a
Co2+ cation in an octahedral environment implies that the
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Table 5. Refined structural parameters for CoFe2O4 at 300 K extracted from
a Rietveld refinement of the Smartlab Rigaku diffraction data measured
with amonochromatic wavelength, Cu K 𝛼 𝜆 = 1.54 Å. Space group, Fd3m,
No. 227, a = 8.3839(83) Å,U iso (fixed), Rp = 16.46%, and GoF = 0.86%.

Atom x y z Occ. Site

Fe1 1/8 1/8 1/8 0.032917 8 a

Co1 1/8 1/8 1/8 0.00875 8 a

Fe2 1/2 1/2 1/2 0.050833 16 d

Co2 1/2 1/2 1/2 0.0325 16d

O 0.2528 0.2528 0.2528 0.166667 32e

high-temperature nuclear structure may be unstable against a
distortion that breaks the orbital degeneracy via the Jahn–Teller
Theorem.[56,57] Indeed, the high-resolution X-ray powder diffrac-
tion data shown in Figure 2a reveals a discontinuity in the ther-
mal expansion near 780 K that is consistent with a structural dis-
tortion and the onset of spontaneous magnetostriction. That the
inflection point of this feature approximately coincides with the
onset of magnetic long-range order, as reflected by the appear-
ance of intensity at the Q⃗ = (111) magnetic Bragg peak shown in
Figure 2b, suggests that there is a symmetry-breaking transition
driven by a lifting of a magnetoelastic degeneracy that links with
the spin magnetism through the presence of spin-orbit coupling.
The width of the anomaly in the lattice parameter, with devia-
tions from the high temperature trend appearing slightly above
the ordering temperature suggest that short range magnetic cor-
relations may play a role in driving this magnetostructural tran-
sition, as recently observed in MnTe.[58] Our refinements of the
magnetic moment further suggest that the low temperature or-
bital degeneracy is quenched and that only spin-magnetism con-
tributes to the static response.
However, despite the discontinuity in the thermal expansion

displayed in Figure 2, Rietveld refinements of the data measured
in the magnetically ordered phase (at room temperature) and
in the magnetically disordered phase (at 900 K) using the Jana
software[59] (summarized in Tables 5 and 6) yield no observable
changes in nuclear symmetry from the high-temperature cubic
phase; both refinements to the Fd3m space group give the same
quality of fit within error. This is surprising because two high-
resolution X-ray studies of single crystal CoFe2O4

[34,35] report a
low-temperature tetragonal phase with space group I41∕amd. We
note that this space group is a subgroup of the space group Fd3m

Table 6. Refined structural parameters for CoFe2O4 at 900 K extracted from
a Rietveld refinement of the Smartlab Rigaku diffraction data measured
with amonochromatic wavelength, Cu K 𝛼 𝜆 = 1.54 Å. Space group, Fd3m,
No. 227, a = 8.4447(7) Å,U iso (fixed), Rp = 15.39%, and GoF = 0.85%.

Atom x y z Occ. Site

Fe1 1/8 1/8 1/8 0.032917 8a

Co1 1/8 1/8 1/8 0.008750 8a

Fe2 1/2 1/2 1/2 0.050833 16d

Co2 1/2 1/2 1/2 0.032500 16d

O 0.2528 0.2528 0.2528 0.166667 32e

Table 7.Magnetic space groups versus irreducible representations.

8a-site 16d-site

I41∕am′d′ Γ9 Γ9
Imm′a′ Γ9 Γ7,Γ9

that we used to fit our X-ray and neutron powder diffraction data.
Taken together, these results highlight the subtle nature of the
structural distortion at the magnetostructural transition.
The existence of a structural transition at the magnetic tran-

sition temperature Tc ∼ 780 K is supported by the fact that the
low-temperature magnetic structure is not compatible with the
Fd3m space group. This is shown in Table 7, which lists the mag-
netic space groups consistent with the irreducible representa-
tions Γ9 and Γ7 that best describe the magnetic structure above.
These produce either a tetragonal or rhombohedral space group,
but not cubic. The (111)magnetic Bragg peak shown in Figure 2b
exhibits a continuous change of intensity starting at Tc that is
consistent with a second-order phase transition. Landau theory
would then imply that only one irreducible representation for
themagnetic structure exists at low temperatures, and this leaves
only a magnetostructural transition to the I41∕am′d′ space group
listed in Table 7, which has a tetragonal unit cell. We there-
fore conclude that CoFe2O4 undergoes magnetoelastic transition
from a high-temperature cubic phase to a low-temperature tetrag-
onal phase at Tc. This picture is consistent with a common trend
in spinel compounds.[47,60–64] Moreover, first principles calcula-
tions support a tetragonal phase being a ground state.[65]

The tetragonal distortion, while it must occur based on sym-
metry arguments, is evidently beyond the resolution of our X-
ray diffractometer. On the other hand, we should have easily ob-
served the tetragonal splitting reported for single-crystal spec-
imens of CoFe2O4 in Ref. Abes16:93. We therefore conclude
that the distortion in our powder samples is considerably less
than that found in single crystals. This is not unusual. Differ-
ences in structural distortions between powders and single crys-
tals have been reported in disordered ferroelectrics[66–73] and
disordered random field magnets.[74] Insofar as the degree of
structural disorder and mixing between A and B sites is highly
sensitive to the sample preparation in CoFe2O4

[44] and other
spinels,[75] it is entirely plausible that the static structural re-
sponse characterized by the splitting of Bragg peaks could vary
in size across differing samples and between single crystals and
powders.

4. Spin Dynamics

We have used neutron spectroscopy to identify the energy scales
associated with the magnetic spin dynamics in CoFe2O4. Our
neutron scattering measurements on MERLIN and MAPS were
made at 10 K, well below the magnetostructural transition tem-
perature Tc ∼ 780 K, and are summarized in Figure 3. Data taken
with the lowest incident energy (Ei = 9 meV) provide the best
elastic energy resolution (0.27 meV) and reveal an energy gap
Eg ≤ 3 meV for wave vectors q near the magnetic zone center
(Figure 3a). We note that the energy scale of this gap corre-
sponds to ∼ 35 K, which is more than 20 times smaller than Tc.
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Figure 3. a) Anisotropy gap at low energy measured on MERLIN. Data have been integrated ±0.1 r.l.u perpendicular to the slice direction. Intensities,
I, given in arbitrary units. b) Unsymmetrized constant-energy slice at E = 40 ± 2 meV. c) Constant-energy slices (integrated ±2 meV) through the sym-
metrized datameasured with Ei = 75meV. d) Spin-wave dispersion of the lowermagnonmodemeasured onMERLIN, integrated±0.1 r.l.u perpendicular
to the slice direction. e) Data from MAPS showing the upper magnon mode, integrated ±0.1 r.l.u perpendicular to the slice direction. (Q, E) slices have
been background subtracted.

Constant-energy slices of the unsymmetrized data (Figure 3b,c)
in the reciprocal-lattice plane (HHL) show strongly dispersive,
3D, spin-wave excitations that reflect the underlying average cu-
bic crystal symmetry. (Q, E) data slices taken along [HH0] and
centered on the (004) magnetic Bragg peak show that the spin-
wave excitations extend well beyond 50 meV and weaken sig-
nificantly in intensity near the zone boundary. This weakening
could indicate the presence of a strong damping mechanism
that reduces the lifetime of short-wavelength magnetic excita-
tions (Figure 3d).[76]

Panel (d) of Figure 3 shows a second mode that emerges from
the same magnetic zone center at higher energy, between 50 and
60 meV. We will refer to this higher-energy mode as the “upper
mode” and the lower-energy excitation as the “lower mode.” Be-
low 20meV, weak scattering from the transverse acoustic phonon
branch propagating along [110] is also observed. This is due to
the strong nuclear Bragg intensity at the (004) position, which,
combined with the Q2 dependence of phonon scattering inten-
sity, leads to a measurable signal at this region of momentum
transfer.
To explore the upper mode further, we performed measure-

ments on the MAPS spectrometer with an incident energy Ei =
250 meV, which facilitates access to energy transfers in the mo-
mentum region of interest up to ∼ 120 meV. The upper mode

disperses beyond 100 meV and has a bandwidth similar to that
of the lower mode (Figure 3e). The scattering intensity for both
modes decreases quickly as the magnetic zone boundary is ap-
proached, complicating the task of tracking the Q − E disper-
sion. Of particular interest is the region 70 meV ≤ E ≤ 80 meV,
where the spin-wave velocity appears to change abruptly near
H = ±0.25 r.l.u. The data between 70meV≤ E ≤ 80meV are plot-
ted in closer detail in Figure 4, where dispersion peaks obtained
from Gaussian fits to 1D constant-Q and constant-energy cuts
of symmetry-equivalent positions have been overlaid to improve
statistics. The upper mode’s slope distinctly changes around
75 meV. This suggests a splitting that we will term an “avoided
crossing” throughout this paper, as it is reminiscent of such a
phenomenon.
Our neutron inelastic scattering measurements can be sum-

marized as follows: (i) Two primary spin-wave branches with
similar energy bandwidths are observed, separated by a gap of
∼ 55 meV; (ii) the spin-wave intensities decrease rapidly as the
zone boundary is approached; (iii) the lower mode exhibits a
small energy gap of ∼ 3 meV; (iv) near ∼75 meV, the upper
mode appears to split at an avoided level crossing. In the fol-
lowing section, we discuss and reconcile these experimental ob-
servations with theoretical calculations using linear spin-wave
theory.

Adv. Funct. Mater. 2026, 36, e16830 © 2025 Wiley-VCH GmbH. This article has been contributed to by U.S.
Government employees and their work is in the public domain in the USA.

e16830 (7 of 18)

 16163028, 2026, 17, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202516830 by N
ational Institute O

f Stds and T
echnology, W

iley O
nline L

ibrary on [14/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. Evidence for anti-crossing of magnons near 75 meV. Gaussian-
fitted dispersion peaks are overlaid and shown as crosses. A discontinuity
in the dispersion curve is visible around H = 0.25 r.l.u. Data have been
integrated ±0.1 r.l.u perpendicular to the slice direction.

5. Theory

Given that CoFe2O4 has two different magnetic ions and two in-
equivalent crystallographic sites, it is tempting to suggest that
the upper and lower modes originate from different single-ion
ground states like those observed in disordered magnets.[77–79]

Fe3+ is spin-orbitally inactive in both tetragonal and octahedral
environments and so might be expected to give rise to an al-
most gapless mode,[80] whereas Co2+ is spin-orbitally active in
the octahedral environment and often exhibits a large single-
ion anisotropy resulting in an energetic gap in the neutron
response.[54] But the spinel crystal structure does not permit
a clean decoupling of Co2+ and Fe3+ sublattices. Moreover, the
similar dispersion of both modes suggests that they arise from
a similar exchange-coupling mechanism, which further contra-
dicts an interpretation of decoupled Co2+ and Fe3+ networks.
It has been reported that CoFe2O4 forms structural domains
with differing strain,[34,35] which might give rise to magnetocrys-
talline anisotropy and perhaps explain the presence of energet-
ically gapped modes. However, the strain reported in the high-
resolution X-ray study of single crystal CoFe2O4 is ≲ 10−3,[34]

which is unlikely to generate a gap of this magnitude.[81] For ex-
ample, the tetragonal distortion in CoF 2

[82] results in energetic
gaps of ∼5–20 meV.[83] Finally, the gap to the upper mode is ap-
proximately twice as large as the spin-orbit gap typically found in
other Co2+ compounds, which is ∼20 to 30 meV.[54,84]

In light of these factors, we propose that the origin of the
large inter-mode gap is not due to the single-ion physics of each
magnetic ion but rather stems from a strong magnetic exchange
and the spinel crystal structure. In the following subsections, we
model our neutron data to support this claimby using linear spin-
wave theory in three steps. First, we fit an effective linear spin-

wavemodel to theMERLIN andMAPS data. Second, we consider
a model with no anisotropy to understand the origin of the large
energy gap separating the upper and lower modes. Third, we ap-
ply a super-cell model to try to isolate the effects of disorder on
the magnetic excitations.

5.1. Linear Spin-Wave Model

To characterize the magnetic excitations plotted in Figures 3
and 4, we consider a Heisenberg spin Hamiltonian with single-
ion anisotropy. Due to the small magnitude of the tetragonal dis-
tortion (Section 3) we assume an average cubic Fd3m structure
in our analysis. The only symmetry-allowed quadratic anisotropy
lies on the octahedral B site of the spinel lattice, which for a
perfect inverse spinel is half occupied by Fe3+ and Co2+ cations.
The threefold [111] axis and mirror plane along [101] restricts the
anisotropy axis to be along the threefold axis. We express this
in the crystallographic reference frame with ẑ ∥ c using Stevens
operators[85] (m

l ) that are quadratic in spin operators and there-
fore invariant under time-reversal symmetry:

̂ = J1
∑

⟨i∈B,j∈B⟩ Ŝi,B ⋅ Ŝj,B + J2
∑

⟨i∈A,j∈B⟩ Ŝi,A ⋅ Ŝj,B + J3
∑

⟨i∈A,j∈A⟩ Ŝi,A ⋅ Ŝj,A

−D
∑
i∈B

(−2
2 + 2−1

2 + 21
2) (1)

The angular brackets denote summations over nearest-
neighbor bonds. The Heisenberg exchange constants are labeled
from J1−3 in order of bond length, and D > 0 represents an easy-
axis anisotropy.

Figure 5. Comparison of the fitted model convolved with a Lorentzian ker-
nel with a full width at half maximum (FWHM) of 8 meV (right) with the
MAPS data (left). Measured data have been integrated ±0.1 r.l.u perpen-
dicular to the slice direction. Over-plotted in red is the dispersion of the
model with an opacity proportional to the dynamical structure factor.

Adv. Funct. Mater. 2026, 36, e16830 © 2025 Wiley-VCH GmbH. This article has been contributed to by U.S.
Government employees and their work is in the public domain in the USA.

e16830 (8 of 18)

 16163028, 2026, 17, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202516830 by N
ational Institute O

f Stds and T
echnology, W

iley O
nline L

ibrary on [14/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Table 8. Fitted linear spin-wave theory parameters for the AB CoFe2O4
magnetic Hamiltonian presented in the main text fitted to the MERLIN
and MAPS single crystal CoFe2O4 data.

J1 B − B site exchange 0.43 ± 0.20 meV

J2 A − B site exchange 4.70 ± 0.18 meV

J3 A − A site exchange 2.06 ± 0.81 meV

D Trigonal anisotropy 1.66 ± 0.09 meV.

We construct an effective, averaged, linear spin-wave theory
model with the exchange constants absorbing any renormaliza-
tion due to anomalies in the scattering from cation site mixing.
We use conventional SU(2) linear spin-wave theory where only
a single flavor of Holstein–Primakoff bosons is introduced per
sublattice.[86] To account for the average moment of each site,
the length of the SU(2) spin coherent state on site A was fixed
to be 5∕2 while the length on site B was rescaled to be SB (see
Section A for details). Such an approach is an approximation and
treats the disorder on average (see Section 5.3 for large-box calcu-
lations which provide additional justification for this simplified
approach). The parameter SB was fixed by the ratios of the or-
dered moments observed on site A and site B reported above in
our neutron diffraction results. The calculations were performed
using the Sunny.jl software.[48,87]

Our minimal linear spin-wave model is compared to the data
in Figure 5. The fitted values are shown in Table 8 (see Ap-
pendix C for further details).
We stress that the parameters quoted here are phenomenolog-

ical in the sense that they absorb the “average” effect of the site
disorder discussed above. Therefore, they do not directly repre-
sent themicroscopic exchange constants, which likely form some
distribution centered around the values given in Table 8 (see Sec-
tion 5.3 for further discussion).
The result of a fit of this “average” model is presented in

Table 8. We note that the fitting produces relatively smaller frac-
tional errors for J2 and D in comparison to J1 and J3. These later
two parameters determine the bandwidth of the eachmode in the
neutron response. We attribute this larger error to the reduced
intensity discussed above for the short wavelength magnetic ex-
citations near the zone-boundary which limits howwell the band-
width can be determined. The uncertainties are further discussed
in Appendix C.

5.2. Effective S = 1 Model

Having established the energy scales governing the spin dynam-
ics in CoFe2O4, we identify the physical origin of the large split-
ting between the upper and lower modes by considering the sim-
pler case with no anisotropy and a dominant antiferromagnetic
coupling between the A and the B sublattices. The ground state
is found by anti-aligning the spins on each sublattice and assum-
ing isotropy. We choose the spins to order along the ẑ-axis and
map theHamiltonian onto an effective spinmodel of unit length,
‚S𝜇 = 𝛼𝜇

‚T𝜇 (see Appendix B for details):

S=1 = 1
2
J̃AB

∑
i,j∈{A,B}

‚Ti ⋅
‚Tj +

1
2
J̃AA

∑
i,j∈{A}

‚Ti ⋅
‚Tj +

1
2
J̃BB

∑
i,j∈{B}

‚Ti ⋅
‚Tj

+
∑
i∈𝜇

h𝜇ferriT̂
z
i (2)

The effective couplings absorb the magnitude of the spin on
each site so that

√
𝛼𝜇𝛼𝜈J𝜇𝜈 = J̃𝜇𝜈 . The factor of

1
2
is included to

avoid double counting.
This magnetic Hamiltonian differs from the previous one by

the presence of a site-dependent molecular field h𝜇ferri (𝜇 = A, B).
It arises from the static ferrimagnetism of CoFe2O4 because there
is an imbalance between the number of A and B sublattice spins
that are anti-aligned. This molecular field breaks time-reversal
symmetry and generates an effective anisotropy on the individual
magnetic sites. This molecular field also Zeeman-splits the dou-
bly degenerate bands that would otherwise exist in an ordered
antiferromagnet with two sublattices, giving rise to the experi-
mentally observed upper and lower modes. The molecular field
can be expressed in terms of the ratio of the spins on the A and
B sites SA∕SB = 𝛾 and the coordination number z𝜇 as

hAferri = J̃ABzA(1 −
√
1∕𝛾)

hBferri = J̃ABzB(1 −
√
𝛾) (3)

The internal molecular field can therefore be tuned by adjust-
ing the types of cations and the degree of mixing between the
spinel A and B sites.
This analysis finds that energy difference between the upper

and lower modes is intrinsic to the ferrimagnetic structure; it
does not rely on the fact that SA ≠ SB, only that the molecular
mean field differs on each sublattice. The spinel structure ex-
hibits a nominal 1:2 ratio of A sites to B sites, and the local coor-
dination of each site differs, as there are twelve JAB bonds per A
site (zA = 12) and six per B site (zB = 6). The gap between the two
modes at the zone center is then given by the difference between
the molecular field contribution from JAB on each sublattice

ΔS=1 = 12J̃AB⟨SB⟩ − 6J̃AB⟨SA⟩ (4)

which from the neutron spectroscopy data is ∼60 meV. To em-
phasize this point, Figure 6 plots the sublattice character of each
mode by calculating the trace of the dynamical spin structure
factor and setting the form factor to zero for each of the sites
in turn. The result is a measure of the contributions from each
sublattice to the two modes. The upper panel shows a simpli-
fied model where only J2 is nonzero. The A sublattice (Figure 6b)
contributesmore to the uppermode, whereas theB sublattice pri-
marily contributes to the lower mode (Figure 6c). This pattern is
reproduced with the fitted values (Section 5.1) in the lower panels
(Figure 6d–f).
The difference between the sublattice characters of the lower

and upper modes has important ramifications for the nature of
themagnetic excitations. At themean-field level, one can view the
upper mode as originating predominantly from A-sublattice mo-
ments Larmor-precessing in the local molecular field provided
by the B sublattice (and vice versa). Since the molecular field
points in the opposite direction for each sublattice, the chirali-
ties of the lower and upper magnon modes have opposite signs
(Figure 7). In the contrasting case of an antiferromagnet, the two
modes are degenerate and the net chirality vanishes. Evidence of
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Figure 6. Trace of the partial dynamical structure factor. Panels (a–c) show the trace for a simplified model with only the dominant J2 exchange. Panels
(b) and (c) show the result with the contributions only from the A and B sites respectively. Panels (d–f) show the same calculations with the full fitted
model.

Figure 7. Chiral component of the dynamical spin structure factor for a) a simplified model with only J2 ≠ 0, and b) the fitted values.
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differing chiralities has been observed in Y3 Fe5 O12 using po-
larized neutrons.[88] This compound also displays a splitting of
the degeneracy of the antiferromagnetic bands. Renewed inter-
est in chiral spin waves was recently prompted by the emergence
of altermagnetism as a new paradigm in magnetism.[3,89,90] In
this context, the degeneracy is split by anisotropicmagnetoelastic
interactions,[91,92] where the product of parity and time-reversal
symmetry is broken.[5,91,93]

5.3. Effects of Site Disorder

In this section we address the effects of cation site-disorder on
the low-temperature magnetic excitations. To address such ef-
fects in the past, spin-wave calculations were performed using
T-matrices.[94–96] However, this method is not valid for large con-
centrations of disorder, as in CoFe2O4. Another approach is to
perform spin-dynamic calculations on a large supercell, but this
requires more fitting parameters in order to reflect the exchange
parameters[97] of each ionic species at each of the possible sites.
To simplify matters, we assume that the effects of disorder can
be treated on average. This assumption can be justified by not-
ing that the scattering potential associated with defects (for ex-
ample, Fe3+ cations on the Co2+-rich, B-site sublattice) is weak
insofar as the spins on each sublattice have a similar magnitude
(S = 5∕2 vs 3∕2). Furthermore, first-principles calculations pre-
dict a similar exchange magnitude.[98] We note that the spin ex-
citations we measured in CoFe2O4 differ significantly from those
in systems with spin vacancies, which, in combination with dis-
order, give rise to additional local modes and continua.[95,97,99] We
see no such excitations in our data.
To explore the role of disorder, we apply linear spin-wave the-

ory to large unit cells (>1500 spins) with various realizations of
magnetic disorder. We first initialize a unit cell of size (4,4,4)
with S = 1 spins and renormalize the spin-coherent states on
each site according to a distribution that mimics the population
of S = 5∕2 and S = 3∕2 spins on the A and B sites for a perfect
inverse spinel. We then calculate the dynamical spin structure
factor using the Kernel Polynomial Method for linear spin-wave
theory (KPM-SWT).[100]

The effects of anisotropy disorder is considered first in
Figure 8a by keeping the fitted values from before and then scal-
ing SA = 5∕2 and SB = MB

MA
SA, with the anisotropy on half of the

B sites set to zero. The region surrounding the high-energy anti-
crossing shows a broadening, and the two distinct upper modes
are no longer resolvable. This is reflected in a constant-Q cut
(Figure 8b) through our calculated neutron response, where the
two distinct modes are seen to merge. Notably, the peak posi-
tion of the upper mode does not shift significantly, however the
anisotropy gap of the lower mode (of primarily B sublattice char-
acter) decreases on the inclusion of anisotropy disorder. We em-
phasize that while disorder introduces renormalization effects,
it does not account for the large energy difference between the
upper and lower modes.
We next consider the case where the A and B sites are occu-

pied by S = 5∕2 and S = 3∕2 cations according to our neutron
powder diffraction measurements (0.62:0.38 on the A site and
0.24:0.76 on the B site). Figure 8c shows the calculated spectrum
using the fitted values from our simple spin-wave model (Sec-

tion 5.1). The smearing of the anticrossing is less severe than
that in Figure 8a, however the site disorder leads to a variation
in the exchange strengths across bonds that couples spins of dif-
ferent length. This causes long-wavelength excitations near the
zone center to remain well defined while shorter-wavelength ex-
citations become progressively weaker in intensity as the wave
vector q approaches the zone boundary. This response is rem-
iniscent of models of exchange disorder.[97,101,102] In Figure 8d,
we rescale the exchange constants to account for the different
magnetic moments used in the simplified spin-wave model (Sec-
tion 5.1) compared with the distribution of site occupancy used
in this calculation.
It is important to state the limitations of this analysis. First,

there is known to be significant sample variation in the cation-
site occupancy, which means that the values extracted from our
powder diffraction data may differ considerably from those for
the single crystal sample used in the neutron inelastic scattering
measurements. Secondly, it is expected that the exchange con-
stants should depend on the spin species on each site. This has
not been included in our KPM-SWT calculations. Third, the ef-
fects of spin-phonon coupling have not been considered in our
calculations. Nonetheless, the model presented here reproduces
the main features of our data extremely well.

5.4. Anisotropy

The anisotropy considered in the spin-wave model of Section 5.1
is a uniaxial (quadratic in spin operators) anisotropy and is mo-
tivated by the high-temperature trigonal symmetry of the local
Co2+ environment on the B sites. We expect this to be an easy-
axis anisotropy (D > 0) based on a point-charge calculation. The
rotation of the three-fold [111] axis within the unit cell according
to the Fd3m space group gives rise to four different local easy
axes on the B sites. In the absence of exchange coupling, the
Co2+ spins will point along these easy-axis directions if D > 0.
Figure 9a depicts the directions of the [111] axes as points on the
surface of the sphere. If the sign of the anisotropy is swapped,
then one has an easy-plane anisotropy (D < 0), and the spins will
lie in the plane defined by a normal oriented along the [111] di-
rection, as indicated by the blue lines in Figure 9b. The anal-
ysis of our neutron inelastic scattering data reveals the pres-
ence of a strong antiferromagnetic coupling J2 between the A
and B sublattices (Table 8). This enforces the collinear align-
ment of the spins within each sublattice, which couple indirectly
through the spins on the A sublattice (even in the absence of J1
and J3, the intra-sublattice bonds). In the absence of anisotropy,
there is a continuous spin-rotational symmetry that is sponta-
neously broken, meaning the magnetization can point along any
direction.
The inclusion of a non-negligible, easy-axis anisotropy D and

a strong antiferromagnetic inter-sublattice coupling J2 leads to
a competition between the local anisotropy, which favors align-
ment along the local [111] axes, and the isotropic exchange,
which favors a collinear structure. The resulting ground state is
a collinear alignment of spins on the A and B sublattices along
the crystallographic [100]-type lattice vectors. The <100> direc-
tions lie at the center of the faces of the cube whose vertices are
the [111] easy axes. A small canting of the spins from the <100>

Adv. Funct. Mater. 2026, 36, e16830 © 2025 Wiley-VCH GmbH. This article has been contributed to by U.S.
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Figure 8. KPM-SWT calculation of the site-disordered model for CoFe2O4. a) Neutron scattering spectra using the fitted values from the model in
Section 5.1 with 50% of the B sites having zero anisotropy. b) Constant-Q cut through the spectra in (a) at Q = (0, 0, 4) showing a reduction in the
low-energy anisotropy gap in the disordered model and a smearing of the upper-mode splitting. c) Random-site model with spin-coherent states scaled
according to the distribution of Co2+ and Fe3+, and d) spectra with the exchange constants rescaled to better match the experimental bandwidth.

directions is seen in our calculations, however such canting
would not be resolvable in our powder diffraction measure-
ments. But, as suggested by Teillet et al.,[45] this may ex-
plain the observed variation of the refined magnetic moments
of each sublattice from their theoretical values. This is fur-
ther supported by Mössbauer studies of the Zn-diluted series
Co1-xZnxFe2O4.

[103]

Within our model, there is a degeneracy between states with
spins aligned along each of the crystallographic lattice vectors,
mimicking a cubic single-ion anisotropy. It is interesting that a
similar ground state is found in the case of easy-plane anisotropy
(Figure 9d), highlighting the fact that this is a consequence of the

competition between the local anisotropy directions, which rotate
with the crystal symmetry, and the isotropic exchange, which fa-
vors global coalignment. In the absence of a tetragonal distortion
that further breaks the degeneracy, this would suggest the pres-
ence of magnetic domains, with the spins aligned along each of
the cubic axes. This situation is ideal for the emergence of mag-
netostriction, where small strains within tetragonal domains can
pick out one of these axes. The combined action of the [111] trig-
onal anisotropy and the strong antiferromagnetic exchange con-
stant J2 make the canting of these spins away from the chosen
[100] axis unfavorable, leading to the switching of these structural
domains switching rather than spin canting in applied field.

Adv. Funct. Mater. 2026, 36, e16830 © 2025 Wiley-VCH GmbH. This article has been contributed to by U.S.
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Figure 9. Ground state magnetic structure of a simplified model of CoFe2O4. The top row shows the direction of the B-site moments in the magnetic
ground state for a simplified model with J2 = 4, D = ±2. In both the case of easy-axis (D > 0) and easy-plane (D < 0) anisotropy, the ground state is
collinear with alignment along the cubic axis (see right panel for full magnetic structure). Lower panels show the ground state with J2 = 0 indicating the
locations of the easy axes and easy planes.

6. Discussion

Our results have direct implications for the favorable device-
relevant properties of CoFe2O4. The strong antiferromagnetic ex-
change interaction (see J2 in Table 8) between the spinel A and B
sublattices, being the largest energy scale in the Hamiltonian, is
responsible for the high magnetic-ordering temperature, which
is critical to device applications. It is also responsible for the
large splitting between the upper and lower magnon branches,
a feature that has been reported in other ferrimagnets such as
Fe3O4,

[104] Tb3Fe5O12,
[105] and Y3Fe5O12.

[106] Our finding of an
avoided crossing in the upper magnon mode and a small gap
in the lower mode indicate the presence of an anisotropy that
is created by local distortions of the oxygen octahedra surround-
ing the magnetic Co2+ and Fe2+ ions. It is the combination of
this anisotropy and the dominantmagnetic exchange interaction,
which generates very large and mismatched molecular fields on
the distinct magnetic A and B sites, that locks the magnetization
direction within each structural domain and enhances the mag-
netostrictive response of CoFe2O4. We discuss these results and
their implications in more detail below.
There are two crystalline anisotropies to consider in CoFe2O4.

The first arises from the local trigonal distortions of the oxygen
octahedra that are present in the high-temperature Fd3m cubic
phase. These have been observed in other ferrite spinels, includ-
ing FeMn2O4.

[107] The second comes from the tetragonal dis-
tortion that coincides with the magnetic Curie temperature Tc.

Given the weakness of the tetragonal distortion,[34] we have as-
sumed that the trigonal distortions of the oxygen octahedra pro-
vide the dominant crystalline anisotropy. Our assumption is con-
sistent with single crystal studies of CoFe2O4 that demonstrate
that the magnetoelastic domains can be switched by a field of
only 0.4 T.[34] This equates to a small energy scale of ∼0.03 meV
(1 T ∼0.06 meV), which is roughly two orders of magnitude
smaller than the ∼3 meV anisotropy gap we observe in our neu-
tron data (see Figure 3a). It is for these reasons that we attribute
the 3 meV gap to a high-temperature trigonal anisotropy in our
spin-wave calculations.
Our high-resolution X-ray diffraction data on a powder sam-

ple of CoFe2O4 reveal a clear anomaly in the temperature de-
pendence of the lattice constant at Tc that, in combination with
our magnetic symmetry analysis, is consistent with a tetrago-
nal distortion. Yet we detect no splitting of the nuclear Bragg
peaks that should accompany a tetragonal distortion. All peaks
are resolution-limited, and this places an upper bound on the
strain of 1 − c∕a ≤ 10−4. As previous synchrotron studies of sin-
gle crystal CoFe2O4 see clear evidence of tetragonal domains with
strains 1 − c∕a ∼ 10−3,[34] i.e., roughly one order of magnitude
larger than our upper bound, we conclude that finite-size effects
are significant in CoFe2O4. We believe this is important because
the weak tetragonal distortion at Tc leads to field-tunable struc-
tural domains, and there is evidence that the magnitude of this
distortion is closely linked to the strength of the magnetostric-
tion. This would explain why single crystals of CoFe2O4 exhibit

Adv. Funct. Mater. 2026, 36, e16830 © 2025 Wiley-VCH GmbH. This article has been contributed to by U.S.
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magnetostriction values that are roughly 10 times greater than
those measured in powders. In fact, comparisons with other in-
verse spinels reveal that weaker magnetostriction correlates with
smaller tetragonal distortions. A notable example is Fe3O4, which
remains cubic until the low-temperature Verwey transition[108]

and exhibits a magnetostriction coefficient that is an order of
magnitude smaller than that of CoFe2O4.

[33]

The observation of simultaneous structural andmagnetic tran-
sitions in CoFe2O4 suggests that spin-orbit coupling (∼ L⃗ ⋅ S⃗) is
playing an important role because it provides a mechanism by
which the spin magnetism can couple to the crystal electric field.
As pointed out above, a Co2+ cation in an octahedral crystal field
has an orbital degeneracy in the |t2g⟩ channel, and the Jahn–Teller
theorem states that the crystal should distort to lift this degener-
acy. Structural and magnetic transitions often occur simultane-
ously when spin-orbit coupling is present, as happens in CoO and
other Co2+-based compounds.[109] Our postulate that the approxi-
mate orbital degeneracy drives the transition at Tc ∼ 780 K gains
further credence when looking at the analogous inverse spinel
CuFe CoFe2O4,

[110–112] where the octahedrally coordinated Jahn–
Teller active ion Cu2+ has a degeneracy in the |eg⟩ orbital mani-
fold. Ions in such cases are known to be strongly Jahn–Teller ac-
tive, andCuFe 2 O 4 does undergo a large structural transition.We
note that the large molecular fields present at low temperatures,
which introduce an energy scale comparable to the magnon
bandwidths, exceeds the spin-orbit-coupling energy scale. There-
fore, we expect the low-temperature orbital magnetism to be ef-
fectively quenched. This is consistent with our neutron diffrac-
tion analysis, which concluded that the low-temperature magnet-
ically ordered state is dominated by spin magnetism.
A framework for understanding single-ion magnetostriction

has been discussed by Callen and Callen.[13] Slonczewski applied
a similar theory to cobalt-substituted iron ferrite and found a
large magnetostrictive effect due to the presence of spin-orbit
coupling from the Co2+ ions.[113] We note that first-principles cal-
culations comparing CoFe2O4 to NiFe CoFe2O4

[65] report consid-
erably stronger magnetostriction in the Co-variant. This is con-
sistent with the fact that Ni2+ does not have an orbital degree
of freedom in a dominant octahedral crystalline electric field
environment.[84,114]

Once magnetic order forms in CoFe2O4, the strong prefer-
ence for the net moment to point along <100> effectively locks
the magnetization direction of each domain. The strong direc-
tional anisotropy imposed by the large molecular field creates a
huge energy scale that cannot be overcome by modest applied
fields. Therefore, as the net moment of the domain is locked
in place and forbidden from reorienting in field, it is energeti-
cally favorable for the structural domains to reorient, rather than
for the spins to rotate coherently independent of the structure.
The strength of the easy-axis locking can be tuned by varying
the effective internal ferrimagnetic molecular field, which pro-
motes collinear alignment, and the single-ion anisotropy, which
attempts to cant the spins toward their local trigonal axes. Both of
these parameters are sensitive to site occupation and likely con-
tribute to the tunability and sample variation of CoFe2O4.
Several results from our study elucidate the microscopic basis

of the favorable magnetostrictive properties of CoFe2O4. The first
is the large exchange coupling and the presence of two different
magnetic cations; these generate the large magnon band split-

ting and the large magnetic Curie temperature, making CoFe2O4
amenable to room temperature applications. The second is the
presence of orbitally active Co2+ ions that produce a small tetrag-
onal distortion that is easily switchable in modest applied mag-
netic fields. The third is the presence of a high-temperature trigo-
nal anisotropy that provides the required directional dependence
formagnetostriction.While anisotropy has been implicated as an
important parameter inmagnetostriction inmany previous stud-
ies, our study points to the strong role that differing molecular
fields play, which are characterized by the magnon band splitting
observed in the excitations.
The presence of the large magnon band splitting has impli-

cations beyond magnetostriction. Aside from shedding light on
the magnetoelastic properties of CoFe2O4, our neutron scatter-
ing measurements combined with theory suggest that the band-
splitmagneticmodes have different chiralities. One consequence
of this is the expectation of the existence of a spin Seebeck
effect[115,116] in insulator-metal junctions formed by placing a con-
ductor in contact with CoFe2O4 in the presence of a thermal gra-
dient, causing a spin current. Such effects are also expected for
band splitting in altermagnets, where the product of parity and
time-reversal symmetry is broken.[92] This has been discussed
in other ferrimagnets such as Tb 3 Fe 5 O 12

[105,117] and Y 3 Fe

5 O 12.
[118] In agreement with our results, thin film samples of

CoFe2O4 have been shown to exhibit a longitudinal Spin Seebeck
effect.[119] The interplay of the Spin Seebeck effect andmagnetoe-
lastic properties of CoFe2O4 maymake for interesting avenues in
device design and future work. This highlights possible further
applications of mixed inverse spinels as a result of strong band
splitting in the magnetic excitations.

7. Conclusion

We have presented a comprehensive series of X-ray diffraction,
neutron diffraction, and neutron inelastic scattering measure-
ments on CoFe2O4. A kink in the temperature-dependence of the
lattice parameter that coincides with the onset of long-rangemag-
netic order at Tc ∼ 780 K confirms the presence of magnetoelas-
tic coupling. X-ray powder diffraction measurements observe no
splitting of Bragg peaks down to 1.6 K and place a bound on the
structural distortion of 1 − c∕a ≤ 10−4, which is at least one or-
der ofmagnitude smaller than the tetragonal distortions reported
in single-crystal specimens.[34] This indicates that finite-size ef-
fects are significant and helps to explain why powder samples of
CoFe2O4 exhibit weaker saturation magnetostriction values than
do single crystals. The magnetic response features two strongly
dispersive magnon branches offset by ∼60 meV. Evidence of an
easy-axis anisotropy is manifested by an avoided crossing be-
tween the upper magnon branch and a flat mode with zero in-
tensity along with a small gap of ∼ 3 meV in the lower magnon
branch. Using linear spin-wave theory and applying the Kernal
Polynomial Method (KPM-SWT), we have constructed a simpli-
fied model of CoFe2O4 that captures the essential physics and
discussed the consequences of magnetic disorder on the spin
Hamiltonian. We show that the large magnon band splitting
arises from an extremely strong ferrimagnetic molecular field
that is generated by an imbalance between the anti-aligned spins
on the spinel A and B sites. The combined effects of this field
and the easy-axis, single-ion anisotropy lock the spin direction
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within each structural domain, thereby making the switching of
structural domains in an applied magnetic field much more fa-
vorable energetically than a global spin reorientation. This mech-
anism is the basis for the excellent magnetostrictive properties in
CoFe2O4, and it illustrates ameans bywhich themagnetostrictive
character in this and other related compounds may be enhanced.

Appendix A: Rescaling of the Spin Coherent States

The gap between the two modes depends on the molecular mean field
felt on one sublattice by the other. The disordered occupancy of both lat-
tices makes a full description of this difficult, however we make the ap-
proximation that this effect can be captured, on average, by rescaling the
spin magnitudes on each site according to their total moment (and hence
occupancy). Linear spin wave theory describes the dynamics of SU(2) spin
coherent states, which, in the adjoint representation can be described as
a column vector of three real spin components, S𝛼 , for 𝛼 = x, y, z, normal-
ized to S. To account for the average occupancy of each sublattice, we take
SU(N) coherent states normalized to unity, |Ω̂⟩ and renormalize them to
the average spin value of each sublattice

|ΩA∕B⟩ = SA∕B |Ω̂⟩ (A1)

The classical limit of the Hamiltonian with respect to the scaled coherent
states is then compared to that of the SU(2) coherent state with |ΩA∕B| =
SA∕B, represented by |ΩA∕B⟩. The correspondence is trivial for terms linear
in Ŝ𝛼j , however additional corrections are required for onsite anisotropies.

By the orthogonality theorem, terms of the same order will have the same
proportionality factor. We therefore determine this by considering the 0

2
Stevens operator and compare the classical limit with respect to each of
the coherent states.

S2A∕B ⟨Ω̂|0
2 |Ω̂⟩ = S2A∕B ⟨Ω̂| (3(Ŝz)2 − S2

) |Ω̂⟩ = S2A∕B (A2a)

⟨ΩA∕B|0
2 |ΩA∕B⟩ = ⟨ΩA∕B| (3(Ŝz)2 − S2

) |ΩA∕B⟩ = 3S2A∕B − SA∕B(SA∕B + 1)

(A2b)

To ensure that the quadratic anisotropies in the rescaled model are
equivalent to those in the original, we introduce the constant of propor-
tionality, c

cS2A∕B = 3S2A∕B − SA∕B(SA∕B + 1)

c = 2 − 1
SA∕B

(A3)

The anisotropies of the rescaled model are therefore related to those of
the true model by, DS=1 = cD.

Appendix B: Scaling of the Exchanges

In the main text, a toy model of unit spin length was introduced to qual-
itatively explain the splitting between the optical and the acoustic mode.
In this section we derive the rescaling factors required for this mapping.
We begin with the Holstein–Primakoff transformation in the harmonic ap-
proximation

S̃+i,A =
√
2SAâi

S̃−i,A =
√
2SAâ

†
i

S̃zi,A = SA − â†i âi

S̃+i,B =
√
2SBb̂i

S̃−i,B =
√
2SBb̂

†
i

S̃zi,B = SB − b̂†i b̂i

(B1)

where â and b̂ are the magnon operators on each sublattice. We first con-
sider the inter-sublattice Hamiltonian

̂AB = 1
2

∑
i,j∈{A,B}

AB(ij) =
1
2
JAB

∑
i,j∈{A,B}

‚Si ⋅
‚Sj (B2)

The spins on each sublattice are antialigned with one another and so
we rotate the spins on B sublattice relative to A

AB(ij) = JAB
( 1
2

(
S̃+i,AS̃

+
j,B + S̃−i,AS̃

−
j,B

)
− S̃zi,AS̃

z
j,B

)
(B3)

Inserting Equation B1 into Equation B3 we find

AB(ij) = JAB
√
SASB(âib̂j + â†i b̂

†
j ) + JAB(SAb̂

†
j b̂j + SBâ

†
i âi) (B4)

Let us adopt the scaled exchange parameter J̃AB = JAB
√
SASB

AB(ij) = J̃AB(âib̂j + â†i b̂
†
j ) + J̃AB(

√
SA
SB

b̂†j b̂j +

√
SB
SA

â†i âi) (B5)

The inter-sublattice exchange term is then

̂AB = 1
2

∑
i,j∈{A,B}

AB(ij) =
1
2
J̃AB

∑
i,j∈{A,B}

(âib̂j + â†i b̂
†
j ) + J̃AB

∑
i

×

(
zB

√
SA
SB

b̂†j b̂j + zA

√
SB
SA

â†i âi

)
(B6)

If the upper mode is associated with the A sublattice and the lower associ-
ated with the B sublattice, then the difference in the gap at the zone center
is

J̃ABzA

√
SB
SA

− J̃ABzB

√
SA
SB

= JABzASB − JABzASA = JAB(12SB − 6SA) (B7)

A similar procedure can be undertaken for the A–A and B–B bonds

̂𝜇𝜇 = 1
2

∑
i,j∈{𝜇,𝜇}

𝜇𝜇(ij) =
1
2
J̃𝜇𝜇

∑
i,j∈{𝜇,𝜇}

(𝜇̂†i 𝜇̂j + 𝜇̂i𝜇̂
†
j ) − z𝜇 J̃𝜇𝜇

∑
i

𝜇̂†i 𝜇̂i(B8)

with J̃𝜇𝜇 = S𝜇J𝜇𝜇 . The construction demonstrated above, where the spin
magnitudes are used to rescale the exchange parameters allows us to per-
form linear spin wave theory in terms of S = 1 operators on both sub-
lattices and account for the difference in spin magnitude in terms of an
effective magnetic field applied to the A/B site along the magnetization
direction, chosen to be +ẑ for A and +ẑ for B, which modifies the splitting
between the dispersion curves. To do this we compare Equation B6 with
the expression found by performing a Holstein–Primakoff transformation
on the S = 1 model

S=1
AB = 1

2
J̃AB

∑
i,j∈{A,B}

‚Ti ⋅
‚Tj +

∑
i∈𝜇

h𝜇
ferri

T̂zi (B9)

namely

̂AB = 1
2
J̃AB

∑
i,j∈{A,B}

(âib̂j + â†i b̂
†
j ) + J̃AB

∑
i

(
zBb̂

†
i b̂i + zAâ

†
i âi

)
−
∑
i

×
(
hAferriâ

†
i âi − hBferrib̂

†
i b̂i

)
, (B10)
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from which one finds

hAferri = J̃ABzA

(
1 −

√
SB
SA

)
= J̃ABzA(1 −

√
1∕𝛾) (B11)

hBferri = J̃ABzB

(
1 −

√
SA
SB

)
= J̃ABzB(1 −

√
𝛾) (B12)

We perform the same The effective S = 1 model is then

S=1 = 1
2
J̃AB

∑
i,j∈{A,B}

‚Ti ⋅
‚Tj +

1
2
J̃AA

∑
i,j∈{A}

‚Ti ⋅
‚Tj +

1
2
J̃BB

∑
i,j∈{B}

‚Ti ⋅
‚Tj

+
∑
i∈𝜇

h𝜇
ferri

T̂zi . (B13)

Appendix C: Fitting of Experimental Data

1D cuts were taken through both the MAPS and MERLIN data sets and
fitted with Gaussian peaks to extract the dispersion relation of CoFe2O4.
Three primary modes were identified, a lower mode extending up to
∼ 60 meV, and two upper modes exhibiting a level crossing at around
∼ 70 meV. Care was taken to avoid spurious signal which follows a de-
tector trajectory at high energy. A 𝜒2 loss function was used to fit the ex-
perimental data

𝜒2 =
∑
i

(𝜖i − ℏ𝜔i)
2

𝜎2i

(C1)

where 𝜖i are the calculated energy eigenvalues, ℏ𝜔i are the measured dis-
persion peaks, 𝜎 are the experimental uncertainties. The experimental er-
ror was approximated by the energy resolution of the instrument at the ap-
propriate energy transfer. The optimization was performed using the Op-
tim.jl package.[120] At each iteration, the classical ground state was min-
imized before performing LSWT and calculating the loss function. First,
1000 iterations of the Nelder Mead algorithm was performed. The opti-
mized values were then offset by a small random number before 200 iter-
ations of particle swarm optimization were performed. Finally, 500 itera-
tions of Nelder Mead were performed to find the loss function minimum.
This process was repeated 81 times. 71 of these interactions converged to
the same minimum. Errorbars on the fitted parameters were estimated by
taking the square root of the diagonal values of the inverse of the Hessian
of the loss function. The Hessian was estimated by means of the finite
difference method.
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