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The magnetic structure of Fe;Og is studied using a combination of the group-theoretical analysis and
DFT + U calculations of the electronic spectrum. The calculations are performed for the magnetic k = (0, 0, 0)
vector. The magnetic ground state corresponds to the orthogonal ordering of two magnetic subsystems: the
magnetic moments of Fe?*/Fe®* ions located at the octahedral sites (slabs of octahedra) are directed along
the ¢ axis and are antiferromagnetically ordered, whereas the magnetic moments of Fe?" ions in trigonal
prisms forming one-dimensional chains are directed along the b axis and are antiferromagnetically coupled
along the c axis. The formation of a nonzero antiferromagnetic component of magnetic moments in the slabs
of octahedra directed along the b axis is caused by the effect of magnetic chains on the three-dimensional

magnetic structure.
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1. INTRODUCTION

The crystal chemistry and physical properties of
novel high-pressure iron oxides forming the homolo-
gous series nFeO - mFe,0; (Fe,Os, FesOq, FesO,, etc.)
have been of great interest since their discovery [1—
14]. The crystal structure of these oxides involves two
basic building blocks: FeO4 oxygen octahedra con-
nected by common edges form slabs separated by
chains of prismatically coordinated Fe ions. Some
representatives of this series of oxides are stable at
atmospheric pressure, which allows performing a
thorough analysis of their physical properties [3, 7].
These oxides are mixed valence compounds, exhibit-
ing anomalies in the electrical resistivity related to
charge ordering [3, 7] and phase transitions similar to
the Verwey transition [15].

A unified approach for treating these oxides based
on the generating crystallographic mechanism of this
homologous series was recently proposed in [12]. It
turned out that the regular twinning of the wiistite
(FeO) structure by the mirror plane at the unit cell
scale can generate the whole variety of crystal struc-
tures of this series. The periodicity or, in other words,
the cycle of this twinning is the key factor that deter-
mines the symmetry, stoichiometry, and oxidation
state of the generated structures, and naturally divides
the homological series into two subgroups: the orthor-

hombic N family and the monoclinic N, N + 1 family
[12]. The first family is based on a simple monomial
cycle, i.e., the repetition of a single slab consisting of N
octahedra, such as n-Fe,0;, HP-Fe;0,, Fe,Os, and
Fe;O4 with N=1, 2, 3, and 4, respectively. The second
family is based on a binomial cycle; i.e., the structures
are generated by alternating slabs of different widths, N
and N + 1, and include Fe;O,, Fe;O,, and Fe O,
oxides. A generic magnetic structure with collinear
subsystems of octahedral slabs and chains ordered
orthogonally with respect to each other has been put
forward for the N-family [12]. The resulting magnetic
structure will be ferromagnetic or antiferromagnetic if
N is odd or even, respectively.

To date, the most well-studied oxides are orthor-
hombic ones with N = 3. Numerous magnetic mea-
surements and neutron diffraction data for the mag-
netic structure of a number of isostructural oxides
Me?*Fe;0s, in which prismatic sites are occupied by
divalent ions such as Mn, Co, and Ca have demon-
strated that a collinear antiferromagnetic spin order
appears in the slabs of octahedra near 300 K and mag-
netic moments are directed along the c axis, whereas a
ferromagnetic spin order in chains along the b axis
occurs independently at much lower temperatures of
~100 K [16—19].
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The magnetic structure of oxides with N = 3 was
theoretically studied in our previous work [20] using a
comprehensive approach combining the group-theo-
retical analysis of possible magnetic structures and a
subsequent (density functional theory) DFT calcula-
tion of the energies of these structures. For Fe,Os, it
was shown that the magnetic phase with £ = (0, 0, 0),
which is characterized by ferromagnetic ordering of
iron moments at the prismatic sites along the b axis
and antiferromagnetic ordering of iron moments at the
octahedral sites along the c axis, has the lowest energy
[20]. Thus, the ground magnetic state corresponds to
the orthogonal spin order and is consistent with the
magnetic structure proposed in [12]. However, the
aspect of the conjecture that concerns the change of
the ferromagnetic state to the antiferromagnetic one
when the slab width changes from odd to even N
remains unconfirmed.

This study concerns Fe;Oq with N = 4. Measure-
ments of the magnetic susceptibility of this oxide
demonstrated that the material exhibits an antiferro-
magnetic transition at 7 = 100 K [7]. Low-tempera-
ture measurements (7' < 7y) revealed anomalies in the
magnetic field dependences of the magnetization due
to the transformation of the antiferromagnetic subsys-
tem in an applied field. The Mossbauer spectra mea-
sured at room temperature and atmospheric pressure
are approximated by the sum of two components: a
paramagnetic doublet associated with Fe2* ions in the
prismatic environment and a magnetic sextet assigned
to Fe?"/Fe*' ions in the octahedral environment,
which corresponds to the ratio of the areas of the spec-
tral components A(FeP"):A(Fe°Y) = 0.19:0.81 [12].
Thus, the available magnetic data on Fe;O4 suggest
that the magnetically ordered and disordered subsys-
tems coexist at room temperature.

In the present work, the magnetic structure of
Fe;Oq is studied using the group-theoretical analysis
of irreducible representations and DFT calculations.

2. CALCULATION METHODS

The DFT calculations were performed with the
VASP [21] using the RAW pseudopotentials [22], the
PBE parameterization of the exchange-correlation
functional, and the generalized gradient approxima-
tion [23]. The valence configurations 3d®4s? and 2s%2p>
were used for the Fe and O atoms, respectively. The
spin—orbit coupling was included in all DFT—GGA
calculations. The cutoff energy for the plane wave was
500 eV. We used the 11 X 4 X 3 Monkhorst—Pack grids
of special points to integrate over the Brillouin zone
[24]. The energy convergence criteria were 107> and
107* eV for electron and ion relaxation, respectively.
We employed the GGA+U approach in the Dudarev
approximation [25] and the Coulomb parameter U =
3.2 eV for the best agreement between the experimen-
tal [7] and theoretical values of the band gap width.
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Fig. 1. (Color online) Crystal structure of Fe;Og. Symme-

try-inequivalent iron atoms Fel, Fe2, and Fe3 are shown
in purple, yellow, and blue, respectively. The dashed line
highlights a slab of octahedra with N = 4. All pictures of
crystal and magnetic structures in this work were created

using the VESTA software [27].

The BASIREPS program [26] was used to construct
magnetic configurations with the propagation vector
k= (0,0, 0).

3. RESULTS AND DISCUSSION

The Fe;Og4 iron oxide has an orthorhombic unit cell
(space group Cmcm), which contains four formula
units and three symmetry-inequivalent iron sites
(Fig. 1). Two iron atoms Fel and Fe2 are located in an
octahedral oxygen environment (the 8/ Wyckoff posi-
tion), the third iron atom Fe3 is coordinated by a
trigonal prism formed by oxygen atoms (the 4c Wyck-
off position). The optimized lattice parameters are a =
2.89 A, b =10.08 A, c = 15.51 A, and V = 426 A3,
which is within 3% agreement with the experimental
values reported in [6]. Four octahedra connected by
common edges in the Fe2—Fel—Fel—Fe2 sequence
form a slab of width N = 4. Iron ions at the Fe3 site
create chains along the a axis. The average (Fe—O)

bond lengths are (dp,;_o) = 2.09 A, (drey_o) = 2.14 A,

and (dg.;_0) = 2.20 A. The longest bond length is
observed in the Fe;Oq4 prism, implying that this site is
occupied by iron ions in the divalent state.

To determine possible magnetic structures of
Fe;O¢, we performed a group-theoretical analysis of
the irreducible representations. Any axial-vector con-
figurations in periodic crystals are described as some
linear combination of basis vectors of irreducible rep-
resentations of the parent space group. In this work,
we consider only the magnetic structures correspond-
ing to the propagation vector k = (0, 0, 0). The expan-
sion in terms of irreducible representations for 8/ and
4c sites have the form

I'(8f) = mI'] @ 2mI";, @ 2mI"; @ mI,
@ 2ml;, @ mI', @ mI'; @ 2mI;,

T(4c) = mI'y @ mI'y ® mI, ® mI', © mI'; @ ml;.

According to the Landau theory, we take into
account only the magnetic structures corresponding
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Table 1. Irreducible representations (IrReps), magnetic space groups, and basis vectors for the 8 f (Fel and Fe2) and 4c
(Fe3) sites in the case of the k = (0, 0, 0) propagation vector in Fe;O¢. The data are given only for the magnetically inde-

pendent Fe; atoms, where i = 1-10

Basis vectors
IrReps/magnetic groups Fe, Fe, Fe; Fe, Fes Feg Fe, Feg Fe, Fel0
Fel (8f) Fe2 (8f) Fe3 (4¢)
mly /Cm'c'm' (no. 63.465) Ouv 0-uv Ou-v | O-u-v Ouv 0-uv Ou-v | 0-u-v Ou0 0-u0
mUs /Cm'c'm (no. 63.462) Ouv 0-uv 0-uv Ouv Ouv 0-uv 0-uv Ouv 00u 00u
ml5/Cmem' (no. 63.461) u00 -u00 u00 -u00 u00 -u00 u00 -u00 u00 -u00
mUE/Cm'em’ (no. 63.464) Ouv Ou-v Ou-v Ouv Ouv Ou-v Ou-v Ouv 0u0 0u0
mls/Cme'm' (no. 63.463) u00 u00 u00 u00 u00 u00 u00 u00 u00 u00
ml35/Cm'em (no. 63.459) Ouv Ou-v 0-uv 0-u-v Ouv Ou-v 0-uv 0-u-v 00u 00-u

Table 2. Energies of some possible spin configurations corresponding to irreducible representations (IrReps) for the prop-
agation vector k = (0, 0, 0), which are defined relative to the energy of the ground magnetic state (AFM1) for FesO¢

IrReps mIy mls mITy mly mly mI’y
Magnetic state AFM1 FM1 AFM2 FM2 FM3 AFM3
AE (meV/fu.) 0 168 47 78 303 97

to the same irreducible representations, namely: mI7 ,

mI5, mI',, mI',, m['y, and mI; . The irreducible rep-
resentations and basis vectors for the 8fand 4c sites are
listed in Table 1.

Both collinear and noncollinear spin configura-
tions are possible in FesOq4. Structures whose basis

vectors of irreducible representations (mI", and mI';)
correspond to spin configurations with magnetic
moments oriented along the a axis belong to the first
type. The basis vectors of the other representations
correspond to both collinear and noncollinear orthog-
onal configurations. In these configurations, the
magnetic moments of Fel and Fe2 atoms are antifer-
romagnetically ordered in the bc plane, and the
magnetic moments of Fe3 atoms in the chains are fer-
romagnetically/antiferromagnetically ordered along
the b/c axes. The orthogonal spin configurations arise
due to the decomposition of the original magnetic sys-
tem into two, the first of which is represented by octa-
hedrally coordinated iron atoms in 8f'sites (slabs), the
second includes linear chains consisting of iron ions in
trigonal prisms (4c¢). In the slabs, an antiferromagnetic

ordering of spins along the b (mI'y) or ¢ (mI';) axis is
observed, with the ferromagnetic component directed
along the ¢ or b axis, respectively, or simultaneous

antiferromagnetic ordering in the bc plane (mI'}, mI;),
which suggests a canted spin structure. Magnetic

moments in prisms can be both ferromagnetically
ordered along the b (mI';) or ¢ (mI';) axis and antifer-

romagnetically ordered along the b (mI’}) or ¢ (mI'y)
axis. In this case, the magnetic moments in the chains
(Fe3) are orthogonal to the corresponding antiferro-
magnetic component of the magnetic moments in the
slabs (Fel, Fe2), contributing to the formation of
orthogonal ferromagnetic and antiferromagnetic spin
configurations.

Based on the above analysis of the irreducible rep-
resentations, DFT+ U calculations of the total energies
of various magnetic structures were performed. For
each irreducible representation, the energies of several
magnetic structures were calculated, and the magnetic
configurations corresponding to the lowest energy for
this representation were determined. The results of
such calculations are summarized in Table 2. Here,
FM and AFM denote the resulting ferromagnetic and
antiferromagnetic states, respectively. The orthogonal

AFMI1 (mI')) structure shown in Fig. 2a is found to
have the lowest total energy, consistent with the
empirical and crystallographic predictions [12]. In this
phase, the magnetic moments in the slabs (Fel, Fe2)
have a large antiferromagnetic component along the ¢
axis and a small antiferromagnetic component along
the b axis, leading to the canting of the magnetic
moments. The magnetic moments of Fel and Fe2 are
antiferromagnetically ordered relative to each other.
JETP LETTERS  Vol. 119
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Fig. 2. (Color online) Most energetically favorable magnetic structures of FesOg¢: (a) AFM1 (mI7 ) and (b) AFM2 (mI™,) for the
vector k = (0, 0, 0). The arrows show the directions of Fe spins in the sites Fel (purple), Fe2 (yellow), and Fe3 (blue).

The magnetic moments in Fe3 chains are directed
along the b axis and are antiferromagnetically coupled
along the c axis. Note that the magnetic moments in
the Fe3 chains are orthogonal to the magnetic
moments in the slabs. The magnetic moment compo-
nents at the nonequivalent iron ions (m,,m,,m,) along
the crystallographic axes are m; = (0, 0.5, 3.9)luy, m, =
(0,0.6, 3.8)ug, and m; = (0, 3.6, 0) g forFel Fe2, and
Fe3, respectively.

The second most energetically favorable magnetic
structure is the antiferromagnetic configuration
AFM?2, which corresponds to the irreducible repre-

sentation ml,. In this structure, the magnetic
moments in both slabs and linear chains are directed
along the ¢ axis and antiferromagnetically coupled
along the c axis (Fig. 2b). The absence of components
along the other directions makes this spin configura-
tion collinear. The energy difference between the
AFM1 and AFM2 phases is AE = 47 meV per for-
mula unit. Thus, in relatively low magnetic fields, one
can expect a transition from the noncollinear orthog-
onal AFM1 structure to the collinear AFM2 one,
which corresponds to a 90° rotation of magnetic
moments at all nonequivalent sites and can manifest
itself in anomalies on magnetization curves and in
spontaneous spin-orientation transitions. The spin

configuration FM3 (irreducible representation mF;r)
is the most unfavorable in energy (AE =
303 meV/f.u.), suggesting the existence of a high
energy barrier, which is required to achieve the com-
plete ferromagnetic order along the a axis. The transi-
tion to this state will correspond to the spin-flip tran-
sition in the applied magnetic field.

A small canting of magnetic moments in the slabs
in the direction of the b axis obtained in theoretical
calculations is due to the effect of magnetic chains on
the three-dimensional magnetic structure. Magneti-
cally ordered chains are protected by symmetry from
the perturbations created by the slabs, but not vice
versa [12]. Moreover, our calculations for CaFe,Oq,
where Fe3 atoms are replaced by nonmagnetic cal-
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cium atoms, do not reveal any signs of such a canting.
We can conclude that the occupation of prismatic sites
by a magnetic ion leads to the violation of the collinear
antiferromagnetic order in the slabs and to the appear-
ance of canting in the magnetic substructure. Unlike
the canting of magnetic moments to the b axis in Fe,O4
that was created by the ferromagnetic component of
the basis vector of the corresponding irreducible rep-
resentation, the canting of magnetic moments in
Fe;Oq4 corresponds to the antiferromagnetic compo-
nent of the basis vector due to the symmetry.

Summarizing, we can say that our calculations in
this work and in [20] show that the width of the slab N
gives rise to the difference in the magnetic ordering of
the chains separated by this slab along the ¢ axis. In
Fe;Oq, the magnetic chains formed by Fe3 ions sepa-
rated by a slab with N = 4 are antiferromagnetically
ordered, whereas the same chains in Fe,O5 separated
by a slab with N = 3 are ferromagnetically ordered with
respect to each other. Thus, according to our DFT cal-
culations for Fe,Os [20] and Fe;Oq, the antiferromag-
netic order in both compounds occurs in slabs, while
the resulting magnetic order of the chains in these two
compounds will be determined by the slab width N
(ferromagnetic at N = 3 in Fe,O5 and antiferromag-
netic at N =4 in Fe;Oq). The analysis is in full agree-
ment with the hypothesis concerning the generic mag-
netic structure for iron oxides of the N family put for-
ward in [12].

4. CONCLUSIONS

Combining group-theoretic analysis and DFT+U
calculations, we have determined for the first time the
ground magnetic state of the Fe;Og4 iron oxide. The
analysis demonstrated that the ground magnetic state
corresponds to the orthogonal ordering of two mag-
netic subsystems, the first of which is represented by
octahedrally coordinated iron atoms in the sites Fel
(87) and Fe2 (8f) (slabs) and the second one is formed
by chains along the a axis consisting of iron Fe3 ions in
trigonal prisms (4c). For the magnetic vector k =
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(0, 0, 0), the magnetic moments in the slabs are anti-
ferromagnetically ordered along the c¢ axis, while the
magnetic moments in the trigonal prisms are directed
along the b axis being antiferromagnetically coupled
along the c axis. The effect of magnetic chains on the
three-dimensional magnetic structure leads to the
canted antiferromagnetic ordering in the slabs with a
nonzero magnetic moment component along the b
axis. The computational results are in good agreement
with the generic magnetic structure for the N family
iron oxides proposed in [12]. The predicted magnetic
structure requires an experimental confirmation.
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