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Defect-engineered room-temperature ferromagnetism in quasi-two-dimensional nitrided CoTa2O6
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Thermal ammonolysis of quasi-two-dimensional (quasi-2D) CoTa2O6 yields the O2−/N3− and anionic
vacancy-ordered Co2+Ta5+

2 O6−xN2x/3�x/3 (x � 0.15), which exhibits a transition from antiferromagnetism to
defect-engineered above-room-temperature ferromagnetism. First-principles calculations reveal that the origin of
ferromagnetism is a particular CoO5N configuration with N located at Wyckoff position 8 j, which breaks mirror
symmetry about the ab plane. A pressure-induced electronic phase transition is also predicted at ∼ 24.5 GPa,
accompanied by insulator-to-metal transition and magnetic moment vanishing.
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I. INTRODUCTION

Room-temperature (RT) ferromagnetic (FM) insulators
have opened a fascinating field of multiferroics and spintronic
devices [1–5]. Recently, diluted magnetic semiconductors
(DMSs) played a major role in this field. Magnetic ions doped
nonmagnetic oxides, such as Co-doped TiO2, Cr, Mn, Ni,
or Nd-doped ZnO [3,6–9], can induce long-range FM order
deriving from the strong electron exchange interactions of
the guest dopant. Later on, it was found that vacancy-driven
defect engineering, such as the incorporation of oxygen or
transition metal vacancies, can also facilitate RT FM inter-
actions in nonmagnetic oxides such as CaO, MgO, ZnO,
TiO2, Al2O3, and others [10–14]. Furthermore, hydrostatic
pressure offers systematic control for tuning electrical and
magnetic properties, as reported in two-dimensional (2D)
van der Waals (vdW) materials. The magnetic response of
2D chalcogenides can be tuned by external pressure, as dis-
covered in the confined two-layered CrI3, which revealed a
pressure-induced antiferromagnetic (AFM)-to-FM transition
at 2.7 GPa, providing thermodynamic freedom for optimized
performance [15–17]. Multilayered MoS2 and WS2 undergo a
semiconductor-to-metal transition at ∼19 and 22 GPa, respec-
tively [18,19], originating from sulfur-sulfur interactions as
the interlayer spacing reduces with the increment of pressure.
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These findings point out an effective approach to search
for RT FM insulators, semiconductors, or metals in 2D mate-
rials by dimensional controlling, defect engineering, and/or
compressing. In contrast to the flourishing success in low-
dimensional chalcogenides [4,20–23], there are relatively
few studies devoted to FM insulator design in the chem-
ically benign (stable and easy synthesis) 2D oxides [24].
In this paper, we ammoniated the trirutile-type CoTa2O6

(CTO), and successfully realized the transition from initial
antiferromagnetism to above-RT ferromagnetism via anionic
defect engineering in the nitridated product. The crystal and
electronic structures of as-made samples were extensively
studied by diffraction and spectroscopic techniques. Defect-
dependent magnetism evolution was also experimentally and
theoretically studied. First-principles calculations were con-
ducted to reveal the origin of the above-RT magnetism,
estimate the band gap, and evaluate the evolution of mag-
netism and conductivity under high pressure.

II. RESULTS AND DISCUSSION

A. Phase and structural characterizations

Figure 1(a) (bottom) shows powder x-ray diffraction
(XRD) patterns of CTO, which is consistent with the re-
ported tetragonal P42/mnm cell [25]. The precursor was
treated under NH3 flow at temperatures ranging from 650 to
900 °C. Attempts to azotize CTO <650 °C or >800 °C were
unsuccessful since the precursor remained either unchanged
(<650 °C) or started to decompose (>800 °C). Figure 1(a)
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FIG. 1. (a) X-ray diffraction (XRD) patterns of
CoTa2O6−xN2x/3�x/3 prepared at various temperatures under
NH3 flow. The XRD patterns of CTO precursor are on
the bottom for comparison. Left insert shows the color
evolution of CoTa2O6−xN2x/3�x/3 powder. Crystal structure of
CoTa2O6−xN2x/3�x/3, with the view of (b) layered structure along
the c axis and (c) honeycomblike ring along the a axis. The light
silver octahedra are CoO6−xN2x/3, the light pink octahedra are
TaO6−xN2x/3, Co is represented by silvery gray, Ta light pink, O1
rosy red, N/� (oxygen vacancies) cyan, O2 violet. The N atoms and
oxygen vacancies are distributed at the O1 site.

displays the XRD patterns of CTO after azotized at differ-
ent temperatures. The as-nitrided CoTa2O6−xN2x/3 samples
are hereafter denoted as CTON-650, CTON-700, CTON-750,
CTON-800, CTON-850, and CTON-900, respectively, ac-
cording to the reaction temperature. The normalized XRD
patterns of CTO and CTON-800 are compared in Fig. S1
(Supplemental Material [26]), which indicates slightly weak-
ened intensity of most XRD peaks in CTON-800 except the
one at 21.1 °. In addition, the color of CoTa2O6−xN2x/3 suc-
cessively gets darker with temperature increment [Fig. 1(a)],
starting from pink for CTO, passing through dark pink
(CTON-650 and CTON-700) to gray (CTON-750 and CTON-
800). This variation of optical absorption indicates the
enhanced N3– incorporation into CTO at elevated tempera-
tures [27,28], as further corroborated by thermogravimetric
analysis (TGA) in air (Fig. S2, Supplemental Material [26])
discussed below.

The N incorporation in CoTa2O6−xN2x/3 was evaluated by
TGA as depicted in Fig. S2 (Supplemental Material [26]).
The weight variation <200 °C in Figs. S2(a)–S2(c) (Supple-
mental Material [26]) is attributed to physical absorption. All
oxynitrides undergo a stage of mass gain <∼700 °C, ow-
ing to the release of nitrogen and reoxidation process (Figs.
S2(b)–S2(d), Supplemental Material [26]) [29]. The TGA

curves exhibit further weight loss after the oxidation process
>700 °C, probably due to the decomposition of intermediate
compounds [30]. The nitrogen-richest compound CTON-800
is more reactive, as evidenced by the onset of oxidation-
induced weight gaining started >320 °C, in comparison with
that from 560 and 446 °C for CTON-700 and CTON-750, re-
spectively. Accordingly, the x value in CoTa2O6−xN2x/3 can be
estimated from these data, as each weight increment is equal
to the difference between released N2 and uptake O2 [31,32].
Figure S3 (Supplemental Material [26]) shows XRD pat-
terns for CoTa2O6−xN2x/3 samples after TGA measurements
[26], indicating that the nitrided samples reverted to CTO.
There is no evidence of Co3+ formation during the oxygenat-
ing process. The TGA weight gains were determined to be
0.0174(3)%, 0.0627(12)%, and 0.1859(7)% corresponding to
CTON-700, CTON-750, and CTON-800 with x = 0.015(1),
0.05(1), and 0.15(1), respectively. To maintain charge bal-
ance in CoTa2O6−xN2x/3, the substitution of O2– by N3–

simultaneously generates anion vacancies since Co3+ is un-
likely to survive in the reducing NH3 atmosphere, giving
nominal formula of CoTa2O6−xN2x/3�x/3 (where � denotes
the anionic vacancy). Transmission electron microscopy and
energy-dispersive x-ray spectroscopy (TEM-EDS) analysis
confirms the Co/Ta ratio [∼1/1.92(6)] of CTON-800 and ho-
mogeneous Co and Ta distribution (Fig. S4, Supplemental
Material [26]). As N content increased, the band gap (Eg)
exhibited a narrowing from the initial 3.22 to 3.02 eV, which
is estimated by ultraviolet (UV)-visible diffuse reflectance
spectra (UV-Vis DRS, Fig. S5, Supplemental Material [26])
[25,33,34].

Figure S6(a) (Supplemental Material [26]) shows the
refined plots of XRD patterns for CTO in the re-
ported P42/mnm space group (No. 136, a = 4.7375 (4) Å,
c = 9.1764 (9) Å, V = 205.95 (5) Å3, and Z = 2) [35–37].
CoTa2O6−xN2x/3�x/3 (x = 0.015, 0.05, and 0.15) are isostruc-
tural to CTO, and the same starting model was applied for
their structure refinements as exhibited in Figs. S6(b)–S6(d)
(Supplemental Material [26]). The refined crystallographic
parameters and selected interatomic distances and angles are
summarized in Tables S1 and S2 (Supplemental Material
[26]). Although the effective ionic radius of N3– ion (reff =
1.46 Å) is slightly larger than that of O2– (reff = 1.38 Å)
[38], the lattice parameter tends to be constant in different
N content, resulting from the associated increase of anionic
vacancies, as shown in Fig. S7 (Supplemental Material [26]).
Previous studies show that high-valency metal cations with
smaller ionic radius can sometimes form to keep charge
balance in a number of perovskite oxynitrides [39–41]. How-
ever, the ammonolysis process drives the more electronegative
3d transition metals Fe, Co, Ni, and Cu to form interstitial
nitrides with low positive oxidation states [40]. It is thus
unlikely to form Co3+ by ammonolysis of Co2+Ta5+

2 O6. The
formal oxidation state of cations in CoTa2O6−xN2x/3�x/3 is
further supported by x-ray absorption near edge spectroscopy
(XANES, Fig. S8, Supplemental Material [26]) and x-ray
photoelectron spectroscopy (XPS, Fig. S9, Supplemental
Material [26]) measurements [37,42–59]. Fourier transform
infrared (FT-IR) spectroscopy results also confirm the inter-
actions among chemical bonds in CoTa2O6−xN2x/3�x/3 (Fig.
S10, Supplemental Material [26]) [60–64]. In addition, the 2D
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FIG. 2. Magnetic properties of CoTa2O6−xNx�x/3. (a) Temper-
ature dependence of zero-field-cooled (ZFC; short dash line) and
field-cooled (FC; solid line) χ curves of CTO, CTON-700, CTON-
750, and CTON-800, measured at 0.1 T. (b) The ZFC χ−1 vs T
curves of CTO, CTON-700, CTON-750, and CTON-800, measured
at 0.1 T. The solid line shows the Curie-Weiss (CW) fitting of the
paramagnetic region between 150 and 300 K.

honeycomb-layered CoTa2O6−xN2x/3�x/3 compounds have
the same six-coordinated Co and Ta ions [Figs. 1(b) and 1(c)]
as in CTO. The O1/N anions and vacancies were distributed
at the 4 f (x, y, 0) sites, while O2 ions fully occupy 8 j (x, y, z)
sites during refinements according to the calculated results
(vide infra).

B. Magnetic properties

Figure 2(a) shows the temperature-dependent magnetic
susceptibility χ (T ) of CoTa2O6−xN2x/3�x/3 (x = 0.015, 0.05,
and 0.15) with T = 5–300 K measured at H = 0.1 T in zero-
field-cooled (ZFC) and field-cooled (FC) modes. It is clearly
seen that bulge peaks of all samples arise in the ZFC and
FC curves [Fig. 2(a)], illustrating the predominance of AFM
phase transition at TN = 14.7 K, which is close to the literature
result [65]. Notably, unlike CTO, the ZFC and FC curves of N-
containing samples do not overlap until up to 300 K [Fig. 2(a)]
in analogous-to-ZnO nanosheets [66], indicating the existence
of RT ferromagnetism. Above 150 K, the ZFC 1/χ − T curve
for CTO can be fitted with the Curie-Weiss (CW) law, 1/χ =
(T − θW)/C, where C = μ2

eff/8 is the Curie constant, θW is
Weiss temperature, and μeff is the effective magnetic moment
[Fig. 2(b)]. The θW = −35 K is consistent with AFM order.
The value of μeff for CTO was calculated to be 4.82 μB, which
agrees well to the typical value for high-spin Co2+ (S = 3

2 )

in octahedral geometry. In Fig. 2(b), in contrast to CTO, the
1/χ−T curves for CTON-700, CTON-750, and CTON-800
exhibit nearly temperature-independent behavior at T > 50 K
and do not obey the CW law, implying different magnetic
interaction mechanism in anionic vacancy-rich cases.

Additional characterization of the nature of magnetic tran-
sition in CoTa2O6−xN2x/3�x/3 samples was achieved through
isothermal field-dependent magnetization M(H) measured be-
tween 5 and 550 K, and applied magnetic field from −4
to 4 T (Figs. 3 and S11, Supplemental Material [26]). As
shown in Fig. 3(a), the magnetization curves for CTO show
no hysteresis at 10 and 250 K, supported the AFM interac-
tions. Interestingly, CTON-700, CTON-750, and CTON-800
samples show slight hysteretic loops over the experimental
temperature range, indicating a RT FM feature [Figs. 3(b)–
3(d)]. Their saturation magnetizations slightly decrease with
increasing temperature, which is attributed to the changes in
the magnetic moment of cobalt beside anion vacancies. Note
that the nitrided series have larger slope values (M/H) in 0 <

H < 0.5 T than those in H > 0.5 T. We assume that the AFM
coupling is weakened with enhanced nitrogen incorporation,
and it might be accompanied by the appearance of weak FM
states in 0 < H < 0.5 T, as displayed in Fig. S12 (Supple-
mental Material [26]). For DMS materials, the formation of
oxygen vacancies lowers the valence of the metal ions and
thus entangles ferromagnetism, while the vdW materials such
as CrI3 and VSe2 conceive intrinsic ferromagnetism in exfo-
liated monolayer [4,67]. As for CoTa2O6−xN2x/3�x/3, neither
valence transition nor thickness-dependent layer interface ex-
ists; the emergent RT ferromagnetism differs from known
studies. Therefore, theoretical calculations were performed to
figure out the origin of emerging ferromagnetism.

C. Theoretical calculations

1. Bulk electronic structure: k-dependent spin splitting

Although the magnetic structure of CTO is controversial
and not fully determined [68], it was corroborated that the
magnetic moments of Co atoms lie in the ab plane and an-
tiferromagnetically coupled along [110] on z = 0 and [−110]
on z = c/2, with propagation vectors (± 1

4 , 1
4 , 1

4 ). To model
such a magnetic structure accurately would require a supercell
containing 576 atoms, which is beyond the capability of the
modern first-principles calculation method [69–72]. Thus, in
our calculations, only spin-polarization calculation is adopted,
and some meaningful results are obtained.

The band structure of AFM CTO shows k-dependent spin
splitting [73], which is different from those of conventional
antiferromagnets whose spin-up and spin-down energy levels
are degenerate along all k-points in the Brillouin zone (BZ).
Here, the spin-up and spin-down energy levels of CTO are
nondegenerate along �M (u, u, 0) and ZA (v, v, 0.5) (where 0
< u, v < 0.5), both of which are along the (110) direction of
the BZ. This spin splitting energy is as large as 150 meV for
the valence band below the Fermi energy, much larger than
the splitting caused by spin-orbit coupling for 3d transition
metals [74]. This behavior can be understood as follows [75].
In AFM spin-polarized calculations, the magnetic moments
of Co atoms are directed along the z direction, which reduces
the Shubnikov group of CTO from paramagnetic P42/mnm1′
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FIG. 3. Isothermal magnetization curves of CoTa2O6−xNx�x/3 at 10, 250, 300, 350, and 380 K between −4 and 4 T. (a) CTO, (b) CTON-
700, (c) CTON-750, and (d) CTON-800. The insets in (a) and (b) show the enlarged area between −0.2 and 0.2 T, in (c) and (d) between −0.4
and 0.4 T.

(BNS [76]: 136.496) to AFM P4′
2/mnm′ (BNS: 136.499). In

the former case, time-reversal symmetry ensures double de-
generacy for all energy levels at all k-points, namely, spin-up
and spin-down energy levels are degenerate. In the latter case,
however, time-reversal symmetry is broken, but its combina-
tion of some space group symmetry operations exists. The
group of wave vectors at � (α, α, 0) (0 < α < π/a), for ex-
ample, is {(1|0, 0, 0), (2 − xy|0, 0, 0),’ (mz| 0, 0, 0), (mxy|0, 0,
0)’}a = C2v (Cs), of which the single-valued representations
(�1, �2) are both one dimensional [75]. Thus, the energy
levels at � are nondegenerate, as revealed by the spin-splitting
of the energy bands along �M. Similar explanations can be
applied to other k vectors, and the detailed labeling of the
representations are shown in Fig. 4(a).

Figure 4(b) provides the calculated magnetization density
around the two Co atoms. The magnetization is defined as
m(r) = ρ↑(r) − ρ↓(r), where ρ↑(r) and ρ↓(r) are spin-up
and spin-down electron densities, respectively. The magneti-
zation shows clear anisotropy in the ab plane, indicating the
magnetic moments of Co atoms at the corner tend to align to-
ward [110] or [−1-10] and those at the center toward [1–3,3–
9] or [−110], but the absolute direction cannot be determined.

The k-dependent spin-splitting causes the density of states
(DOS) to be asymmetric for spin-up and spin-down channels,
as shown in Fig. 5. Here, both the PBE and LDA + U results
are shown. The PBE result underestimates the band gap to
∼0.5 eV, which is a well-known problem of density func-
tional theory. The LDA + U method remedies this problem

effectively and gives a band gap ∼2.7 eV, which is close to
the experimental value, too insulating to be measured within
the ammeter range [77]. However, the crystal field splitting of
the Co d orbitals, caused by the oxygen octahedron, appears
clearly near the Fermi energy in the PBE-derived DOS, but
is lost in the LDA + U one due to the large onsite Coulomb
interaction since the magnetic susceptibility and crystal field
splitting are ground state properties, while band gap is related
with excitation states. Moreover, density functional theory
[78,79] is expected to work well only for ground state prop-
erty. We propose to rely on the PBE results to discuss the
magnetic property.

2. The effect of nitrogen dopant on the electronic structure:
from antiferromagnet to ferrimagnet

The x = 0.3 case of CoTa2O6−xN2x/3�x/3 other than the
experimental x = 0.15 is considered in our calculations to
avoid too large of a supercell, with the crystal structure shown
in Figs. 6(a) and 6(b). This increase of dopant ratio should
not cause trouble because the distance between vacancies is
already small in the x = 0.3 case. Since there are two types
of oxygen atoms in the bulk crystal of CTO, with location at
Wyckoff position 4 f or 8 j, the oxygen vacancy is thus put to
either 4 f or 8 j. One nitrogen atom is near the oxygen vacancy,
at the same Wyckoff position, and the other nitrogen is away
from the oxygen vacancy, at the opposite Wyckoff position.
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FIG. 4. (a) The calculated spin polarized band structure, with-
out considering the on-site Coulomb interaction of Co atoms (U =
0 eV). The horizontal dashed line denotes the Fermi energy. The
representation labels are the same as those in Ref. [75]. The repre-
sentation of R can be either R+

1 or R−
1 . (b) The magnetization density

of CTO on the (001) plane at z = 0 and c/2, respectively, c is the
lattice constant along z direction. The positions of Co and O atoms
are indicated.

Our first-principles calculations reveal that, when the oxy-
gen vacancy is located at the 4 f sites, there is a net magnetic
moment ∼ −1.8 μB in the supercell, corresponding to a sat-
uration magnetization of 0.18 μB per Co atom. However, in

FIG. 5. The density of states near the Fermi energy of CTO,
without (upper panel, U = 0 eV) and with (lower panel, U = 4.0 eV)
onsite Coulomb interaction of Co atoms. The vertical dashed line
denotes the Fermi energy.

the 8 j oxygen vacancy case, there is no net magnetic moment
in the supercell. Apparently, anions and vacancies are or-
dered in CoTa2O6−xN2x/3�x/3 as reasonably restrained during
the structural refinements in Fig. S6 (Supplemental Material
[26]). We show the magnetization densities in the ab plane in
Figs. 6(c) and 6(d) since the magnetic moments of Co atoms
mainly interact and lie in this plane. From Fig. 6(c), it is
clear that the magnetic moment of one Co atom with CoO5N
coordination (Co3,a) is reduced in the 4 f case. We further find
that the magnetic moments of other two Co atoms (Co8,a and
Co8,b) with CoO5N coordination remain the same as that of
the bulk Co atom. This different behavior comes from the fact
that, in Co3,a, the Co-N bond is not located in the ab plane
and about which the mirror symmetry is broken. The shape of
the magnetization density of Co6,a with CoO5 coordination
changes a little but is still along [1–3,3–9] or [−110], and
the magnitude of the magnetic moment is not changed. There
is no visible change of the magnetization density of Co3,b

with CoO4N coordination, and the magnitude of the magnetic
moment remains the same as those in the bulk. Physically, this
behavior can be explained by inspecting the partial density of
states (PDOS) of the d orbitals of the Co atom, which reflects
the effect of the crystal field of nearby coordination (O6, O5N,
O4N, etc.), as exemplified in Fig. S13 (Supplemental Material
[26]).

We are now safe to arrive at the conclusion that the inclu-
sion of nitrogen dopant in CTO, with Co-N bond not in the ab
plane and coordination of Co atom with O5N, can turn the
sample from antiferromagnet to ferrimagnet, and the slight
hysteretic loop M(H) in Fig. 3 is a direct consequence of
this transition. As shown in Figs. 6(e)–6(g), a ferrimagnet can
be deconstructed into an antiferromagnet and a ferromagnet,
and the magnetization curve under an external field can be
decomposed into an AFM component MAFM and a FM com-
ponent MFM. Note that, in the FM sublattice, the number of
magnetic moments per unit volume nFM is much smaller than
the number of magnetic moments per unit volume in the AFM
sublattice nAFM and is dependent on the doping ratio x. Since
there is no experimental evidence that the CoO5N is ordered
and considering the low density of “magnetic ion” CoO5N,
the ferrimagnet model adopted by calculation is not able to
explain the high Curie temperature and ferromagnetism found
here. However, the model indicates that there might be some
mechanism like that in DMS, the only difference being that,
in DMS, the host is a nonmagnetic semiconductor [80], but
here, the host is an antiferromagnet. This DMS system with
an AFM host deserves further study. Note that the saturation
magnetization is proportional to the magnetic moments per
unit volume; thus, the dilute magnetic ions should reach satu-
ration at much lower external field than that of the AFM host.
The discontinuity at 0.5 T in the magnetization curves is thus
understood as the saturation field of the dilute magnetic ions
part.

3. Predicted pressure effect on the electronic structure

Extrinsic pressure has proven to be powerful to tune the
properties in 2D materials [15–17]. Here, we further analyze
the behavior of the electronic structure of CTO under high
pressure, assuming there is no structural phase transition, that
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FIG. 6. The supercell with two nitrogen dopant and one oxygen vacancy, corresponding to CoTa2O6−xN2x/3�x/3, x = 0.3. The oxygen
vacancy can be located at (a) Wyckoff position 4 f (x, x, 0) or (b) 8 j (x, x, z). The red, gray, white, and blue spheres represent cobalt, tantalum,
oxygen, and nitrogen atoms, respectively. The arrows on cobalt atoms indicate the magnetic moments. The corresponding magnetization
density on the (001) plane, with oxygen vacancy at (c) 4 f and (d) 8 j, respectively. The z = c/2 case is in the upper panel and z = 0 case in the
lower panel. Illustration of the fact that (e) a ferrimagnet can be decomposed into (f) an antiferromagnet and (g) a ferromagnet.

is, the space group P42/mnm is maintained. Figure 7(a) shows
the variation of total energy with respect to unit cell volume,
which has an inflection point near V = 190 Å3, indicating the
existence of an electronic phase transition. By fitting the data
to the Murnaghan equation for V < 190 Å3 (phase 2) and
V > 190 Å3 (phase 1), respectively, we obtained the pressure
dependence of the relative enthalpies (	H , or Gibbs free en-
ergies at zero temperature) between the two phases (Fig. S14,
Supplemental Material [26]). The phase transition occurs at
pressure ∼ 24.5 GPa. The variation of volume with pressure is
shown in Fig. S15 (Supplemental Material [26]), from which
the discontinuity of volume at the transition point is clearly
seen, and the pressure at a certain volume can be determined.
The phase transition is also manifested in the variation of lat-
tice constants with respect to volume (or pressure), as shown
in Fig. S16 (Supplemental Material [26]).

CTO becomes metallic in phase 2, as shown in Fig. S17
(Supplemental Material [26]), indicating that the phase tran-
sition is an insulator-to-metal transition. The most striking
feature here is that, after entering the metallic state, the
magnetic moment of Co disappears, and CTO becomes non-
magnetic. This is manifested by the drop to zero of the values
of the magnetic moment of Co in Fig. 7(a) and the disap-
pearance of the k-dependent splitting between spin-up and

spin-down energy bands along �M and ZA. Here, we note
that, before entering the nonmagnetic metallic phase, CTO is
in a border phase with a low-spin state for Co2+, as manifested
by the four data points near V = 190 Å3 in the magnetic
moment-volume curve in Fig. 7(a). This transition is due to
the crystal field splitting between eg and t2g orbitals (actually
eg and t2g are nondegenerate here due to the D2h site symmetry
of Co, but the deviation may not be large) becoming larger
than the Coulomb interaction as pressure increases. Note that,
for Co2+ with six-coordination, the radius for high-spin and
low-spin states are 0.745 and 0.65 Å, respectively [38]. The
radius of three-coordinated O2– is 1.36 Å. We thus have bond
length of the Co-O bond of 2.105 and 2.01 Å, respectively.
The variation of the calculated Co-O bond lengths with re-
spect to volume is shown in Fig. 7(b). The bond length of
the Co-O bond with low-spin Co2+ state just locates at the
position where CTO enters in the border phase. The reason
why, as pressure increases (volume decreases), the magnetic
moment of Co becomes zero is still not clear. However, the
PDOS of Co in such a high-pressure condition shows that
the PDOS of dx2−y2 orbital is zero, indicating that this orbital
might not be occupied. Further experimental work is needed
to explain this phenomenon. The behavior of the electronic
structure of nitrogen-doped CTO under high pressure is out of
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FIG. 7. (a) The variation of total energy and the average absolute
value of magnetic moments of Co atoms in CTO with the unit cell
volume. Near V = 190 Å3 there is a clear inflection point in the E -V
curve, associated with discontinuous change of magnetic moment of
Co atom. (b) The evolution of the bond length of Co-O1 bond (in
ab plane) and Co-O2 bond (not in ab plane) with unit cell volume.
The sum of the radius of Co2+ with coordination six and O2− with
coordination three are shown, for high-spin and low-spin Co states,
respectively.

the scope of this paper; it is anticipated that a similar insulator-
to-metal transition can occur. However, due to the presence of
nitrogen dopant and oxygen vacancy, the magnetic moment

of Co surrounded by those vacancies may not vanish, and the
sample would turn into a FM metal.

III. SUMMARY

In summary, we have successfully synthesized the
anionic (O2–/N3–) and vacancy-ordered oxynitrides
CoTa2O6−xN2x/3�x/3 (x = 0.015, 0.05, and 0.15) via
thermal ammonolysis of CoTa2O6, in which the nitrogen
contents were adjusted by reaction temperature. The nitrided
samples demonstrate narrowing band gaps, from 3.22 eV for
CoTa2O6 to 3.02 eV for CoTa2O5.85N0.1�0.15, and above-RT
FM response. First-principles calculations reveal that the
emerging ferromagnetism is engineered by the CoO5N
configuration caused by nitrogen doping, which evokes the
transformation of octahedral configuration of cobalt and
energy level, leading to change in magnetic moment. An
insulator-to-metal transition is also predicted to arise ∼24.5
GPa due to an electronic phase transition accompanied
with the collapse of magnetic moments. These discoveries
identified a simple and effective approach to realize practical
ferromagnetism and are expected to forward a mechanism of
magnetic transitions and advance exploration of 2D oxides
for spintronic devices.
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