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Effect of Nitrogen and Fluorine Co-substitution on the
Structure and Magnetic Properties of Cr,0;

Jaysree Pan,”’ Umesh V. Waghmare,®’ Nitesh Kumar,”® C. O. Ehi-Eromosele,”” and

C. N. R. Rao*™

First-principles density functional calculations were carried out
to determine the structure as well as electronic and magnetic
properties of N and F co-substituted Cr,O;. The formation of
strong Cr—N bonds upon substitution of oxygen with nitrogen
leads to large distortions in the local structure and changes in
magnetic moments, which are partly compensated by co-sub-

1. Introduction

It is customary to substitute the cation in metal oxides to
change the structure and properties. However, substituting the
oxide ion with other anions would be expected to have more
significant effects on the electronic structure and properties.
There have been a few studies of nitrogen substitution in
place of oxygen in TiO,, and such substitution changes the
electronic properties significantly, rendering the material some-
what colored. Nitrogen substitution in the oxygen site has
a major disadvantage, as this creates oxygen vacancies. Fur-
thermore, such oxygen vacancies give rise to ferromagnetic in-
teractions.? It would, therefore, be necessary to carry out co-
substitution of oxygen by nitrogen and fluorine to avoid the
creation of vacancies and other defects. Co-substitution of N
and F in ZnO and TiO, has indeed been studied.?* These stud-
ies have shown that the oxides become colored with corre-
sponding changes in the UV/Vis spectra and an associated de-
crease in the band gap. Thus, N, F co-substituted ZnO is
orange in color with a much smaller band gap than the parent
oxide. There has been no study on the effect of such co-substi-
tution of N and F on the magnetic properties of oxides. Cr,0,
is a linear magnetoelectric material, in which a magnetic field
can proportionally induce electrical polarization.”’ Above room
temperature, the antiferromagnetic transition temperature (ca.
307 K) in Cr,0; makes it more important for future applications
for example in spintronics.®! It is, therefore, interesting to ex-
amine the effect of co-substitution of N and F on the magnetic
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stitution with fluorine. The effects of spin-orbit coupling are
relatively weak, but its combination with local structural distor-
tions gives rise to canting of spins and an overall magnetic
moment in N, F co-substituted Cr,0;. Experimentally, we ob-
serve spin canting in N, F co-substituted Cr,0; with considera-
ble enhancement in the coercive field at low temperatures.

properties of antiferromagnetic Cr,0,. Herein, we discuss the
results of our detailed first-principles calculations on the substi-
tution of N and F in Cr,0;. We also present the results of our
experimental study into the magnetic properties of Cr,0; sub-
stituted by both N and F. We compare the results of the effect
of co-substitution of N and F with those obtained with fluorine
substitution alone.

2. Results and Discussion
2.1. Theory

The estimates of lattice parameters of Cr,0; obtained from
DFT calculations agree well with experimental findings”~'? and
earlier DFT-based studies™ ' (Table 1). Each oxygen atom is
bonded to three nearest neighbors through octahedrally coor-
dinated Cr atoms with bond lengths of 1.96, 1.96, and 2.00 A.
Our self-consistent and fully relaxed calculations give the mag-
netic ground state of pristine Cr,0; with +—+—+— antiferro-
magnetic ordering of spins at Cr sites along the c¢ direction
(Figure 1a) of the hexagonal cell, which is in agreement with
the stable magnetic state found experimentally up to the Neél
temperature of 307 K.'*' The partial density of states of pris-
tine Cr,O; in Figure 2a reveals that the highest energy valence
band is primarily contributed by Cr3d (t,,) states, with a sizea-
ble component of O2p orbitals, indicating a strong hybridiza-
tion between d orbitals of Cr and p orbitals of O. Such an elec-
tronic structure with three majority spin electrons in the 3d or-
bitals of Cr’** gives a local magnetic moment of 2.85 g, which
is close to the ideal value of 3 (hybridization between Cr3d
and O2p orbital results in a slight reduction in the magnetic
moment). The lowest energy conduction band is constituted
of the ey orbitals of Cr. Our estimate of the band gap (2.73 eV)
is 20% lower than the experimental band gap of 3.4 eV, as typ-
ically expected of DFT calculations. We note that this gap is
a result of a combination of crystal-field (ca. 3eV) and
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Table 1. Theoretical results of pure Cr,,0,; and comparison with results of experiments and other calculations.

local structural changes may in-
fluence the magnetic properties

Lattice Parameters Ao eVl mc® gl of Cr,0; significantly, that is,

alAl  bIAl  cIA] al’l B 7 [°] leads to ferrimagnetism in Cr,0,.
Theory 4.94 4.94 13.56 90.00 90.00 120.00 2.73 2.85 We now turn to analysis of N,
Experiment 4.96 4.96 13.59 90.00 90.00 120.00 3.40 2.48/2.76 F co-substituted CrZOB' Based on
Theory¥ 5079 5079 13849  90.00¢  90.00¢ 120009 2,609 3.014/2.86"

the site occupancy disorder

Structural parameters and electronic band gaps of pure and doped Cr,,0,q.

[a] 4., =electronic band gap. [b] m¢, =magnetic moment on Cr3d orbital. [c] DFT calculations performed by
other groups. [d] GGA + U (5 eV) calculation. [e] LDA+U (4 eV) calculation. Table 2

(SOD) analysis of the hexagonal
supercell of Cr,0;4NF, ten sym-

] e0 en eF

ocl

Figure 1. a) Hexagonal cell of undoped Cr,0; with Cr having +—+—+—
spins at neighbouring sites on the Cr—O—Cr chains along the ¢ axis and

b) phase-separated layered structure in energetically lowest configuration of
N and F co-substituted Cr,0s.

a strong-exchange splitting (4.5 eV), and it separates the d
bands of Cr.

The formation energies of substitution of nitrogen, fluorine,
as well as both nitrogen and fluorine in Cr,O; are 3.076, 1.071,
and 3.775 eV, respectively, which means that co-substitution of
N, F is favoured with respect to substitution of N or F alone.
We first examine the effects of substitution of a single anionic
species (F or N). Substitution of N at an O site results in the
formation of two strong Cr—N bonds (1.84 and 1.87 A) and one
Cr—N bond (1.96 A), which is comparable to the Cr—O bond
length. This is accompanied by a small (< 1%) contraction of
the lattice parameters. Owing to the deficiency of one electron
per unit cell, it results in an overall magnetic moment of ap-
proximately 0.5 pg per formula unit. On the other hand, substi-
tution of F at the O site results in the formation of slightly
longer and weaker bonds of 1.97, 2.01, and 2.05 A, and the lat-
tice constants are almost unchanged (Table 2). This structural
change is accompanied by an overall magnetic moment of
about 0.15 g per formula unit. It is, therefore, evident that
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metry-inequivalent configura-

Table 2. Structural parameters and electronic band gaps of pure and
doped Cr,0;.
Lattice Parameters Agap [€V]
alhl bIAl cAl a1 B0 y [
Cry,044 4.94 4.94 13.56 90.00 90.00 120.00 273
Cr,,04;N 4.91 4.89 1345 89.84 90.07 119.86 0.00
Cry,04,F 4.92 4.91 13.52 90.05 9040 119.82 0.00
Cry,047 4.89 4.89 1343 9036 89.64 11998 0.00
Cri,0;6NF 495 4.95 1359 89.93 90.01 120.04 2.02

tions are possible (see Figure S1a-j in the Supporting Informa-
tion) for the replacement of two oxygen atoms with one N
atom and one F atom. Carrying out the structural relaxation of
each configuration, we evaluate their relative stability from the
energetics (Table 3). The lowest energy configuration involves
N and F atoms that are bonded to the same Cr atom, and the

Table 3. Relative energies of various N, F co-substituted Cr,0; (Cr,,0,4NF)
configurations obtained from calculations with collinear magnetic order-
ing.

Configuration AE® [meV]

0.00

40
317

40
329
339
324
395
423
395

—_— - TJQ D O Nn T o

[a] AE=relative total energy of the system (Cr,,0,4NF).

N, Cr, and F atoms make an angle of 97.6° (Figure 1b). In all of
the configurations, the N—Cr bond length is shorter by approx-
imately 1-2% and the F—Cr bond length is longer by approxi-
mately 2-3.5% with respect to the O—Cr bond length in pris-
tine Cr,0;. In the configuration that is second lowest in energy
(6.7 meV per formula unit relative to the ground state, see
Table 3), N and F are bonded to the same Cr atom. Formation
of N—Cr—F bonds minimizes the overall structural distortion
(strain) by trapping it locally to a single layer in the lowest
energy configuration (Figure 1b), in which both N and F atoms
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Figure 2. Electronic density of states of a) pure Cr,0;. Electronic density of states of N, F co-doped Cr,O; obtained with calculations based on b) collinear
(colli) and c) non-collinear (noncoll) magnetic ordering. O, N, and F 2p orbitals: red line is p,, green line is p, and blue line is p,. Cr3d orbitals: cyan line is d,,

magenta line is d,, blue line is d,,, red line is d,, and green line is d

yz! X2—y2*

occupy O sites in the (001) plane. Consequently, the volume of
octahedral CrO,NF increases by 1.6% compared to CrOg in pris-
tine Cr,0;. From the lattice parameters of the relaxed struc-
tures (Table 3), we see that N, F co-substitution leaves the cell
size almost unchanged (Figure 3). A similar structural change
has been noted in BaTiO; co-substituted with N and F''®!,

We found that the electronic band gap decreases to 2.02 eV
with N and F co-substitution in Cr,0; (Table 2). In the electronic

(c) Cruon.:NF (noncolli)

(b) Cr,0,.NF (colli)

@cl ¢0 on oF

Figure 3. Structural changes owing to co-substitution of N and F in Cr,0,
with collinear (colli) and non-collinear (noncolli) calculations.
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density of states of co-substituted Cr,0; (Cr,,0,(NF) (Fig-
ure 2b), the topmost valence band has a width of about 0.6 eV
and largely consists of N2p states, with some contribution
from O 2p states. The latter reflects the superexchange interac-
tion mediated through anionic p orbitals. The 3d states of Cr
are approximately 0.7 eV lower in energy with respect to the
valence band maximum of Cr;,0,¢(NF. It is clear that the reduc-
tion in the band gap by approximately 0.67 eV is cause by the
sub-band of N2p states that appear in the gap, and that the
orbital character of the bands lining the gap is qualitatively dif-
ferent to that of pristine Cr,O;. Anionic F is relatively inert com-
pared to O and N, because its 2p states are approximately 7 eV
below the valence-band maximum; although it plays an impor-
tant role in the structural stability, it seems to be silent in the
electronic activity.

To study the non-collinearity in the magnetic ordering of
anion-substituted Cr,0,;, we optimized the structure and spin
magnitudes along the x, y, and z axes, simultaneously, in an
unbiased manner [fully unconstrained (FU) non-collinear
method] for each of the Cr sites. Such a calculation with fully
unconstrained non-collinear spins does not include spin-orbit
coupling (SOQ). It treats the magnetization as a continuous,
spatially varying, vector field, and hence leads to relatively
high symmetry during the optimization of the non-collinear
magnetic moments."” As the local structural symmetry is
broken at anion-substituted sites, we expect changes in the
crystal-field-split d orbitals and we carried out another set of
calculations (non-collinear SOC) that include the SOC to deter-
mine the effects of coupling between orbitals (spatial degrees
of freedom) and magnetic spin.

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The net magnetic moment of pristine Cr,0; (see Table S1) is
very small or almost zero, even after inclusion of the SOC,
even though the spins do exhibit slight deviation from the an-
tiparallel alignment (canting). The effects of N substitution, F
substitution, O vacancies, and N, F co-substitution on the local
magnetic moments in Cr,0; are presented in Tables S2-S5. For
N-substituted Cr,0;, we find a substantial net magnetic
moment, but not all of it is attributed to canting. There is
a large variation in the local magnetic moment of Cr ions from
one site to another, which is expected from the significant de-
viation in the structure and hybridization between 2p orbitals
of N and 3d orbitals of Cr. Owing to the partially occupied sub-
band of the former at the valence-band maximum, a large part
of the net magnetization arises from the hole-mediated inter-
action in N-Cr,0; In addition, the effect of SOC is quite sizea-
ble (see Table S2 and compare moments arising from FU and
SOC calculations). This is unique to N substitution (we find
much weaker effect of the SOC in F-substituted Cr,0,). This
can be understood from the fact that the topmost valence
band (N2p sub-band) is strongly hybridized with the 3d states
of Cr and is separated with a tiny gap (of 0.1 eV) from the Cr
3d bands. As a result, the perturbative effect of the SOC is en-
hanced. In contrast, the local moments do not change much,
owing to SOC in F-substituted Cr,O;, because the 2p states of
F are very low in energy. In Cr,0;_s, we do not see any signifi-
cant net magnetization or any canting of spins. Thus, our cal-
culations clearly confirm the canting of spins and, hence, an
overall net magnetization caused by anionic substitution, and
its primary cause in the local structural distortions associated
with N substitution in Cr,0;.

For SOC-based calculation of N, F co-substituted Cr,0;, we
start with the electronic and magnetic structure of the lowest
energy configuration (Figure 1b) obtained from our calcula-
tions with collinear magnetic ordering. We find that the SOC
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results in a significant enhancement in 1) the net magnetic
moment and 2) canting. Owing to weaker local structural dis-
tortions and a fully occupied N 2p sub-band (and hence lack of
hole-mediated interactions), the net magnetic moment here is
much smaller than in N- or F-substituted Cr,0;. We note that
the effect of SOC on electronic structure in the vicinity of the
gap is rather weak. Thus, canting of spins arises primarily from
the contribution of local structural distortions through the
SOC.

Anion substitution leads to locally broken symmetry, marked
by the displacement of atoms with respect to their positions in
pristine Cr,O; (Figure 4b, Figure 4c, and Figure 4e). It should
be clear from this picture that the hexagonal ring with a N
atom at the center shrinks, whereas that with a F atom ex-
pands with respect to the unsubstituted layers, creating a local
distortion of the structure. On the other hand, such structural
distortions are negligible in Cr,0; with an O vacancy (Fig-
ure 4d). For anion-substituted Cr,0;, canting can be explained
by using simple anti-symmetric exchange, arising from the in-
teraction between spins at the two neighboring sites, also
known as the Dzyaloshinskii-Moriya interaction® (Figure 5)
originating from the SOC, which can be expressed by Equa-
tion (1):

":IAB = 5AB : (gA X §B) (1)

where S, and S are spins at the two neighboring sites A and
B. D,g depends on the coupling constant D, and structural ge-
ometry (Figure 5), as shown in Equation (2):

Dy ¢ Dy (Ax X ?) 2)

Figure 4. Frustrated lattice of Cr in (110) planes of a) pristine Cr,05, b) N-doped Cr,0;, ¢) F-doped Cr,0;, d) Cr,0; with an O vacancy, and e) N, F co-doped
Cr,0;. Cr,0;. The relative movement of Cr ions in the doped layer compared to one layer below it (undoped layer) is schematically indicated by black arrows

in the diagram.
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cr) ®o/N/E

Figure 5. Schematic diagram of anti-symmetric exchange arising from local
structural distortions in anion-substituted Cr,0, (top) and lowest energy
structure of N, F co-substituted Cr,0O; obtained from a calculation including
spin-orbit coupling (bottom).

where r is the vector connecting site A and B and Ax is the
perpendicular distance of the anion from the line AB. The
Dzyaloshinskii-Moriya coupling is only nonzero if Ax is non-
zero, that is, Cr,—X-Crg is not linear. In addition, there should
be deviation from the antiparallel (or parallel) alignment of S,
and S;. In the case of pure Cr,0,, spins are exactly antiparallel
and the Dzyaloshinskii-Moriya interaction vanishes. For the
anion-substituted case, structural distortion breaks the symme-
try locally and the Dzyaloshinskii-Moriya interaction can be
nonzero. As the lattice distortion is not significant in the con-
figuration with an O vacancy, we do not find strong canting.

2.2. Experimental

Figure 6 shows the XPS spectra of N, F co-substituted Cr,0s. In
the N1s spectrum of N, F co-substituted Cr,0; we obtain only
a single contribution at 399.5 eV, corresponding to the Cr—N
bonds, whereas the F1s spectrum can be deconvoluted into
three contributions at 685.0, 686.5, and 688.1 eV. Taking the
contribution from the highest binding energy for Cr—F bonds
as substitutional fluorine,®* the composition of N, F co-substi-
tuted Cr,0, was calculated to be Cr,0,,9Ng15Fo.00-

Cr,0; has the corundum structure and doping with nitrogen
and fluorine, even up to 10%, does not change the structure.
Co-substitution of nitrogen and fluorine also does not change
the structure and only results in minor changes in the lattice
parameters. The experimental cell parameters of these com-
pounds obtained from the Le Bail fitting (Figure S2) are a=
49594 A and ¢c=13.5959 A for undoped Cr,0; and a=
49419 A and ¢=13.5734 A for N, F co-substituted Cr,0;. Elec-
tronic absorption spectra show that the long-wavelength visi-
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Figure 6. Core-level XPS spectra of a) N 1s and b) F 1s for N, F co-substituted
Cr,0,4

ble band extends to slightly longer wavelengths in N, F co-sub-
stituted Cr,O, compared to pure Cr,0;.

Undoped Cr,0; shows a paramagnetic-to-collinear antiferro-
magnetic transition near 310 K. Below this temperature, as
shown in Figure 7a, the moment decreases in field-cooled (FC)
conditions (1000 Oe) until 200 K, but increases again as the
temperature is decreased further. In the case of N, F co-substi-
tuted Cr,0,, we do not observe the paramagnetic-to-antiferro-
magnetic transition at 308 K, and a canted antiferromagnetic
behavior is seen at approximately 285K, below which the
magnetization increases with decreasing temperature. At
1000 Oe and 10K, we obtain the magnetization value of
0.0016 pg per Cr,0; unit, owing to canting. The fluorine-doped
sample also shows spin-canted behavior, with the value of
magnetization amounting to 0.0018 pz per Cr,0; unit at
1000 Oe. Magnetization versus field data (Figure 8) for N, F co-
substituted Cr,0; shows a typical hysteresis loop of a canted
antiferromagnetic material with a coercive field (H.) of 1.2 kOe
at 2 K'Y For the fluorine-doped sample H is found to be
1.4 kOe, whereas Hc in the case of undoped Cr,0; is only
0.35 kOe. The relatively small values of magnetization per for-
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Figure 7. Field-cooled magnetization of a) undoped Cr,0;, b) N, F co-substi-
tuted Cr,0;, and c) F-doped Cr,0O; at 1000 Oe.

mula unit and non-saturation of hysteresis loops even at high
applied magnetic fields indicate that N, F co-substituted Cr,0,
and F-substituted Cr,0; are canted antiferromagnetically and
are not quite ferrimagnetic.
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Figure 8. Low-temperature isothermal magnetization of a) undoped Cr,0,,
b) N, F co-substituted Cr,0;, and c) F-doped Cr,0; at 2 K.

3. Conclusions

Our first-principles theoretical analysis shows that N substitu-
tion gives rise to the formation of a strong Cr—N bond and
emergence of the N2p sub-band at the top of the valence
band. The d-d band gap of Cr,0; is reduced by about 0.6 eV
to a p-d gap with N and F co-substitution. The local spins in
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N, F co-substituted Cr,O; are canted, owing to the SOC that
acts along with local structural distortion through the Dzya-
loshinskii-Moriya interaction. Hole-mediated exchange and
SOC are responsible for the magnetic behavior of N, F co-sub-
stituted Cr,0;. Experimentally, we observe canted antiferro-
magnetic behavior in both F-substituted and N, F co-substitut-
ed Cr,0;.

Computational Details

Our first-principles calculations are based on DFT with exchange-
correction energy treated within a local density approximation
(LDA), as implemented with projected augmented-wave (PAW)?>%!
potential in the Vienna ab initio simulation package (VASP).***! We
used a hexagonal periodic supercell cell containing 30 atoms (six
formula units) to simulate pure and anion-substituted Cr,0; (Fig-
ure 1a). In the simulation of the substitution with N or F alone,
and for introducing an O vacancy, a random oxygen site in the su-
percell was picked. For co-substitution of N and F at oxygen sites
in Cr,0;, we considered all possible combinations of pairs of
oxygen sites to be substituted with one N and one F, respectively.
This large number of configurations (288) was reduced, using the
SOD™ technique, to ten symmetry-inequivalent configurations. A
plane-wave basis employed in representation of wavefunctions
was truncated with an energy cutoff of 600 eV. The Brillouin zone
integrations were sampled on 6x6x2 uniform mesh of k-points
by carrying out structural relaxation through energy minimization,
and the density of states was calculated by using a 12x12x4 uni-
form mesh of k-points. In addition to an accurate description of
crystal field and exchange splitting, electron correlations associated
with a partially filled Cr3d orbital were included through use of
spherically averaged on-site correlations with the Hubbard U-J cor-
rection® (U=4.00eV, J=0.58 V™). In calculations of non-colli-
nearly ordered magnetic structures, we used 1) the FU method
with simultaneous relaxation of atomic structure and magnetic or-
dering and 2) self-consistent calculations” with SOC, which mea-
sure the interaction of orbital degree of freedom with magnetic
Spin.[zs]

Experimental Section

For the synthesis of Cr,0; co-substituted with N and F,
Cr(NO,);.6H,0 (10g) was dissolved in water (220 mL), and an
excess of aqueous ammonium hydroxide was added to it. The mix-
ture was stirred for 1 h followed by centrifugation and washing
with deionized water. The solid powder was dried in oven at 80°C
for 10 h. The dried powder was mixed and ground with excess
NH,F (20 times excess in molar equivalents). The mixture was
placed in an alumina boat and heated in a tube furnace in flowing
ammonia at 700 °C for 4 h. For fluorine doping alone, the mixture
was heated under the similar conditions, but in a nitrogen flow. Ni-
trogen doping of Cr,0; was found to be difficult, owing to the for-
mation of CrN impurities.
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X-ray diffraction patterns were recorded in a Bruker D8 Discover
diffractometer and Rigaku-99 diffractometer by using CuKa radia-
tion. To obtain cell parameters of the doped and undoped Cr,0,
powders, Le Bail fitting was carried out using Fullprof software.””!
XPS spectra were recorded in an Omicron Nanotechnology Spec-
trometer with MgKa as the X-ray source. Magnetic measurements
were carried out by using SQUID VSM (Quantum Design, USA).

Keywords: anion substitution - chromium oxide - density
functional calculations - magnetic properties - spin canting
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