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ARTICLE INFO ABSTRACT

In the present investigation, we report the structural, vibrational, electronic and magnetic properties of
Mng 5Zng sCr.04 nanoparticles fabricated by the solution combustion method and complemented by Density
Functional theory (DFT) calculations. X-ray diffraction (XRD), Neutron diffraction, X-ray photoelectron spec-
troscopy and Raman analysis confirms the formation of single-phase with spinel cubic structure. The average
crystallite size was found to be 8 nm. The theoretical calculations suggest that Zn-doping on the MnCr,04 matrix
induces a unit cell contraction associated with structural distortions along both [AO4] (A = Mn, Zn) and [CrOg]
clusters, in agreement with the experimental evidence. These structural distortions contribute to narrowing the
band-gap of MngsZngsCry04 from disturbed energy levels in the vicinity of Fermi level. Field dependent
magnetization confirms that the samples exhibit paramagnetic nature at 300 K and antiferromagnetic nature at
3 K. In the theoretical context, the exchange coupling constant for pure and Zn?* substituted MnCr,0, materials
were calculated confirming the dominant antiferromagnetic character of Cr-Cr interactions. The temperature
dependent susceptibility reveals that the magnetic transition from paramagnetic phase to antiferromagnetic
phase occurs at 19 K (Ty). The spin frustration factor of Mng sZng sCryO4 is found to be 22 K. Hence, our
experimental and theoretical result suggests that synthesized materials are useful for low and high frequency
applications.
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1. Introduction

Spinel chromite nanoparticles have recently attracted remarkable
interest due to their superior magnetic properties, showing great po-
tential for technological applications as a solar absorber, gas sensors,
dye substrate for film growth, drug delivery system, power transfor-
mers, data storage media, telecommunication systems, random access
memories and radar absorbing points [1-5].

In ACr,0,4 nanoparticles having spinel structure, the A*>* ions oc-
cupy the tetrahedral site while Cr®* ions are in the center of six-fold
octahedral site. The magnetic interaction for this class of materials
along the A- and Cr-lattices can induce intriguing magnetic properties
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[6,7]. In chromite spinels with magnetic A-site cations, such as
NiCr,0,4, FeCr,04 and CoCr,0, spinels, collinear ferrimagnetic phase at
Curie temperatures (T.) can be found in the range of 70-100 K. In
addition, FeCr,04 and CoCr,0, exhibit both spiral magnetic and ferri-
magnetic ordering [7-9]. Furthermore, MnCr,0O4 is a representative
member of spinel chromites which displays a long-range ferrimagnetic
spin order (T. = 41-52 K) accompanied by transition into a short-range
spiral spin order at Ts = 14-20 K [10].

On the other hand, chromite spinels with non-magnetic A-site atoms
such as MgCr,04, ZnCr,04 and CdCr,0,4 are geometrically-frustrated
antiferromagnets below Neel’s temperature (Ty) of 12.7 K, 12.5 K, 8 K,
respectively [5]. In this case, the frustration occurs from the unsatisfied
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antiferromagnetic spin arrangement along the Cr sublattice. However,
some nanoparticles can present paramagnetic behavior, as reported by
Mousavi et al. who synthesized ZnCr,O, nanoparticles with para-
magnetic behavior, although bulk ZnCr,0, is antiferromagnetic, which
was attributed to the finite size effects [11].

Therefore, the A-site cations play a fundamental role for tuning the
main properties of spinel chromites [12-16]. Mixed composition con-
taining both magnetic and non-magnetic A-site cations showed inter-
esting magnetic, electronic and optical properties. In particular, Zn-
modified MnCr,0, spinels has attracted remarkable interest due to the
intriguing magnetic properties [14-16]. However, understanding
magnetic evolution and its molecular structure fingerprints remains
unclear.

Innumerous synthesis methods are available for preparing spinel
chromite materials such as the sol-gel method, solid state reaction,
sonochemical, coprecipitation, citrate gel combustion, solution com-
bustion and the precursor thermolysis method [3,4]. Among all the
methods, the solution combustion method is very effective and suitable
to prepare spinel chromate nanoparticles with good control of stoi-
chiometry and purity. The solution combustion method was introduced
by Patil [17]. This method is very easy, less time consuming, energy
efficient, and requires very low temperature to form single phase ma-
terials. In the solution combustion method, the physicochemical prop-
erties of a product such as particle size, crystallinity, composition,
purity, surface area, morphology, degree and nature of the aggregate
can be influenced by fuel type [13,17].

In this context, the present work aims to report the structural,
electronic, vibrational, and magnetic properties of Zn®* substituted
MnCr,04 nanoparticles obtained by the solution combustion method
using a mixture of urea and glucose as fuels. Theoretical calculations
were conducted to determine the magnetic interactions for this material
for the first time, confirming the dominant role of Cr sublattice inter-
action. A detailed discussion about the magnetic evolution based on the
disorder effect induced by the substitution of Mn®* ions by non-mag-
netic Zn2" ones in Mng sZngsCr,0,4 nanoparticles is also presented,
unveiling the intriguing magnetic properties.

2. Experimental details
2.1. Metal nitrates (oxidizers) and reducing agents (fuels)

For the synthesis of Mng s5Zng sCro04 nanoparticles we used man-
ganese nitrate [Mn(NO3),4H,0] (Sigma-Aldrich, Purity 99.0%), mo-
lecular weight 251.01 g/mol; zinc nitrate [Zn(NOs3)>6H,0] (Sigma-
Aldrich, Purity = 98.0%), molecular weight 297.48 g/mol; Chromium
nitrate [Cr(NO3),9H,0] (LOBA CHEMI, Purity 97.0%), molecular
weight 485.07 g/mol; and reducing agents were glucose [CgH;206]
(Glucomin — D, Purity 99.4%), molecular weight 180.156 g/mol; and
urea [NH,CONH,] (Fisher Scientific, Purity 99.0%), molecular weight
60.06 g/mol.

2.2. Solution combustion method

Zn?" substituted MnCr,04 nanoparticles were prepared by the so-
lution combustion method using metal nitrates and a mixture of (re-
ducing agents) NH,CONH, (urea) and C¢H;204 (glucose) as fuels. The
ratio of oxidizers and fuels in the solution combustion method is
maintained to unity [18]. The stoichiometry amount of all metal ni-
trates and fuels are weighed and added into the beaker one by one. All
these weighed metal nitrates and fuels are diluted with distilled water
and then mixed by using a magnetic stirrer for about 45 min at a speed
of 1200 revolution per minute to obtain a homogeneous solution. This
homogeneous solution was kept inside a preheated muffle furnace at
450 °C. This solution is first heated, boiled, frothed and subsequently
ignited. This process will be completed within 20 min, obtaining
powder nanoparticles. The obtained powder nanoparticles are then put
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Fig. 1. Flow chart of the solution combustion method for synthesis of Zn?*
substituted MnCr,0, nanoparticles.

into an agate mortar and pestle to obtain fine powder. Fig. 1 shows the
flow chart of the solution combustion method for synthesis of Zn?*
substituted MnCr,0,4 nanoparticles.

2.3. Characterizations

The synthesized sample was characterized by X-Ray Diffractometric
technique (XRD) and the diffractogram was obtained at 26 in the range
from 10° to 80° under a step size of 0.02°, which is done by using Cu-K,
radiation of wavelength (\) of 1.5404 A. The XRD data was fitted by
using full proof software to understand the crystalline nature and
structure. The Neutron Powder Diffraction (NPD) measurement was
carried out with finely grained powder of the Zn?% substituted
MnCr;0, sample packed in a vanadium container at room temperature,
which was done by using a focusing crystal-based powder dif-
fractometer at a wavelength of 1.48 A at room temperature, at the UGC-
DAE Consortium for Scientific Research beam line (PD-3) at the Dhruva
reactor in Trombay, India. The NPD diffractogram was obtained at 26 in
the range of 6-119° at the step size of 0.037".

The elemental composition of the Zn?* substituted MnCr,04 was
analyzed through X-ray photoelectron spectroscopy (XPS) analysis
conducted in a Vacuum Generator (VG) ESCALABMKII spectrometer
upgraded AlK, source fitted with a XR4 twin anode. This source was
operated at 1486.6 eV energy with 300 W power. Raman spectrum was
obtained by using Laser confocal Raman spectrometer in the wave-
number range from 100 to 800 cm ! to study the vibrational modes.
The field dependent and temperature dependent susceptibility were
performed using a 7 Tesla SQUID magnetometer from Quantum Design
with a temperature range going down to 1.8 K and magnetic field
measured up to + 90 kOe.

2.4. Computational details

Quantum-mechanical calculations in the framework of the Density
Functional Theory (DFT) were carried out using the B3LYP exchange
correlation functional implemented in CRYSTAL17 code [19-21] in
order to obtain theoretical insight into the structural, magnetic and
electronic properties of Zn®* substituted MnCr,0, oxide. Thus, pure
MnCr,0,4 was modelled in a normal spinel configuration considering
the primitive unit cell of cubic symmetry (Fd-3m) containing two
MnCr,0, units (14-atoms). Aiming to represent the crystalline structure
of the 50 mol % Zn?" substituted MnCr,0.,, Mng sZng sCr,O4, a con-
ventional cubic unit cell containing four MnCr,0,4 units (56-atoms) was
used, where half of the Mn?™ sites were substituted by Zn?* cations, as
depicted in Fig. 2. Both atomic positions and unit cell parameters were
relaxed in both cases as a function of the system’s total energy. The
convergence criteria for mono and bielectronic integrals were both
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Fig. 2. Conventional unit cell for (a) MnCr,04 and (b) Mng sZng 5Cr.04 materials. The purple, gray, blue and red balls correspond to Mn, Zn, Cr and O atoms,
respectively. The gray, purple and blue polyhedral correspond to [ZnO,4], [MnO,4] and [CrOg] clusters, respectively.

were set to 10~ 8 Hartree, while the RMS gradient, RMS displacement,
maximum gradient and maximum displacement were set to 3 x 104,
1.2 x 1073, 4.5 x 10~ *and 1.8 x 102 a.u,, respectively. Regarding
the density matrix diagonalization, the reciprocal space net was de-
scribed by a dense mesh consisting of a shrinking factor set to
8 x 8 x 8, corresponding to 29 k-points in accordance with the
Monkhorst-Pack method [22]. The accuracy in evaluating the Coulomb
and exchange series was controlled by five thresholds for which the
adopted values are 1078, 1078, 1078 1078 and 107 '®. Zn, Mn, Cr
were described by all-electron 86-411d41G basis set in all calculations,
and the O atoms were described by 8-411G* [23-25].

The magnetic properties of pure and Zn®* substituted MnCr,0,
materials were investigated considering a set of four collinear models
described as: (i) ferromagnetic model (FEM), where the spins for all
neighbors are parallel ordered; (ii) ferrimagnetic-1 model (FIM-1), for
which the spins of Cr-site are parallel to each other, but antiparallel
ordered to Mn; (iii) ferrimagnetic-2 model (FIM-2), where each spin of
Mn are antiparallel to each other, while Cr-site spins are ferromagnetic;
and (iv) ferrimagnetic-3 model (FIM-3), where each spin of Cr nearest
neighbors are antiparallel ordered to each other, while Mn-site spins are
ferromagnetic. The exchange coupling constant was computed from the
energy difference between the magnetic configurations using the Ising
model, which enables calculating the coupling constants J from the
energy difference of the magnetic states, since the unpaired electrons
are well-defined. The exchange coupling constants herein are described
by the equations: [26-28]

I_Iising - Z Jij §IZ‘/S‘;Z (1)
S = =2 5, 245154 ®

Egs. (1) and (2) involve the number of the atom neighbors i-j (Z),
the electronic spin of different species (S) and coupling constant be-
tween the species (J). The summation usually extends to first or second
atom neighbors i-j, where i and j correspond to different magnetic sites,
without double counting. This proposal can be applied to the four
models previously proposed, and the coupling constants (Jym v, Jcr-Mns
Jer-cr) for pure MnCr,04 can be calculated from the equations:

AEpmv—reM = 48 Jor—mnScrSyn 3)
AErva—pem = 120c—mnScrSun + 8 vn—MnSim (©)]
AErms—rem = 12Jcr-pnScrSun + 12Jcr—cr Sé %)

Similar equations can be used for MngsZngsCroO4 material,

considering the existence of Jc.vn and Je..cr exchange coupling con-
stants. In this case, Jym.mn are not considered because of the larger Mn-
Mn distance in Zn substituted material, making the Jy,.mn coupling
constant a third-neighbor interaction. Therefore, the proposed equa-
tions in this case were:

AEpmv—reM = 96 Jor—mnScrSyn (6)

AErnas—rem = 240cr—pnScrSvn + 240cr—cr & @)

3. Results and discussion

3.1. Effect of synthesis process on the structure of Mng 5Zng 5Cr204
nanoparticles

The Rietveld refined XRD patterns of Mng 5Zng 5sCr,0,4 nanoparticles
synthesized via the solution combustion route are shown in Fig. 3. Peak
positions in the XRD data confirm the single phase having spinel cubic
structure with Fd-3m space group. The non-existence of additional
peaks in the XRD patterns clearly confirms that there is no impurity
peak. The observed XRD pattern peaks match with the JCPDS [33-892]
[29]. The lattice parameter of the Mng sZng sCr.04 was found to be
8.358 A, which is less than the reported lattice parameter of MnCr,04
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Fig. 3. X-ray diffraction patterns of the as-synthesized Mng sZng sCr,04 nano-
particles.
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Fig. 4. Neutron diffraction pattern of the as

Mny sZng sCroO4nanoparticles.

synthesized of

nanoparticles [30]. The lattice parameter decreases after substituting
the 50 mol % Zn?* due to the difference in ionic radius between
Mn2*(0.66 A) and Zn>* (0.6 A) ions at the tetrahedral site. The crys-
tallite size and strain was calculated by using the Scherer method, being
d = kA/Bcos6 and ¢ = Bcosd/4 respectively, where k is the Scherer con-
stant, A is the wavelength of CuK,, line radiation, (3 is the full width half
maximum and 6 is the diffraction angle. The average crystallite size and
lattice strain were found to be 8 nm and 4.41 x 10~ 3% respectively.
The magnetic hopping length L, and Ly was calculated using these
equations Ly, = %, Lg = #respectively, where a is the lattice
parameter [31]. Hopping length is helpful to identify the distance be-
tween the magnetic ions in the tetrahedral and octahedral sites. The
hopping lengths were found to be Ly = 3.618 A and Ly = 2.954 A. The
volume of the MngsZngysCryO, nanoparticles was found to be
583.85 AZ.

3.2. Neutron diffraction analysis

NPD patterns were measured at room temperature in order to study
the crystallinity structure along with the paramagnetic structure. Fig. 4
shows the Rietveld refinement neutron diffraction patterns of
Mny 5Zng 5Cr,04 nanoparticles. The R factors for cubic structure were
obtained from the Rietveld refined neutron diffraction analysis as Bragg
R-factor = 2.405, Rg-factor = 1.742, Rp-factor = 22.0, Ryp-
factor = 16.9, Rgxp-factor = 12.55, and goodness of fit xz = 1.81.
These R-factors are good enough to show the fit precision. It can clearly
be seen from the neutron diffraction pattern that all peaks match well
with the spinel cubic structure [32]. The structure is characterized by
the AB,O, spinel structure, where A is the tetrahedral site and B is the
octahedral site. Tetrahedral sites here are occupied by Mn?* and sub-
stitute Zn®*, whereas the octahedral sites are occupied by Ccr®* ions,
indicating that there is no mixing of Zn>* ions at the A-sites and B-sites.
The Wyckoff position for the Mn?*/Zn?* atoms is 8a, while for Cr®™*
atoms it is 16d, and for O2~ ions it is 32e sites in the framework of the
Fd-3m space group. The lattice parameter of the Mng sZng sCr,0,4 na-
noparticles at room temperature is found to be 8.366 A. This lattice
parameter value matches well with the lattice parameter obtained from
XRD data.

3.3. XPS analysis

The obtained XPS spectra for Mng sZng sCr>O,4 nanoparticles and
each element (such as Mn2P, Zn2P, Cr2P and O1S) is presented in
Fig. 5(a-e). In all XPS spectra, a red line indicates the raw XPS spectrum
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data and a green line indicates the fitted XPS spectrum data. Fig. 5(a)
shows the complete survey spectrum of Mng sZng sCr,04 nanoparticles,
as well as the presence of each element.

The core spectra of Mn2P is shown in Fig. 5(b). The core spectra of
Mn2P indicates the peak at 653.5 eV and 641.55 eV, respectively cor-
responding to the Mn2P; » and Mn2P5,, [33]. Both peaks at binding
energies of 653.5 eV and 641.55 eV for Mn?>" were only observed in the
seed nanoparticles. The Mn2P core spectrum of MngsZng sCry04 na-
noparticles does not show any additional peak.

The core spectra of Zn2P is shown in Fig. 5(c). The core spectra of
Zn2P reveal the Zn2P3,, binding energy centered at 1021.35 eV and the
Zn2P; ,» binding energy centered at 1044.4 eV, which are the char-
acteristic values of the oxidation state of Zn?" in Mng sZng sCr.O4 na-
noparticles. These results indicate the presence of Zn?* in the surface
morphologies of MngsZngsCr,04. The binding energy difference be-
tween Zn2P;,, and Zn2P3,, is 23.05 eV for MngsZngsCr,O4 nano-
particles.

Fig. 5(d) shows the core spectrum of Cr2P, which indicates the
presence of two strong peaks related with Cr2P, ,, and Cr2P3,, binding
energies centered at 586.3 eV and 576.3 eV, respectively. The peak at
576.3 eV confirms that Cr** ions are located at octahedral sites and
exposed on the surface of the spinel samples, being considered as active
sites. The peak at 586.3 eV indicates the presence of Cr®™ ions in spinel
samples as reported by Sloczynski et al. [34], being attributed to the
presence of small percentages of Cr®* in the sample or surface oxida-
tion.

The core spectrum of O1S is shown in Fig. 5(e). The oxygen core
spectra of the asymmetric peak at 530.35 eV was attributed to the
lattice oxygen and one weak peak at 531.3 eV was attributed to su-
perficial adsorbed oxygen (hydroxyl oxygen), which are characteristic
of the oxidation of O®~ in Mng sZng sCr,0,4 nanoparticles. These ad-
sorbed oxygen peaks can be attributed to a variety of species such as
oxygen ions in a low coordination condition, surface chemisorbed
oxygen, hydroxyl and an amount of oxygen containing surface con-
tamination [35].

3.4. Raman analysis

The Raman spectra of Mng 5Zng sCr,04 nanoparticles in the range of
100-800 cm ™! is depicted in Fig. 6. This spectrum clearly shows the
existence of four bands at 172, 486, 547 and 661 cm ™~ '. According to
group theory, Mng sZng sCr,O4 is a normal spinel spectra and has five
phonon modes (A;; + Eg + 3F5,). The phonon modes can be observed
at approximately 172 cm_l(Fzg(B)), 486 cm ™! (F24(2)), 547 em ™! (Faq
(1)) and 661 cm ™! (A; ¢)- The lower frequency phonon vibrations F54(3)
greatly depend on the octahedral site of Cr®* ions and was observed at
172 ecm ™. The higher frequency phonon vibrations F2g(2) greatly de-
pends on the tetrahedral site of Mn>* and Zn?* ions, and was observed
at 486 cm ™. The peak at 547 cm ™! was attributed to the stretching
modes of Cr-O-Cr. In comparison with the Raman spectra of ZnCr,04 by
Wang et al. [36], the broad Raman band at 661 cm ™! is attributed to
the partial position disorder of the cations in the spinel structure, i.e.
the so-called antisite defect [37].

3.5. Field dependent magnetization

Fig. 7 shows the field dependent magnetization (M—H loop) of
Mng 5Zng 5Cr,04 nanoparticles at 3 K and 300 K (Room temperature).
The maximum magnetic field applied was 8.4 T. The black line shows
the M—H curve at 300 K, which clearly indicates the paramagnetic
behavior of the sample; we cannot observe any hysteresis loss at 300 K
in this loop, as the magnetization shows the linear nature with an ap-
plied magnetic field up to 8.4 T. However, the sample exhibits hyster-
esis loss in the M—H loop at 3 K. The M—H loop reveals an anti-
ferromagnetic nature of the sample with remanent magnetization of
(M,) 0.377 emu/g and saturation magnetization (M) of 3.667 emu/g
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Fig. 5. XPS of the as-synthesized of Mng sZn, sCr.O4nanoparticles for (a) wide range spectra, (b) Mn2P core spectra, (c) Zn2P core spectra, (d) Cr2P core spectra and

(e) O1S core spectra.

[38]. The coercivity field was estimated as 1578.35 Oe by using the
mean of negative coercivity (-H.) and positive coercivity (+H,.) along
the M—H loop of the field axis. The reduced remanence (S) was cal-
culated by using this equation: S = M,/M;, which was found to be
0.102. The uniaxial anisotropy (K,) was calculated by using this
equation; K, = IEC;?:S and uniaxial anisotropy was found to be
5875.94 erg/Oe. The cubic anisotropy (K.) was calculated by using this
equation: K, = "™ and cubic anisotropy was found to be
9043.45 erg/Oe, where H, is the coercivity field, M; is the saturation

magnetization and M; is the remanent magnetization.

3.6. Temperature dependent susceptibility

The temperature dependent susceptibility, (i.e., both ZFC and FC
susceptibility of MngsZngsCro0O,4 nanoparticles at 100 Oe) are pre-
sented in Fig. 8. Both the ZFC and FC curves linearly increase up to
19 K, which was attributed to the normal transition temperature. The
value of normal transition temperature (Ty) is greater than that
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reported for a ZnCr,04 bulk polycrystalline sample [39]. Fig. 8 shows a
transition from paramagnetic to antiferromagnetic phase. With further
temperature cooling, the susceptibility returns to increase the FC curve
and decrease the ZFC path up to 2 K, which may be attributed to
contributions from uncompensated surface spins of Mng sZngsCroO4
nanoparticles.

We cannot observe a ferromagnetic nature in Mng 5Zng sCr,O4 na-
noparticles due to non-magnetic Zn?* ions at the tetrahedral site. Zinc
contains chromate spinels which act as a good model of geometrically-
frustrated magnets and it highly spins frustrated magnets even in the
form of small dimensioned nanoparticles. These facts were confirmed
by the high value of Curie-Weiss temperature (6., relative to the
normal transition temperature (Ty). The paramagnetic and anti-
ferromagnetic nature can be clearly observed in our sample.

For antiferromagnetic chromites with a non-magnetic octahedral
site (A-site) atom, the effective magnetic moment (peg) and the Curie-
Weiss temperature (0.,) can be determined by fitting the observed
magnetization to the Curie-Weiss law equation: y = y,+ ﬁ, where
Xp is the temperature independent paramagnetic term which appears in
susceptibility [5]. The value of the effective magnetic moment and the
Curie-Weiss temperature are obtained by fitting the inverse of sus-
ceptibility (x ') versus temperature data above the normal transition
temperature (Fig. 9). The Curie-Weiss temperature (6.,) and effective
magnetic moment (Ll.¢ry Were found to be —428.87 K and 10.88 pp/f. u.,

55
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Fig. 9. Temperature dependent inverse susceptibility for Mng sZng sCr,O4 na-
noparticles.
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respectively. The obtained effective magnetic moment value matches
well with the theoretical effective magnetic moment (Theoretical
Lese = 9.786 up/f). The frustration factor of MngsZngsCrO4 nano-
particles is found to be 16,,|/Ty = 22.57, and this value is greater than
that for ZnCr,0,4 nanoparticles 16,/ Ty = 18 [5,40].

3.7. DFT calculations

In this section we conduct a theoretical evaluation about the effect
of Zn substituted on the structural, magnetic and electronic properties
of the MnCr,0O4 material. First, the optimized lattice parameters for
pure MnCr,0, at the B3LYP theory level (a = b = ¢ = 8.473 10\)
showed reasonable agreement with the experimental results reported in
Section 3.1. In this case, tetrahedral [MnO,4] clusters containing four
equal Mn—O bonds of 2.049 A oxygen-bridged with octahedral regular
[CrOg] clusters with six Cr—O bonds of 2.002 A describe the crystalline
structure of pure MnCr,0,4. A contraction of the unit cell was observed
(a=b=c= 8417 A) for the Zn substituted model, being in agree-
ment with the Mn®* and Zn®" ionic radii experimental evidence. Thus,
the Mn-O, Zn-O and Cr—O bond interactions were evaluated in order to
establish the connection between the local disorders generated from the
Zn substitution in the MnCr,O, matrix. The unit cell contraction is
accompanied by a shrinkage of A—O bond paths which becomes
2.003 A and 2.040 A for Zn—0 and Mn—oO, respectively. In addition,
structural disorder provoked by the Zn substitution was observed in the
[CrO¢] clusters which becomes distorted with four short Cr-O bonds of
1.987 A and two long Cr-O bond paths of 2.006 A. This fact can be
attributed to the different ionic radii of divalent Zn and Mn cations,
generating new distribution of the electron density for the substituted
material.

Let us now briefly analyze the role of Zn substitution on the ex-
change coupling constant of MnCr,04 material. First, the exchange
coupling constant for pure MnCr,O, was calculated using the Ising
model as Jypvn = —18.81 K, Jovn = —13.83 K and Jg.
o = —30.08 K, showing excellent agreement with previous theoretical
and experimental results [41-44]. In this case, all exchange coupling
constants were calculated to be antiferromagnetic, with Jc..c, being
dominant along the investigated interactions. Thus, a ferromagnetic
super-exchange mediated by oxygen p orbital is expected for this ex-
change coupling constant, following the guidelines by Goodenough-
Kanamori-Anderson [45] in a regular 90°Cr-O-Cr cluster. However, the
observed antiferromagnetic exchange coupling indicates the dominant
character involving d orbital overlapping that result in an antiparallel
interaction. On the other hand, the calculated Jc;.cr and Jym.cr inter-
actions for the Zn substitution model were —14.80 K and —30.63 K,
respectively, indicating an overall intensification of the anti-
ferromagnetic character mainly for the dominating Cr-Cr interactions.
This fact can be addressed for the local structural disorder generated
from the Zn substitution which shrinks the A—O bond interactions
followed by a Jahn-Teller distortion along the [CrOg] clusters. In ad-
dition, the calculated results indicate that a non-collinear magnetic
ground state is the most suitable representation of the long-range an-
tiferromagnetic interactions in pure and Zn substituted MnCr,0, ma-
terials due to the competing behavior of the calculated exchange cou-
pling constant [41-44].

Another point is that the experimental evidence of paramagnetic
behavior at room temperature can be associated with the spin disorder
along the exposed surfaces of pure and substituted MnCr,O4 nano-
particles, as reported for other materials [46-48]. In this case, the role
of uncompensated spins along the exposed planes were not considered
in this work, being a subject for further future studies.

Next, the electronic structure of pure and Zn substituted MnCr,04
was investigated by means of the Band Structure and Density of States
profiles, as presented in Fig. 10, considering the Neel ferromagnetic
configuration (FIM-1) which corresponds to the most stable model in
comparison to FEM. In this case, it was observed that the Valence Band
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Fig. 10. Band Structure and atom-resolved Density of States profiles for (a)
MnCr,04 and (b) Mng 5Zng 5Cry04.

(VB) for pure MnCr,0,4 (Fig. 10a) is composed of Cr and Mn (3d) or-
bitals hybridized with O (2p) states, while the Conduction Band (CB) is
mainly composed of empty states of both Mn and Cr orbitals. Regarding
the band-gap region, a direct electronic transition between I'- I' points
was calculated around 5.14 eV for the spin-beta channel, while the spin-
up shows higher energy excitation (5.21 eV between X and X), con-
firming the semiconductor behavior of MnCr,0,4. On the other hand, it
was observed that the VB for the Zn substituted material (Fig. 10b) is
mainly composed of Cr (3d) orbitals hybridized with O (2p) states, with
a minor contribution of Mn and Zn states, as well as for the CB. In
addition, the substitution of Mn by Zn induces a disturbance on the VB
maximum and CB minimum, narrowing the band-gap to 4.93 eV for the
spin-up channel between I'-I' points, whereas the band-gap for the beta-
spin channel was calculated as 5.47 eV. Such band-gap disturbance can
be addressed to the new distribution of the electron density associated
with the structural disorders generated from the substitution me-
chanism, especially for [CrOg] clusters acting on the crystal field
splitting of 3d energy levels for Cr, resulting in reduced excitation en-

ergy.
4. Conclusions

In this work, nanocrystalline Mng sZng sCr,O4 nanoparticles were
successfully synthesized via the solution combustion method for the
first time and deeply investigated by combining theoretical and ex-
perimental techniques. The XRD pattern reveals pure phase of the
synthesized sample with the average crystallite size estimated to be
8 nm. Raman spectra assign the vibration modes of the sample, which
agrees with the spinel cubic structure and the cations occupying the
respective sites in the sample. In addition, theoretical calculations
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suggest that the main role of Zn substituting on the structural properties
of MnCr,0, through a local structural distortion on the A—O (A = Mn,
Zn) and Cr—O chemical bonds shrink the unit cell volume. The room
temperature neutron diffraction study explored the origin for magnetic
structure in the sample. Field dependent magnetic measurements at
room temperature reveal the paramagnetic nature of the sample and
low temperature, i.e. measurements at 3 K reveal the existence of
hysteresis behavior, and the sample has antiferromagnetic behavior.
The possible magnetic parameters were estimated from the M-H loop
and DFT calculations for the first-neighbor exchange coupling constant.
The susceptibility of ZFC and FC curves of the sample reveals the
normal transition temperature is greater than that of the reported va-
lues of the ZnCr;0,4 in bulk regime. The frustration factor was found to
be greater than for ZnCr,O, nanoparticles. Paramagnetic to anti-
ferromagnetic phase transition was established in the present in-
vestigation of Mng 5Zng sCr,0, nanoparticles, while the computed ex-
change coupling constant indicates the dominant antiferromagnetic
character of Cr-Cr interaction. Additional electronic structure analysis
indicated a narrowed band-gap for Mng sZng sCr>04, enabling the re-
ported nanoparticles as excellent candidates to achieve lower transition
temperatures and superior electronic/optical properties.
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