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The nitrogen(N) doped spinel NiCr,O, has been synthesized at 773 K (N500) and 873 K (N600) by
ammonolysis of NiCr,0, powders to study the effect of anion doping on its structural and magnetic
properties. The N contents are determined by thermogravimetic oxidation, yielding a composition
that can be described as NiCr,0;563Ng21 (N500) and NiCr,0555Np30 (N600). X-ray photoelectron
spectroscopic studies suggest that N* species partly substitute the oxygen in the lattice and oxygen
vacancies exist in the N doped samples. There is evidence that in the nitrided sample, Cr ion is most
likely in a mixed oxidation state. As the N content increasess, the structure at room temperature
changes from tetragonal to the cubic phase; N500 is only partially tetragonal; N600 is completely
cubic. Such structural change is the consequence of the depression of the cooperative Jahn-Teller
effect of Ni*" in tetrahedral A site caused by the presence of N*". Combined heat capacity and the
temperature dependent magnetic susceptibility measurements give clear evidence of the magnetic
and structural transitions in the N doped NiCr,0,. The Jahn-Teller transition temperatures decrease
with increasing N content; this is likely due to increased covalency and hence enhanced contribution
of the angular momentum and the spin-orbit coupling to local chemical bonding around Ni*".
Antiferromagnetic transitions are observed at Ts=23 K and 22K for N500 and N600O, respectively.
Hence there is indeed a lowering of transition when compared to pure NiCr,0,(28 K). The magnetic
loops at different temperatures confirm that the material behaves as a paramagnet over a wide
range of temperatures T~80-350 K. The material also exhibits a canted ferrimagnetic structural
transition between 30 and 70 K. We also report evidence for increased frustration and lowered
correlation length in N doped compounds compared to the parent NiCr,0,. The present study on N
doping effects on the structure and magnetic properties of this NiCr,0, is expected to be useful for
tailoring the ferric phase transitions through substitutions.
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1. Introduction

Ni** (with 3d® configuration) are found in the tetrahedral
sites’’. The tetrahedral crystal field around Ni** (3d8) in the
cubic phase results in fully occupied low energy e levels and
triply degenerate t, levels, rendering this structure potentially
unstable. Consequently, a cooperative lattice distortion — from
cubic to tetragonal symmetry - lifts the orbital degeneracy in
NiCr,0, at 310K™. This tetrahedral distortion results in the
elongation of NiO, tetrahedra and c/a > 1. NiCr,04 shows the
occurrence of two magnetic transitions - T and T,
corresponding to the onset of a ferrimagnetic (longitudinal)
component and an antiferromagnetic (transverse)
componentB. By using neutron scattering, Ishibashi and
Yasumi have confirmed a further structural distortion from
tetragonal symmetry to orthorhombic symmetry at 65 K,
which is correlated with the onset of ferrimagnetic ordering“’

Nickel chromite (NiCr,0,) is a normal spinel and a common
mineral in Earth’s mantle and crust™?. It is commonly used for
catalytic applicationsg'6 and gas sensors’. It is also a well
known magnetodielectric material that was first reported by
Mufti et al®. The spinel NiCr,0, exhibits interesting structural-
magnetic correlation” . In the cubic structure, crt (with 343
configuration) preferentially occupies the octahedral sites
because of the strong crystal field stabilization of the half filled
non-degenerate t,, orbitals and empty e, orbitals, while the
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. At lower temperatures, the NiCr,0, exhibits a canted
magnetic structure in which the ferromagnetic component and
the antiferromagnetic (AF) component forms is consistent with
long-range order below Ts=31 K. A distortion within the
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orthorhombic structure takes place at the same temperature,
where anomalies in magnetic susceptibility and heat capacity
are found'® . The investigation of temperature and magnetic
field dependence of dielectric properties reveals a new
anomaly at 20 K, corresponding to the completion of structural
and magnetic order®.

Considering the rich structural chemistry of NiCr,O, a lot of
research efforts are ongoing to do with tailoring the phase
transitions. Most of the work has been focused on
modifications of cation composition, through doping of cu®® 19,
Cozo'zz, Mg23, Fe24, etc. into the NiCr,0, lattice. In effect these
studies explore the effect of the transition metal cations with
different numbers of d electrons on observed structural
distortions and the magnetic transition temperatures. A less
explored approach is to investigate impact of anion
composition on the structural transitions in NiCr,0,. Morris et
al. reported that NiCr,S, and NiCr,Se, both have the Cr3S,
structure™. It is relevant to note that the Cr3S,(12/m) system
does not have a spinel structure, and that is is not
antiferromagnetically ordered at low temperatures. In fact in
this system, the order moments are reduced from spin only
values, due to the appreciable covalency of the metal-sulfur
bonds®®. Hence the impacts of anion doping in an oxide
material such as NiCr,0, is certainly interesting.
Transition-metal oxides can be transformed into oxynitrides by
reacting with ammonia at elevated temperatures. From the
structural point of view, oxynitrides often show the same
structural type as the parent oxides for moderate
substitutional rates. Furthermore partial replacenent of
oxygen with nitrogen is readily obtained via amnonolysi527'29.
The anionic substitution of divalent oxygen for trivalent
nitrogen additionally induces a change in the oxidation state of
the transition metals involved. This oftentimes yields insulating
materials as a consequence of strong perturbation of the
periodic potential at the anion substructure and due to the
increased covalency in the materials since N is less
electronegative than o*.

A number of theoretical and experimental studies have
focused on the electronic properties and electronic band gaps
of the oxynitrides with spinel structure. Several studies have
been carried out regarding ternary nitrides and oxynitrides31 in
an effort to tailor the desirable mechanical and electronic
properties associated with spinel oxynitrides. Research has
expanded further into spinel-type oxynitrides in an effort to
engineer the band gap value by varying the N:O ratio.
However, the highly reducing atmosphere during thermal
ammonolysis hardly permits middle-to-late transition metals
to form oxynitrides without being reduced to elemental metals
or metal nitrides. For this reason, the highest content of
nitrogen reported in materials with spinel crystal structures is
rather low.

In this study, we first doped N in the lattice of NiCr,0, spinel
by ammonolysis of the precursor oxides under favourable
conditions. Subsequently we employed X-ray powder
diffraction (XRD), magnetic susceptibility, X-ray photoelectron
spectra (XPS) and heat capacity (C,) measurements to
investigate the structural and magnetic transitions in N doped
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NiCr,0,. We find this spinel exhibiting interesting physical
properties: the Jahn-Teller (JT) distortion temperature
decreases with increasing N concentration. In addition, the
magnetic structure and magnetic interaction are also affected
by the N doping.

2. Experimental details
Materials

NiCr,0, is prepared by a solid state reaction of a stoichiometric
mixture of powders of NiO (99.99%, Aldrich) and Cr,0;
(99.99%, Aldrich). The powders are ground together and
heated for 24 h in air at a temperature of 1473 K with
intermediate regrindings. 0.2 — 0.3 g of these samples are
placed in an alumina boat. The boat is then placed in a silica
tube which has air tight stainless steel end caps; these caps
have welded valves and connections to input and output gas
lines. All gases used are purified to remove trace amounts of
oxygen or water using pellet copper, nickel, palladium and
platinum with zeolites as support. The silica tube is then
placed in a split tube furnace and the appropriate connections
to gas sources are made. Argon gas is passed over the sample
for 15 min to expel air before establishing a flow of ammonia
gas (anhydrous, Air Gas). The NiCr,0, is heated at the reaction
conditions as summarized in Table 1. After treatment for the
specified period, the furnace power is turned off and the
product is cooled to room temperature for ~ 4 h under
ammonia flow conditions. Before the silica tube is taken out of
the split tube furnace, argon gas is flowed through the silica
tube to expel the ammonia gas. The samples treated at 773 K
and 873 K are represented as N500 and N600, respectively.

Characterization

Finely ground powders are examined with a Rigaku Ultima VI
powder X-ray diffractometer (PXRD) with monochromatic
CuKy,; radiation (A = 1.5406 A). Crystal structures of the oxide
and the resulting nitride are confirmed by PXRD profiles using
the GSAS package. Scanning electron microscopy (SEM) is
performed with a LEO-1550 field emission SEM (FSEM). The dc-
magnetic susceptibility is measured with a Physical Property
Measurement System (PPMS) over the 4-350 K temperature
range. Magnetization isotherms are measured at selected
temperatures in the magnetic field range from -4T to +4T.
Thermal gravimetric analyses (TGA) are performed with a
SETSYS 16/18 (SETARAM) in a temperature range of 300 - 1273
K. The heat capacity measurement is performed using a
Physical Property Measurement System (PPMS) in the
temperature range from (1.9 to 400) K, and the measurement
uncertainties are verified to be +3% below 20 K and +1% from
(20 to 400) K*? The detailed heat capacity measurement
procedure can be found in the related work reported by Shi et
al. 3 The binding energy of the surface Ni, Cr, O, N species
are determined by X-ray photoelectron spectra (XPS) with an
ESCALAB250 X-ray photoelectron spectrometer using
contaminated C as internal standard (C1s=284.6 eV)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 PXRD patterns for NiCr,0,: N500 and N600. T stands for
tetrahedral phase and C stands for cubic phase of NiCr,0,.
* stands for CrN.
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The XRD patterns for the NiCr,O, and the ammonolyzed
products can be seen in fig. 1. The X-ray diffraction profile is
fitted to confirm the phase purity of the NiCr,O, products as
shown in Figure S1. The as prepared NiCr,0, has a tetragonal
structure in space group l41/amdz with refined lattice
parameters a=5.8319(2) A and c=8.4433(2) A (ref: Table 1). The
ammonolysis product of NiCr,0, at 873 K has a cubic structure
in the space group Fd-3mz with lattice parameters a =
8.3181(2) A. The ammonolysis product of NiCr,0, at 773 K is a
mixture of two phases, containing mainly cubic phase.
Presence of tetragonal NiCr,O, in N500 is indicated by the
small shoulder peak at ~37 degrees in PXRD pattern. The
slightly larger lattice parameters and volume for the oxynitride
is due to the ionic radius of N* (1.46/f\) being greater than the
ionic radius of 02'(1.38 /5\)34. Ammonolysis treatment of the
NiCr,O0, at higher temperature (>873 K) results in
decomposition to NiCrO; and CrN. Both as-prepared and
ammonolysis products of NiCr,0, have similar average
crystalline domain sizes of ~76 nm, calculated from PXRD
refinements. These results agreed well with results obtained
from electron micrography. The precise location of the
nitrogen atoms of the oxynitrides cannot be obtained by XRD
due to the similar X-ray scattering factors of N* and O%. Hence
measurement of neutron diffraction is needed; this will be
pursued in future.

SEM images are used to observe the surface morphology of
the products given in Figure S2. This figure confirms that the
powder sample is contains large particle of size ~70-400 nm.
The ammonolyzed samples are designated as NiCrO44Njy3.
The nitrogen contents are analyzed by converting NiCr,0,4.
«Nay/3 back to NiCr,04 using TG in air flow as shown in Figure
S3. The calculated average compositions are NiCr,03 ggNg 1 and

This journal is © The Royal Society of Chemistry 20xx
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NiCr,0355Ng 30 for products ammonolysed at 773 and 873 K,
respectively.

Table 1: Refined lattice parameters and calculated domain size of
NiCr,0, and its ammonolysis products.

Formula NiCr204 NiCrZO3_68N0_21 NiCr203_55N0_30
Formula weight 226.68 224.50 223.69
Crystal system Tetrahedral = Cubic Cubic
Space group 141/amd Fd-3m Fd-3m
a/lA 5.8319(1) 8.3181(2) 8.3184(1)
c/A 8.4433(1) - -
v/ A 287.17(1) 575.53(1) 575.60(1)
Pealca/kgm™  5.243 5.232 5.232

R 0.0462 0.0455 0.0410
WHp
R, 0.0274 0.0263 0.0249

77 78 66

Domain sizecyeq

Fig. 2 (a-d) presents the O 1s, N 1s, Cr 2p and Ni 2p core level
X-ray photoelectron spectra(XPS) of N500 respectively. Each
spectrum is fitted by a least squares method using Gaussian-
Lorentzian envelopes. The surface stoichiometry of the sample
calculated from the XPS data is N(3.73%), 0(64.86%),
Ni(10.98%), Cr(20.43%). As seen, the surface stoichiometry of
the sample is close to the bulk of the sample; surface oxygen
concentration however is quite different. The O 1s spectra are
fitted with an 0% component at 529.9eV along with additional
peaks with binding energy (BE) at 530.9 eV and 531.9 eV. The
most prominent peak at 529.9 eV corresponds to the lattice
02', while the peak at 530.9 eV is assigned to the defect states
within the crystal.35'33 The additional peak at 531.9 eV is
associated with the O present in Cr-N-O or Ni-N-O bonds.*

A
20000 - o 1S
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£ z
£ £
g g
§ 10000 - ]
£ =
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535 534 533 532 531 530 529 528 410 408 400 395 390
Binding energy (eV) Binding Energy (eV)
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Fig. 2 The O 1s (A), N 1s (B), Ni2p (C) and Cr 2p(D) XPS spectra
for N500.
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In Figure 2(a), the N 1s features show only one asymmetric
peak with a binding energy (BE) of 395-402 eV. On
deconvolution, it can be seen that the broad peak consists of
three different peaks at ~396.2, 397.7 and 399.2 eV
respectively. The main peak with the binding energies of 397.7
eV is assigned to Cr-N or Ni-N speciesm’ 41; this suggests that
nitrogen substitutes for oxygen in the spinel matrix. The peak
with binding energy at ~¥396.2 eV is indicative of a N* species“’
3 and confirms the presence of oxynitride species with lower
binding energy“. Interestingly the BE observed here for N> is
lower than that for NiN** or CrN(396.3 - 397.1 eV)* *’; this
suggests greater charge transfer to the nitrogen in NiCr,0,,
when compared to the pure nitrides. However there could be
a contribution from oxygen vacancy formation induced by N
doping as well*®, The peak at 399.2eV is attributed to nitrogen
in the interstitial sites, where nitrogen has mixed Cr-O-N or O-
Cr-N (Ni-O-N, O-Ni-N) environment. In this state, N atoms are
bonded to one or more lattice oxygen ions*”* and therefore
are in a relatively positive oxidation state®®. From literature, 18
2 the values of BE for the Ni 2p level and of the satellite shift
AE permit identification of the Ni ions; they are divalent in
tetrahedral environments. The Cr 2p spectra of the sample has
a multiplet shape that is typical for cr’t ions®t. The
incorporation of nitrogen into lattice results in Cr-N or Ni-N
bonds, which is supported by the lower BE of Ni 2p and Cr 2p
in N doped NiCr,0,4. Marginal decrease in BE of Cr and Ni are
reasonable since addition of N reduces the overall ionic
character of the compounds, increasing the electron density
around cations. Hence, in Fig. 2 (c) and (d), the negative shifts
are observed in Cr 2p and Ni 2p binding energies. The peak of
Cr 2p is close to 576.0 eV which corresponds to Cr®*. Hence it is
difficult to prove the existence of Cr** ions because of the
small difference between the obtained value of binding energy
and that of Cr**. Therefore it is very likely that Cr ions exist in
mixed oxidation states (i.e 3" as well as 2*) in N doped NiCr,0,.

To investigate the magnetic and structural evolution of
the NiCr,0, samples during the ammonolysis process in
thermodynamics, the heat capacities of the NiCr,0, and N
doped samples are measured using the PPMS in the
temperature range from (1.9 to 400) K. The experimental heat
capacities are plotted against the temperature and compared
with the reported values from Klemme et al*’ (Fig. 3). It can be
seen from the figure that the heat capacity of the as-prepared
NiCr,0, are in agreement with published values revealing
three thermal anomalies at around 310 K, 66 K and 29 K,
respectively. Based on the previous magnetic and structure
studiesl3, the thermal anomaly appearing at 310 K (the first
transition) has been attributed to a cooperative Jahn-Teller
distortion lifting the orbital degeneracy in NiCr,0,, resulting in
a structural transition from cubic to tetragonal. The other two
anomalies at 66 K (the second transition) and 29 K (the third
transition) have been accounted for by a longitudinal and a
transverse antiferromagnetic ordering, respectively. As for the
nitride samples; with increase in N content, the first and third
transitions move to lower temperatures, while the second one
moves to higher temperatures. The lattice heat capacities of
these samples have been estimated by fitting the experimental
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Fig. 3 Plot of heat capacities of NiCr,0, (measured by
Klemme et al.'” and in this work), N500 and N600 as a function
of temperature over the temperature ranges: (a) from (1.9 to
400) K, (b) from (250 to 340) K, (c) from (60 to 75) and (d) from
(1.9 to 40).

heat capacities in the corresponding temperature windows to
a combination of Debye and Einstein functions, and the fitting
equation can be expressed by

Co,m=m-D(Op/T)+n-E(Of 1/T)+nE(O ,/T) (1)

where D(Op/T), E(Of;/T) and E(Of,/T) are Debye, low and high
temperature Einstein functions, respectively. m, ny, n,, ©p, O¢;
and O, are adjustable parameters; the sum of (m + n; + n,) is
approximately equal to the number of atoms in the
molecule®®™*. The fitting parameters from Eq. (1) are listed in
Table S1. The heat excess heat capacities due to the three
transitions have been calculated by subtracting the estimated
lattice heat capacities from the total, and the results are
shown in Figure S4. Consequently, the starting, ending and
peak temperatures and the entropy changes related to the
three transitions have been determined in Table S2 based on
the excess heat capacities.

As can be seen from Figure S4(a), the peak temperature
of the first transition moves to the lower temperatures with
increase in N concentration. Also, the transition entropy
decreases from 1.14 J-K'mol™ to 0.59 J-K'mol* as the N
anions concentration increases from NiCr,0, to N600. This
indicates that the Jahn-Teller distortion effect on the structural
transition has been suppressed in these samples. The second
transition due to the paramagnetic to ferrimagnetic ordering
only has a slight influence on transition temperatures and
entropies, suggesting that the doped N hardly affects the
magnetic ordering. However, as for the third transition related
to the antiferromagnetic ordering, the peak temperature
moves from 29 K to 24.3 K, and the transition entropy changes

This journal is © The Royal Society of Chemistry 20xx
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to almost half the amount, decreasing from 2.53 J-K'mol™ to
1.30 J-K'mol™. This suggests that the doped N is likely to
produce a significant effect on the thermodynamic behaviour
of the third transition.

The heat capacity of a substance can be generally

expressed as a sum of contributions from various modes
related to the lattice, electronic, magnetic and others. Each of
these contributions may be fitted to the corresponding
theoretical models which would help in elucidation of
important information about the physical properties of the
substance®. The lattice heat capacity far outweighs all other
contributions at high temperature regions (above 15-20 K).
However, at low temperatures (below 15-20 K) the lattice is
comparable to the other contributions, and therefore each of
these contributions can be extracted by fitting the total heat
capacity to theoretical models in carefully chosen temperature
regions. In order to further understand the observed specific
heat capacity trends measured for NiCr,0, and N-doped
samples, the experimental heat capacities of these compounds
below 10 K have been fitted to a theoretical function of:
Com=VT+ B3T3 + B5T5 + B7T7+ Baszae'A/T (2)
Here the linear term is usually a contribution from electrons as
well as vacancies or dislocations existing in the samples. The
odd-powers in temperature represent the lattice vibration
contribution. As for the magnetic contribution, it is
represented using the term Baszse'A/T, where B, is defined as
the antiferromagnetic constant proportional to molar volume
and the spin-wave stiffness constant. A is the magnetic spin-
wave gap written in Kelvins®>>*. The antiferromagnetic
contribution decreases in the N-doped samples, implying that
the magnetic ordering is likely reduced to some extent as the
nitrogen atoms get implanted in the lattice. Moreover the
linear term tends to increase as we go from NiCr,0, to N600,
suggesting that the increasing nitrogen doping does result in
increasing vacancy concentrations. The values relevant to the
specific heat capacity measurements are listed in Table S3. It
can be seen from the results that the antiferromagnetic
contribution does exist in the heat capacities. This further
confirms the presence of antiferromagnetic ordering.

Fig. 4(a-c) shows the temperature dependence of
susceptibility in NiCr,0, and N doped samples, as measured
after field cooling; a magnetic fields up to 1000 Oe is applied
for getting the data. The observed magnetic data is analyzed
using the equation given below below:

C
X=Xt g (3)

cw

Where C is the Curie constant, ©qy is the Curie Weiss
temperature and Xy is a temperature-independent Pauli-like
term. In Figure 4(a), as the temperature decreases, there is a
small kink at 315 K in the inverse susceptibility curve,
corresponding to the cooperative Jahn-Teller (J-T) transition
An abrupt rise in the susceptibility curve at T.=66 K

This journal is © The Royal Society of Chemistry 20xx

corresponds to the ferrimagnetic transition. Further change in
magnetic structure occurs at Ts=28 K, where another anomaly
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Fig. 4 The temperature dependence of susceptibility (Blue) and
inverse susceptibility curves (Black) for NiCr,0,4(a), N500(b) and
N600(c). The arrows indicate the J-T transitions. The insets are
the related temperature derivative of the susceptibilities, and
the peaks corresponding to the T and T respectively

in this curve is observed. These structural and magnetic
transition temperatures are in good agreement with other
reports for polycrystalline NiCr20414’56.

For the N doped samples, the J-T distortions occur at 275 K
(N500) and 268 K (N600) respectively, which become lower
than the transition temperature of pure NiCr,0,. The
ferrimagnetic ordering (T¢) occurs at 67 and 68 K, which is a
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minor increase after the N doping. In contrast to ferrimagnetic
transition, the antiferromagnetic (transverse) ordering
transition (Ts) is decreasing from 28 K to 22 K with N doping.
These transition temperatures corroborate well with the heat
capacities results. When N atoms replace O atoms, the N ions
would provide empty 2p orbitals for the formation of covalent
bonds with Ni** and cr** 7. This likely causes a reduction of the
J-T potential energy; the driving force for the J-T distortion
would hence be reduced™ *°. The decreasing of distortion
would enhance the contribution of the angular momentum
and the spin-orbit coupling, and as a result, J-T transition
temperature would further fall off®®. This in turn would
stabilizes the cubic structure and leads to the gradual decrease
in the tetragonal distortion temperature.

The Curie Weiss (CW) equation (3) is applied to fit the
paramagnetic regimes of the susceptibility before the onset of
the J-T distortion for the NiCr,0, and N doped samples. The
obtained effective moments () and CW temperatures are
listed in Table S4. The experimental value of p. is 6.43 pg for
NiCr,0,4, which is slightly larger than the expected 6.16 pg per
formula unit'®. Hence we infer that although the angular
momentum is largely quenched due to the tetragonal
distortion, there is still a small contribution of the partially
quenched orbital moments of Ni ions to the overall magnetic
moment per formula unit. For the N doped NiCr,0,, the
temperature independent Pauli term ¥, increases due to the
covalent effect. The effective moments increase with
increasing N content from 7.64 pg to 8.04 pg. This further
corroborates the hypothesis that unquenched orbital
moments of Ni*" in the tetrahedral sites of the cubic structure
make an important contribution to the magnetic moment®’.
Magnetic  contributions may also come from the
impurity/dopant atomsez, as well as the oxygen vacancies®.

The CW temperature of NiCr,0, is -489 K, while N600 present
even larger CW temperatures of -594 K. The exchange coupling
between magnetic ions (Ni2+ and Cr3+) is directly proportional
to CW temperature and can be expressed as:

J =40 (4)

Where A=3kg/ZS(S+1), kg is the Boltzmann constant, Z is the
number of the interactions of nearest neighbours, and S is the
total spin. The negative value of Oy indicates the presence of
antiferromagnetic or ferrimagnetic correlation interaction,
while the magnitude of Oy for the oxynitrides suggests that
the antiferromagnetic interaction is enhanced. The orbits of
tetrahedral Ni** ions and octahedral Cr** can be characterized
by eatz4 and t2g3eg1 electronic configurations respectively. It is
known that the Cr®* ion, in octahedral site with empty e, orbits
antiferromagnetically interact with Ni** in tetrahedral site, *In
fact, calculation suggests that the direct Cr-Cr exchange
constant (Jecr) could be over three times larger than the
superexchange Cr-O-Ni interaction constant®. In the NiCr,0,4
chromite, increase in CW suggests stronger B-B direct
exchange interaction among magnetic ions, which increases

6 | J. Name., 2012, 00, 1-3

with N doping level. Furthermore, the frustration index
(©cw/Tn) of N60O is 8.74, indicating that N doped samples are
the more frustrated compounds compared to the parent
NiCr,0,.

It should also be mentioned that the deviation of the reverse
susceptibility against T curve from a straight line begins below
a temperature of 176 K, 160K, and 152 K respectively. The
deviation observeed is a slow downward drop. This downward
deviation from the Curie-Weiss law indicates the onset of a
magnetic short-range interaction just above T¢. The decrease
of deviation temperature means that N doping produces a
decrease in correlation length.
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Fig. 5 Isothermal field-dependent magnetization of N500 (a)
and N600 (b) measured at 4 K, 50 K, 100 K and 320 K
respectively

To gain further insight into the magnetic properties of the
synthesized N doped NiCr,0, samples, magnetization (M) as a
function of applied magnetic field (H) is measured at different
temperatures (Figure 5). For N500 and N600, the
magnetization linearly increases with field while measured at
320 K and 100 K, and there is no magnetic hysteresis and
hence the remanence (M,) and coercivity (H¢) are practically
zero. This indicates a paramagnetic behavior. This is consistent
with the M-T plots in Figure 4. However, very clear magnetic

This journal is © The Royal Society of Chemistry 20xx
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Table Il: The magnetic parameters of NiCr,0,, N500 and N600

Published on 21 November 2016. Downloaded by Freie Universitaet Berlin on 21/11/2016 12:07:45.

Sample C Ocw J\Y e %o Tg Tn Mg He
(emu*K/mol) (K) (uB) (emu /mol*Oe) (K) (K) (pB) (Oe)
NiCr,0, 5.18 -486 6.43 0.00008 28 66 0.300 83000
N500 7.30 -456 7.64 0.00084 23 67 0.30 12500
N600 8.08 -594 8.04 0.00188 22 68 0.28 15000

hysteresis loops appear at 50 K with He, M, and spontaneous
magnetization (M) values listed in Table Il. The area under
hysteresis increases with significant increase in coercivity (H.).
We observe higher H¢ of 14 kOe for N600 compared with 8.3
kOe for NiCr2041°. The larger coercive field indicates presence
of ferromagnetic long-range order and stronger magnetic
anisotropy which may be caused by the spin-orbit interaction.
At 50 K, the magnetization readily increases at low field and
then linearly increases up to 40 kOe without showing any
saturation for both N doped samples.

When temperature goes down to 4 K, the isotherm M(H) still
did not exhibit saturation, and the spontaneous magnetization
of N doped NiCr,0, is estimated to be 0.2 pg per formula unit.
Considering the fact that Hc¢ is found to be less than 15 kOe,
we suggest that this linear contribution signals a non-collinear
spins arrangement of the NiCr,0, ferrimagnet. As is stated in
references®® ¢, in non-collinear configuration the applied
magnetic field exerts a torque that could change the angles
between the canted magnetic moments. Hence the
magnetization is expected to increase linearly with the
magnetic field in this temperature regime. Since the magnetic
moment of the tetrahedral sublattices in NiCr,O, is greater in
magnitude than that of the octahedral sublattice (MA>MB)68,
and the magnetic structure consists of longitudinal and
transverse magnetic sublattices with slight canting of spinsl3.
This suggests that when N is incorporated in the lattice,
crystalline anisotropy and magnetostrictive effects associated
with spin-orbit coupling have increased the noncollinearity of
tetrahedral sbulattice spins. This decreases the noncollinearity
of octahedral sublattices®®. Hence the magnetic ordering in
NiCr,0, and the N doped samples is strongly coupled to
structure. Further investigations are required to obtain greater
clarity regarding correlations between magnetic and structural
changes in this interesting material.

Conclusions

This journal is © The Royal Society of Chemistry 20xx

The N doped NiCr,0, has been synthesized successfully by
nitridation of the solid NiCr,0, oxides at 773 K(N500) and 873
K (N600) respectively. The incorporation of N into the lattice
has been confirmed using XRD and XPS measurements. The
susceptibility and heat capacity based investigations indicate
that structural and magnetic properties undergo significant
changes upon N doping. Pure NiCr,0, exists in tetragonal
structure, however N500 and N600 contains cubic phase at
room temperature. The temperature of cooperative Jahn-
Teller distortion decreases with increase in N content. This
observation is related to change in nature of bonding brought
about by introduction on N into the lattice. The ferrimagnetic
ordering temperature (T¢) of the material exhibits a minor
increase indicating that the A-B superexchange interaction is
not affected much by the N-doping due to the empty e; orbital
of Cr ions (which is present in the octahedral site). The N
doped NiCr,0, exhibits a canted ferrimagnetic structural
transition between 30 and 70 K. We also report evidence for
increased frustration and lowered correlation length with N
doping in NiCr,O4. The hitherto unexplored details of
magnetostructural coupling are likely to stimulate further
investigations on this interesting material.
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