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Room-Temperature Ferromagnetism in Ni(II)-Chromia based Core-

Shell Nanoparticles: Experiment and First Principles Calculations 

M.D. Hossain,a R.A. Mayanovic,a,† S. Dey,a,§ R. Sakidja,a and M. Benamarac 

We have synthesized bimagnetic core-shell nanoparticles containing a first-of-its-kind Ni(II)-chromia nanophase shell and a 

well-defined, epitaxial core-shell interface. Magnetic measurements reveal a substantial coercivity of the nanoparticles 

and a significant exchange bias effect between the antiferromagnetic chromia core and the ferromagnetic Ni(II)-chromia 

shell at low temperatures. The ferromagnetism and a weak exchange bias effect are found to persist to room temperature 

in the core-shell nanoparticles of ~ 57 nm average size. Our first principles Density Functional Theory (DFT) calculations 

confirm that the novel corundum-structued Ni(II)-chromia phase has an equilibrium cluster-localized ferromagnetic spin 

configuration. In addition, the DFT-based calculations show that the Ni(II)-chromia phase is a Mott-Hubbard insulator, with 

a narrowed energy band gap and increased covalent bonding due to strong hybridization between Ni 3d and O 2p levels in 

the upper portion of the valence band and within the band gap region. The antiferromagnetic, ferromagnetic and 

magnetoelectric properties of our core-shell nanoparticles make these well suited for patterned recording media and 

biomedical applications.

Introduction 

Due to their composite nature, core-shell nanoparticles (CSNs) 

offer a high degree of tunability of the magnetic and other 

physicochemical properties through the adjustment of core 

and shell size, morphology, chemical content, and structure at 

the atomic scale. In addition, their composite architecture 

often adds multifunctionality to CSNs, leading to a wide variety 

of potential applications, including in energy storage and 

harvesting, hetero- and photocatalysis, magnetic devices, 

photonics, and biomedicine.1–6 In particular, bimagnetic core-

shell nanoparticles are currently attracting considerable 

attention because their enhanced magnetic properties are 

highly promising for potential applications in magnetic random 

access memory and spintronic devices, cell separation, tissue 

engineering, drug delivery, MRI targeted-cell imaging, and 

hyperthermia.7–9 Conventional bimagnetic CSNs have a 

ferromagnetic (FM) core and an antiferromagnetic (AFM) or 

ferrimagnetic (FiM) shell whereas inverted core-shell 

nanoparticles have an AFM core and an FM or FiM shell. The 

distinct magnetic phases in the core vs the shell regions 

interact via the exchange bias effect.10–12 The inverted CSNs 

are particularly promising because their magnetic properties 

are more easily controlled, by having well-ordered AFM cores, 

resulting in magnetic structures having large coercivities, 

tunable blocking temperatures and other enhanced magnetic 

effects.13,14  

The mechanism of the exchange bias effect is better 

understood in thin films than in bimagnetic CSNs. Ohldag et 

al.15 showed that the source of the exchange bias field in 

NiO/Co, IrMn/Co, and PtMn/Co90Fe10 polycrystalline magnetic 

thin-film bilayers is due to uncompensated pinned spins at the 

interface between the AFM/FM layers. Kuch et al.16 studied 

the exchange bias effect in well-ordered, epitaxially grown 

Co/FeMn-based multilayers and determined that the 

uncompensated pinned spins responsible for the exchange 

bias field were most prevalent in thin films having small islands 

with monatomic sized steps at the AFM/FM interface. In 

bimagnetic CSNs on the other hand, the size, shape, structural 

properties, inter-particle dipolar interactions, and the quality 

of the core-shell interface appear to play a role in governing 

their exchange bias and magnetic properties.9 Experimental 

studies indicate that a low-quality, structurally disordered 

core-shell interface reduces the exchange bias in 

Fe2O3@Mn3O4
17 CSNs whereas a remarkably high exchange 

bias in Fe3-δO4@CoO18 CSNs was in part attributed to a high 

quality core-shell interface. Weak room-temperature 

ferromagnetism in CoO@Fe3O4 octahedron-shaped 

nanocrystals was attributed to strained lattice correlations 

established at the high quality interfaces of the CSNs.19 The 

role of defects and disorder (i.e., roughness) has also been 

addressed by computational means. Monte Carlo simulations 

were used to show that the presence of defects (vacancy or 

non-magnetic impurity) at the core-shell interface degrades 
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the exchange bias in FM@AMF CSNs.20 In a separate study, it 

was shown from Monte Carlo simulations that spherical 

FM@AFM CSNs with smooth core-shell interfaces have higher 

exchange bias (EB) fields than ones having considerable 

interface roughness.21 However other studies based on Monte 

Carlo simulations show that the magnitude of the exchange 

bias field is enhanced with greater interface roughness in 

FM@AFM core-shell nanoparticles.22 More recently, several 

experimental studies have reported large EB fields for their 

bimagnetic CSNs and attribute this directly to closely lattice 

matched, sharp core-shell interfaces. The enhanced EB fields 

exhibited by FM@AFM Co@CoO CSNs were demonstrated to 

be due to a well-defined, relatively defect free interface and 

close lattice parameter matching, the latter being made 

possible by the CuxO matrix surrounding the particles, 

between the core and shell.23 Similarly, a very large EB field 

(8.6 KOe) was recently attributed to the high crystallinity, close 

lattice-matching and sharpness of the interface of AFM@FiM 

Co0.3Fe0.7O@Co0.6Fe2.4O4 CSNs.24 Thus, core-shell 

nanostructures having high quality, epitaxial core-shell 

interfaces are likely required to ensure proper switching 

behavior in magnetic devices via the exchange bias effect.9 In 

addition, highly crystalline, well lattice matched and sharp 

interfaces are necessary in order to fully understand the 

complicated nature of the intrinsic exchange bias property of 

bimagnetic CSNs. 

Room-temperature ferro- or ferrimagnetism, along with the 

exchange bias effect, is an essential element of bimagnetic 

CSNs for many future applications in magnetic devices 

(spintronics, spin valves, etc.), magnetic media storage, and 

biomedical therapy and diagnostics. Remarkably, despite 

vigorous research activity in the field, the number of reports of 

synthesis of bimagnetic CSNs having room-temperature 

FM/FiM properties is quite small.25,26 One way of achieving 

room-temperature ferromagnetism/ferrimagnetism and 

sufficient exchange bias effect for therapeutic and device 

applications may be through development of novel bimagnetic 

CSNs that incorporate metastable phases. The metastable 

nanophases may provide unexpected and substantially 

enhanced magnetic properties that are not commonly 

observed in stable phases of the same materials. Additionally, 

α-Cr2O3 has well known magnetoelectric properties that hold 

considerable promise for spintronic device applications. 

Voltage-induced switching of the exchange bias field via the 

magnetoelectric effect has been demonstrated in AFM/FM 

heterostructures.27  Herein, we report on the synthesis and 

experimental characterization of α-Cr2O3@α-Ni0.58Cr1.42O2.88 

inverted CSNs, with a first-of-its-kind corundum-structured 

Ni(II)xCr2-xO3-δ metastable compound constituting the shell of 

the CSNs. In addition, first principles calculations are made of 

NixCr2-xO3, in order to better understand its magnetic and 

electronic properties. Our CSNs have a sharp, epitaxial 

interface between the AFM α-Cr2O3 core and the α-

Ni0.58Cr1.42O2.88 cluster-localized FM shell. As demonstrated by 

measurement and first principles modeling, the metastable 

Ni(II)xCr2-xO3-δ nanophase of the shell enables room-

temperature FM characteristics and exchange bias effects in 

the CSNs. 

  

Experimental Methods 
            

We have developed a nature-inspired hydrothermal 

nanophase epitaxy (HNE) method for synthesis of highly 

ordered AFM core and a FM/FiM shell Cr2O3 – based CSNs.28–30 

By imitating mineral zonation that occurs naturally under 

hydrothermal conditions,31 we are able to grow an epitaxial 

highly structurally ordered α-MxCr2-xO3-y shell (M: Co, Fe, Ni, 

Mn) covering a α-Cr2O3 nanocrystalline core to form α-

Cr2O3@α-MxCr2-xO3-y inverted CSNs. Our methodology employs 

a two-step process. First, Cr2O3 nanoparticles (NPs) were 

synthesized following the procedure outlined in Farzaneh et 

al.32  HPLC water and commercially available Cr(NO3)3∙9H2O 

(Sigma-Aldrich) were used for making a 0.2 M aqueous 

solution. The aqueous solution was subsequently mixed with 

an organic surfactant Triethanolamine (TEOA) in 1:2 molar 

ratio. The HPLC water was deoxygenated by passing dry 

nitrogen gas through it while maintaining the temperature at 

~60 °C. The solution was magnetically stirred for 1 hour and 

irradiated in a microwave oven for 5 minutes. Subsequently, 

the solution was left on top of a magnet for ~6 hours 

whereupon a dark-green colored precipitate formed at the 

bottom of the beaker. The precipitate was separated from the 

solution and then dried in air. Next, the precipitate was 

calcined in air by heating at a rate of 10 °C/min to 575 °C, 

maintained at 575 °C for 2 hours, and finally cooled to room 

temperature at 10 °C/min. The sample turned into a green-

colored fine powder after the calcination process. For shell 

overgrowth and CSN synthesis, a 0.05M solution (pH = 6.5) was 

first prepared from commercially available NiCl2 by using 

deoxygenated HPLC water. Next 0.2997g of Cr2O3 

nanoparticles (NPs) were added to the solution and sonicated 

for ~20 minutes and then loaded into a Teflon-insert 

autoclave. The nanoparticle/NiCl2 solution was hydrothermally 

treated for ~13 hours at a temperature of 210 °C.  

Subsequently, the solution was transferred to a beaker and 

placed on top of a magnet for an extended period of time to 

allow for the NPs to be fully precipitated out of solution. After 

air drying, the nanoparticle sample was calcined at 500 °C for 

~2 hours in forming gas: the heating and cooling rate were set 

at 10 °C/min.  

 
The X-ray diffraction (XRD) analysis of the nanoparticles was 

made using the Bruker D8 Discover powder diffractometer 

having the characteristic x-ray radiation CuKα (λ = 1.54184 Å). 
The instrument was operated at 40 kV and 40 mA. A Göbel 

mirror was used to focus the incident x-ray beam. A 0.6 mm 

slit was used on the incident beam and a 0.6 mm slit on the 

detector side of the diffracted beam. An overall spectrum was 

obtained from averaging of three individual spectra. Rietveld 

refinement of the XRD patterns was accomplished using the 

TOPAS software.33 Scanning electron microscopy (SEM) 

imaging and energy-dispersive x-ray (EDX) spectroscopic 

analyses of the nanoparticles were made using an FEI Quanta 
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200 instrument operating at 30.0 kV. The sample was 

dispersed on conductive carbon tape and EDX analysis was 

performed on the sample using a field emission gun (FEG). 

Transmission electron microscopy (TEM) samples were 

prepared by dispersing the α-Cr2O3@α-Ni0.58Cr1.42O2.88 CSNs in 

hexane followed by submerging the lacey carbon grid in the 

hexane-nanoparticle solution and subsequently drying the 

sample. TEM analysis was performed at the University of 

Arkansas Nano-Bio Materials Characterization Facility using a 

Titan 80-300 with the field emission gun operated at 300 keV. 

The simulated selected area electron diffraction (SAED) 

patterns were generated from the TEM images using the fast 

Fourier transform (FFT) algorithm within imageJ.34 The x-ray 

photoelectron spectroscopy (XPS) analysis was made using an 

Al K-alpha source with a characteristic energy of 1486.6 eV. 

The Ag 3d5/2 peak (FWHM = 0.36 eV) was used for calibration 

of the source and analyzer. A Thermo Scientific Alpha 110 

hemispherical analyzer with a pass energy of 25 eV was 

utilized for collection of the XPS spectra. The CasaXPS 2.3.16 

software was used for analysis and peak fitting of the XPS 

spectra. Shirley and Tougaard background types were used for 

XPS peak fitting within the CasaXPS software package. The 

Gaussian-Lorentzian product GL(30) functions were used in the 

fitting of the peak line shapes. The magnetic measurements 

were made using a SQUID magnetometer from Quantum 

Design (MPMS/XL) used from a temperature range of 5K-330K 

and in a field of ± 5 kOe. A quantity of 40 mg of sample was 

placed in a gelatin capsule, which was positioned within the 

SQUID and inside the low temperature vessel of the 

instrument for the magnetic measurements. The field cooling 

for the magnetic hysteresis curve measurements was 

accomplished starting from 330 K to below the Néel 

temperature of the sample in a field of 20,000 Oe. In the case 

of field cooled (FC) magnetization measurements vs 

temperature, the sample was cooled in a field of 500 Oe 

starting from 330 K. Additional experimental procedures are 

provided in the Electronic Supplementary Information. 

 

Calculation Methods 
 

The first principles calculations were made using the Local Spin 

Density approximation method35 (LSDA) implemented in 

Quantum Espresso.36 A rhombohedral primitive unit cell37 with 

a space group R cH (ICSD 173470)  was used in the initial self-

consistent field calculation of Cr2O3. To find the equilibrium 

ground state and the corresponding magnetic configuration of 

α-Cr2O3, the FM, AFM and nonmagnetic (NM) systems were 

considered. The +-+- alignment along the z-axis AFM spin 

configuration (out of several possibilities, such as ++--, +--+, 

etc.) calculation converged to the lowest energy. The 

Monkhorst-Pack scheme38 based on the 4x4x4 k-point grid was 

employed for Brillouin-zone integral calculations. The plane 

wave and augmentation charge cutoff energies were set at 30 

and 300 Ry, respectively: Energy convergence was obtained at 

a value of 0.097961 μeV, as a result of fixing the atomic energy 

convergence to 1x10-8 eV. The density of states (DOS) were 

obtained for the relaxed structure by using the tetrahedron 

method with an 8x8x8 k-point grid mesh. For spin polarization 

calculations, LSDA+U, where U is the Coulomb repulsion 

parameter, and local exchange interaction (J) were used in 

order to obtain results more consistent with experimentally 

derived values. The values of the U and J were adopted from a 

previous first principles calculation study of chromia.39 For 

calculations of Ni-substituted α-Cr2O3, either α-NiCr3O6 in the 

1x1x1 cell or α-Ni2Cr6O12 in the 1x1x2 supercell, the U and J 

values were adopted from Cococcioni et. el.40 and Perdew-

Zunger41, where exchange-correlational, non-relativistic norm 

conserving pseudopotentials were used for all the atoms. 

Calculations of the 1x1x1 cell and 1x1x2 supercell were made 

in the charged (i.e., Ni(II)) state, where a homogeneous 

background charge was incorporated in the charged state 

calculations prior to optimization of the structure. The α-

NixCr2-xO3 structures were   relaxed for energy minimization 

and the relaxed structural parameters were used in 

subsequent calculations. The relaxed structural parameters 

were obtained until all the forces were less than 1x10-3 eV/a.u. 

The electron localization function42,43 images were generated 

by using the visualization software Vesta.44  

  

Results and Discussion 
 

SEM and TEM images shown in Figs. S1 and S2 of the Electronic 

Supplementary Information (ESI), respectively, indicate that 

the majority of the nanoparticles (NPs) manifest in quasi-

spherical or nanocrystalline morphology with an average 

particle size of ~57(3) nm. Fig. 1 shows the results from high 

resolution TEM (HRTEM) imagery and structural analysis of our 

CSNs. As shown in Fig. 1a), well-defined crystal planes and 

core-shell architecture are clearly visible in the HRTEM image 

of a select CSN. The well-defined fast Fourier transforms (FFTs) 

shown in Figs. 1b) and c) indicate the high crystallinity of both 

the core and shell regions, respectively. Fig. 1g) shows a close-

up view of a portion of the core-shell interface. A slight 

discontinuity and change in contrast are observed (Figs. 1a) 

and g)) approximately 5 nm from the surface, delineating the 

shell from the core region of the CSN. Although well defined, 

some structural defects such as dislocations, vacancies and 

stacking faults are observed in the core-shell interface. Line-

profile TEM energy dispersive spectroscopy (TEM- EDS) shown 

in Fig. 1f) clearly shows that whereas Cr and O are uniformly 

distributed throughout, Ni is predominantly distributed in the 

shell region of the CSNs. The nanoparticle size of 57(2) 

determined using analysis of the XRD data shown in Fig. 2, 

using either the Scherrer equation or Rietveld refinement 

(integral breadth method), is in excellent agreement with the 

TEM and SEM analyses. Fig. 2a) shows the XRD data of the Ni-

chromia CSNs. The corundum structure having the space group 

R cH (ICSD#173470) was used for both the core and shell 

contributions. The Rietveld refinement of the core-shell 

structure was accomplished with a weight profile R-factor (Rwp) 

value of 2.44; refinement of the same experimental data 

without considering a core-shell structure to the nanoparticles 

resulted in a significantly poorer fit with an Rwp value of 3.22 

(this fit is shown in the inset of the Fig. 2 a)). 
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The structural results obtained from the Rietveld refinement 

are provided in Table S1 of the ESI. The Rietveld refinement of 

the XRD data along with the HRTEM analyses are fully 

consistent with the corundum R c structure being persistent 

throughout the core and shell of the CSNs; this combined with 

the HRTEM image analysis indicates continuity of the crystal 

planes across the interface between the two regions. Our XRD 

and HRTEM results indicate that Ni is incorporated 

substitutionally for Cr in the CSNs. Figs. 2b), c) and d) show the 

fitting analysis of the high resolution XPS Cr2p3/2, O1s, Ni2p3/2 

peaks, respectively. The O1s peak is composed of 3 

deconvoluted peaks, at 530.34 eV and 528.9 eV due to the Cr-

O and Ni-O bonding, respectively, and one at 530.97 eV 

corresponding to the Cr-OH and Ni-OH bonding in the CSNs. 

The overall Cr2p3/2 peak has two contributions: The multiplet 

splitting phenomena gives rise to a broadened peak, where 

the peak positions represent Cr-O bonding consistent with the 

+3-oxidation state of Cr; the secondary peak at 577.04 eV is 

due to Cr-OH bonding. Fitting of the high resolution XPS Ni 

2p3/2 peak at 853.42 eV indicates Ni-O bonding with Ni in the 

+2-oxidation state in the CSNs; a Ni-OH bonding component is 

evidenced by the peak at 854.95 eV. The details of the high-

resolution XPS analyses are provided in Table S2 in the ESI. 

Elemental analyses made from XPS (see Table S3 and further 

details provided in the ESI) and from the Rietveld refinement 

of the XRD data using methods outlined in our previous 

reports,28,30 indicate that the nanophase compound of the 

shell has an approximate formula given by Ni0.58Cr1.42O2.88. A 

small sub-stoichiometry with respect to oxygen content is 

expected, in order to maintain charge balance upon 

substitution of Ni2+ for the Cr3+ ion in the shell region of the 

CSNs. The authors are aware of only one study reporting on 

the preparation of Ni(II)-doped (to ~ 4 mol%) Cr2O3 NPs.45 This 

study reports that attempts at synthesis of Ni(II)-doped Cr2O3 

NPs having greater Ni concentrations resulted in precipitation 

of a NiCr2O4 spinel NP phase, consistent with solid solution 

studies of the bulk NiO-Cr2O3 system.46 Thus, our α-Cr2O3@α- 

 

Fig. 1(a). An HRTEM image showing the core-shell structure of a α-Cr2O3@α-Ni0.58Cr1.42O2.88 nanoparticle; (b) FFT of the core and the (c) FFT of the 
shell of the CSN; several atomic planes and corresponding d-spacings between the planes in the (d) shell the same atomic planes (as in shell) and 
corresponding d-spacings between the planes in the (e) core; (f) TEM-EDX elemental line profile of two side-by-side nanoparticles; (g) a close-up 
view showing a few dislocations that are evident at the core-shell interface. 

 

Fig. 2(a). XRD data (black line) measured from the α-Cr2O3@α-

Ni0.58Cr1.42O2.88 CSNs at ambient conditions and the Rietveld 

refinement of the data (red line). The individual contributions 

from the α-Cr2O3 core (blue line) and the α-Ni0.58Cr1.42O2.88 shell 

(green line) are shown in the figure. The inset shows the Rietveld 

refinement fit using only one structure without considering 

distinct core and shell contributions. Very minor amounts of a 

NiO phase (marked with *) and an unknown impurity phase 

(marked #) are present in the sample. b) High resolution XPS 

data measured from the α-Cr2O3@α-Ni0.58Cr1.42O2.88 CSNs (black 

line), the overall fit to the data (red line) and the contributions 

to each peak (lines in various colours) for the (b) Cr 2p3/2, (c) O 

1s, and (d) Ni 2p3/2 peaks. 
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Ni0.58Cr1.42O2.88 CSNs contain a shell composed of a metastable, 

corundum-structured nickel-chromia nanophase compound 

that has been synthesized for the first time. The metastable 

nickel-chromia nanophase is made possible by the epitaxial 

growth of the shell of the CSNs.  
Fig. 3a) shows zero field cooled (ZFC) and field cooled (FC) 

magnetic hysteresis measurements made at 5 K and in the -5 

to +5 KOe applied magnetic field (H) range. The FC 

magnetization (M) vs applied magnetic field hysteresis loop is 

shifted vertically along the magnetization axis and in the 

negative field direction with respect to the ZFC loop, due to 

the exchange bias effect evident in the CSNs. This is consistent 

with the magnetic hysteresis loop behavior exhibited by 

inverted CSNs. The value of the exchange bias field, as defined 

using HE = |(H++H-)|/2,47–49 where H+ and H- are the coercive 

field FC values for ascending and descending hysteresis curves, 

respectively, is ~100 Oe at 5K. This is consistent with an 

interaction between a FM shell and an AFM core of the CSNs.14  

Indeed, magnetic measurements of our α-Cr2O3 NPs prior to 

synthesis of CSNs show that these exhibit solely AFM 

properties (see Fig. S5 in the ESI for further details). Fig. 3b) 

shows the magnetization with respect to temperature 

measured from 5 to 330 K in the ZFC and FC condition. The 

Néel temperature (TN) of the AFM α-Cr2O3 core of our 

nanoparticles, as determined from the kink in that region of 

the ZFC curve, is found to be 308 K (see also inverse 

susceptibility data shown in Fig. S6 of the ESI). An additional 

kink observed near 27 K may be due to a spin order-disorder 

transition. This value is slightly higher than the reported value 

of 302 K for Cr2O3 nanoparticles (50-70 nm dia.)50 and same as 

the value reported for bulk Cr2O3.50  The relatively large value 

of the coercivity HC = |(H+-H-)|/2 = 533 Oe at 5K is consistent 

for both the ZFC and FC hysteresis loops. The measured HC 

values were found to be essentially the same for both the ZFC 

and FC hysteresis curves throughout the measured 

temperature range for our CSNs. This is contrasted with the 

results for FeO-Fe3O4
51 and MnO-Mn3O4

52 CSNs, showing that 

the HC values are significantly enhanced for the FC curves, for 

which these results were attributed to their strong uniaxial 

anisotropy. Thus, our results are consistent with a relatively 

weak uniaxial anisotropy in our CSNs. The ZFC and FC M vs T 

curves start to deviate from one another at a bifurcation 

temperature of 311 K. The blocking temperature TB of the CSNs 

is 102 K, as identified by the maximum in the ZFC 

magnetization curve. This blocking temperature coincides with 

superparamagnetic behavior and is due to the FM property (as 

will be established below) of the Ni0.58Cr1.42O2.88 shell of the 

CSNs. Because this is the first study to report on a novel 

metastable NixCr2-xO3-δ phase, there are no previous data to 

compare on the superparamagnetic properties of its 

nanostructures. Nevertheless, our value is quite reasonable 

when compared to TB values reported for CoO-core-based 

CSNs having CoxFe3-xO4 FiM shells.24 This indicates that the 

effective anisotropy constant K (TB ∝ KV, where V is the shell 

volume) of the FM shell is sufficiently large to result in the 

observed superparamagnetic properties for our CSNs.  

Fig. 3c) shows the dependence of HC and HE on temperature in 

the 5 to 330 K range. Both the HC and HE vs temperature data 

were fitted using a double-exponential decay function. The 

first significant feature shown in Fig. 3c) is the persistence of 

the coercivity of the CSNs above room temperature, i.e., HC = 

82(3) Oe at 330 K. This indicates that the FM properties persist 

beyond room temperature and that the Curie temperature (TC) 

of the CSNs lies beyond 330 K. The second significant feature 

shown in the same figure is the persistence of a weak 

exchange bias field at room temperature (see Fig. S7 in the ESI 

 

Fig. 3(a). Hysteresis curves measured from α-Cr2O3@α-

Ni0.58Cr1.42O2.88 CSNs at 5 K in the zero-field cooled (ZFC) and 

field cooled (FC) condition at 20 kOe. The inset shows the shift 

between the FC and ZFC hysteresis curves due to the exchange 

bias effect near zero applied field. (b) The ZFC and FC 

magnetization as a function of temperature measured from the 

CSNs at 500 Oe. The inset shows the data in the vicinity of the 

bifurcation temperature (311 K). (c) The temperature 

dependence of the coercivity (HC) and the exchange bias (HE) 

fields, as determined from the hysteresis curves measured from 

the CSNs at different temperatures. 
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for hysteresis curve measurements made at various 

temperatures). Clearly, the temperature-dependent behavior 

of the core, specifically the transition from the AFM to the 

paramagnetic state at TN, strongly affects the exchange bias 

effect in the CSNs. Although not shown on Fig. 3(c), our 

measurements show that HE is 0 Oe at 330 K. Thus, the 

transition from the AFM to the paramagnetic state of the 

Cr2O3 core causes a de-pinning of any remaining pinned 

uncompensated spins at the core-shell interface leading to a 

complete quenching of the exchange bias effect in our CSNs. 

Although obviously highly desirable for practical applications, 

reports of nanoparticle-based materials having both room-

temperature FM/FiM and exchange bias properties are 

extremely rare: To our knowledge, there is only one other 

report of this nature for Co@CoO core-shell nanocrystals.26 

Gonzalez et al.23 have demonstrated that the blocking of the 

exchange bias field of their Co@CoO CSNs, which is attributed 

to the average anisotropy of the CoO component, is extended 

farthest in temperature for shells having the highest 

crystallinity. It is plausible that the persistence of HE to near 

room temperature is similarly attributable to the high 

crystallinity of the NixCr2-xO3-δ shell of our CSNs. The inverted 

nature of our CSNs should allow for a high degree of tunability 

of their magnetic properties (i.e., TB, HE, HC, and TC) through 

adjustment of core vs shell size, shell composition, and 

morphology. Such tunable properties are important for 

practical applications, such as in spintronics, spin valve, and 

magnetic random-access memory, where switching between 

hard (FM) and soft (AFM) characteristics is critical for the 

operation of the device. 

We have made DFT-based calculations in order to determine 

the magnetic and electronic properties of the metastable α-

NixCr2-xO3 phase contained in the shell of our CSNs. In Fig. 4 we 

show the electronic DOS and partial density of states (pDOS; of 

the cations) calculated for chromia (α-Cr2O3) and Ni(II)-

substituted chromia (α-Ni(II)Cr3O6). The Ni substitution was 

made in the Cr3 site in the1x1x1 rhombohedral primitive unit 

cell (see Fig. 5). Substitution with Ni for one Cr in the cell is 

roughly consistent with the Ni content in the Ni-chromia 

nanophase compound of the shell in the CSNs. The band gap 

energy value for α-Ni(II)Cr3O6 was determined from our 

calculations to be 2.55 eV, as defined by the gap between Cr-

Ni majority-spin 3d t2g sub-band contribution to the overall 

valence band (VB) and O 2p levels in the conduction band (CB) 

(see Fig. 4 and Fig. S9 in the ESI ).53 UV-Vis absorption 

measurements yield an optical band gap value of 2.5(1) eV for 

our α-Cr2O3@α-Ni(II)0.58Cr1.42O2.88 CSNs (see Fig. S8 in the ESI), 

which is in excellent agreement with our calculations. Thus, we 

observe a band gap energy narrowing for α-Ni(II)Cr3O6 in 

comparison to either our calculated value of 3.15 eV or with 

the experimentally determined values  ranging from 3.2 to 3.4 

eV for α-Cr2O3.54–56 Despite the narrowing, the energy band 

gap is sufficiently large so that our CSNs are adequately 

insulating for switchable magnetic device applications. As seen 

in Fig. 4d), there is a significant impurity-like energy level 3d eg 

contribution predominantly from Ni3, with minor 

contributions from Cr1, Cr2 and Cr4, to a DOS projection in the 

middle region of the band gap. The impurity energy levels 

(IELs), which stem from hybridization of predominantly 

delocalized Ni 3d states with O 2p states, can enable acceptor- 

and donor-like optical transitions.  

As shown in Figs. 4a) and b), our self-consistent field 

calculations yield exactly opposing majority (spin up) and 

minority (spin down) spin state DOS contributions with a 

magnetic moment value of 3.11 μB for each Cr, which is slightly 

higher than the experimental value of 2.76 μB,57 in the AFM α-

Cr2O3. Conversely, as shown in Figs. 4c) and d), our calculations 

show that Ni substitution creates an imbalance in the 3d 

contribution to the spin state DOS, yielding an overall net 

magnetic moment of 2.96 µB in α-Ni(II)Cr3O6. Furthermore, the 

spin polarization calculations show that the Ni spin is flipped in 

orientation with respect to that of the original Cr atom and has 

a magnetic moment value of +0.12 µB (see Table S4 in the ESI). 

The marked reduction in the magnitude of the magnetic 

moment of Ni, in comparison to previously determined 

theoretical values of 1.64 µB in metallic nickel particles58 and 

1.9 µB in MnxNi1-xO,59 is attributed to strong hybridization 

(within the VB and inter band gap states) of the Ni 3d levels 

and O 2p levels of the surrounding oxygen atoms. Formally, in 

the high spin state (in octahedral coordination), Ni2+ has 6 

paired electrons in the 3d t2g levels and 2 unpaired electrons in 

the 3d eg levels. In the case of α-Ni(II)Cr3O6, the electrons in 

the Ni2+ 3d eg levels near the top of the VB are paired, as 

evidenced in the near cancelation of the spin-up and spin-

down Ni eg-contributions to the pDOS (see Fig. 4 and Fig. S10 

in the ESI). The strong hybridization of the VB Ni 3d levels and 

O 2p levels is consistent with our Bader charge analysis60,61 of 

α-NiCr3O6 (relative to its full ionic state) when compared to 

that of α-Cr2O3. Upon substitution of Ni(II) we find 

considerably reduced localization of charge on Ni(+0.55e; e ≈ 

1.6 x 10-19 C) than on Cr sites (~+2.5e) and a reduction in 

charge on O sites by 0.08 to 0.27e compared to the values in 

α-Cr2O3 (see Table S5 in the ESI). The reduced ionic charge of 

Fig. 4(a). The DOS (shaded portions show contributions from 

Cr3 3d orbitals) and (b) the partial density of states (pDOS) for 

Cr 3d orbitals as determined from DFT-based calculations for 

chromia, and (c) the DOS of Ni(II)-substituted chromia (shaded 

portions show contributions from Ni3 3d orbitals) and d) the 

pDOS for Ni and Cr 3d orbitals. The Fermi level is indicated by 

the vertical dashed line. 
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the O atoms indicates charge transfer from the O 2p to the 

shared cation-anion orbitals. Additionally, we have used 

electron localization function (ELF) analysis,42,43 which provides 

a measure of electron redistribution surrounding the core or 

nucleus of the individual atoms. Figs. 5a) and b) show the ELF 

plots for α-Cr2O3 and α-Ni(II)Cr3O6 projected along the ( 35) 

plane, respectively. This plane was chosen to provide an 

optimal projection of the cation-oxygen-cation ~90-degree 

bonding arrangements, in the hexagonal unit cell shown in Fig. 

5d). The ELF plots show that the electron densities of the Cr 

and O atoms have nominal overlap and commensurate 

(partial) Cr – O covalent bonding in α-Cr2O3 but significantly 

greater Ni – O (e.g., O1 and O3) electron density overlap and 

more substantial Ni – O covalent bonding in α-Ni(II)Cr3O6.   

As shown in Fig. 5d), the equilibrium spin configuration that 

emerges from our calculations for α-Ni(II)Cr3O6 is one in which 

the Ni and Cr spins are aligned parallel to one another within 

the (0001) buckled honeycomb (BH) planes, i.e., the Ni3 spin 

flips with respect to the original orientation of the Cr3 spin in 

chromia. Our calculations show that the overall magnetic 

moment results predominantly from the majority spin (3d t2g) 

state contribution due to Cr1, whereas the moments due to 

Cr2 and Cr4 cancel one another: The small moment on the Ni3 

site adds to that of the one on the Cr1 site. The increased 

covalency of the Ni – O bond compared to that of the Cr – O 

bond is consistent with the reduced magnetic moment on the 

substitutional Ni(II) ion in α-Ni(II)Cr3O6. Thus, our calculations 

correctly predict the FM property of our CSNs. Interestingly, 

our calculations of α-Ni(III)0.5Cr1.5O3 (i.e., Ni3+ substitution), 

that will be published in the near future, predict a weaker 

overall magnetization effect but better suitability for spintronic 

device applications because of its half-metallic characteristics. 

In order to test different Ni site occupancies and influence of 

varying proximity of Ni(II) ions on the magnetic properties of a 

Ni(II)-chromia compound, first principles calculations have 

been carried out on a 20 atom 1x1x2 supercell containing α- 

Ni(II)2Cr6O12 (i.e. a doubling of the primitive unit cell; see Fig. 

S11 in the ESI). Several variations of starting positions and 

initial spin orientations were attempted, in order to determine 

the equilibrium spin structure, energy and overall magnetic 

moment of α-Ni2Cr6O12. One of the most interesting cases 

occurs for Ni occupation within the (1114) planes but in 

alternate BH planes; another case is for “farthest-removed” Ni 

occupation but within the same BH plane. The equilibrium spin 

configuration confirms parallel Ni-Cr spin coupling in the BH 

plane and a net magnetization moment of ~5.9 µB in the 1x1x2 

cell (See Table S6, Case-5, in the ESI). The model that emerges 

from the calculations that test the more random Ni 

substitution in Ni(II)-chromia is one of FM clusters centered 

upon Ni sites embedded within an AFM matrix: In some cases, 

such as close proximity of Ni’s in the same BH plan, the 

moments cancel whereas in other cases, such as Ni occupation 

in complementary site occupation in adjoining BH planes, the 

moments add to give an overall FM value. Thus, our 

calculations demonstrate that Ni2+ substitution for Cr3+ results 

in a localized FM spin configuration within a corundum 

structured α-Ni0.58Cr1.42O2.88 shell of our CSNs. Both the 1x1x2 

supercell and the 1x1x1 primitive cell calculations show that 

the cation 3d states, particularly those stemming from Ni, 

dominate over the O 2p states near the top of the VB and at 

the bottom of the CB in the DOS of Ni(II)-chromia. Thus, based 

on our calculations, the Ni(II)-chromia compound is a Mott-

Hubbard insulator. 

As shown above, our calculations demonstrate that localized 

FM ordering in our CSNs is only predicated upon substitution 

of Ni(II) for Cr(III) in the corundum structure and the resultant 

electronic density of states. Nevertheless, it needs to be borne 

in mind that the DFT-based calculations do not take into 

account potentially significant nano-scale effects of our CSNs. 

These include surface and/or interface spin disorder12 (e.g., 

spin glass layers) and spin anisotropy effects present on 

nanostructures. Our DFT-based calculations also do not take 

into account the finite size effects of core-shell nanoparticles. 

A more effective method to account for the finite size of CSNs, 

including for the EB effect, is by use of Cr2O3/NixCr2-xO3 slab 

DFT-based calculations, where the top NixCr2-xO3 layer of the 

slab is terminated by vacuum. These calculations are beyond 

the scope of the present work but are presently underway and 

Fig. 5. ELF contour diagram plots projected over the ( 35)  

plane in the hexagonal unit cell of (a) α-Cr2O3 and (b) α-

Ni(II)Cr3O6 : the 0.12, 0.24, and 0.36 isosurface contours are 

shown. (c) The 1x1x1 primitive rhombohedral unit cell used in 

the ab initio calculations for α-Cr2O3 and for α-Ni(II)Cr3O6; the 

atomic positions used in the calculations are labeled as shown. 

(d) A hexagonal unit cell showing Ni substitution for Cr and the 

resultant equilibrium FM ordering within the buckled 

honeycomb (BH) (0001) planes. 
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will be reported on in the future. In addition, the F-center 

exchange (FCE) coupling,62 which occurs by interaction of Ni2+-

VO-Ni2+, where VO is the oxygen vacancy, may potentially play a 

role in establishing the FM properties of our CSNs. Our recent 

DFT-based calculations show that an oxygen vacancy has a 

significant effect on the redistribution of the electronic charge 

and consequently on the localized spin configuration of the 

cations in its immediate vicinity in Fe(II)-chromia.63 However, 

further calculations are required in order to fully explore 

potential FCE coupling in α-NixCr2-xO3-y and related phases for a 

range of x values. All of the effects described above have been 

invoked as potential mechanisms that result in FM/FiM 

properties and thereby play a direct role in exchange coupling 

of inverted CSNs.  

After subtracting the AFM α-Cr2O3 contribution (see ref. 63), 

the FC saturation magnetization (Ms) obtained from the M(H) 

hysteresis data measured at 5 K is 0.53 emu/g for our CSNs. 

Using this Ms value, we estimate the average net magnetic 

moment per atomic formula unit (afu) to be 0.28 µB/afu. Our 

DFT calculations show that for equivalent Ni content, the 

magnetic moment is 1.88 µB/afu for isolated Ni site occupation 

(from the 1x1x1 calculation) whereas the average magnetic 

moment is 0.723 µB/afu for proximal FM Ni-Ni pairing (from 

the results shown for cases 5 and 6 in Table S6 of the ESI). 

Some of the contributing factors for the discrepancy between 

the calculated and the experimental magnetic moment per afu 

values are canted spins occurring at the surface and interface 

regions, defects (e.g., cation vacancies, misfit dislocations, 

etc.), and proximal AFM Ni-Ni pairing (cases 1 – 4 in Table S6 of 

the ESI) occurring in the shell regions of the CSNs. In addition, 

it is likely that magnetic domains are formed within the CSNs 

owing to the size of the shell, leading to further reduction in 

their overall magnetization at low temperatures. 

The competition between the interface spin-spin coupling 

strength vs the AFM anisotropy of the core has a direct bearing 

on the magnetic properties exhibited by nanostructured 

materials.12 If the interface spin-spin coupling strength 

dominates, a strong AFM-FM or AFM-FiM exchange coupling 

ensues causing in turn a significant enhancement of the 

effective anisotropy and results in an increase of HC. If, on the 

other hand, the AFM anisotropy dominates, the torque 

required for reversal of the magnetization increases resulting 

in enhanced HE values. Our estimates for the AFM anisotropy 

energy (given by 25kBTB; kB is the Boltzmann constant) and 

exchange AFM-FM energy (given by HEVMs) are 3.5 x 10-13 erg 

and 1.2 x 10-15 erg, respectively.12 Thus, the AFM anisotropy is 

dominant in our CSNs. This is consistent with our results 

showing that TB occurs below TN. Superparamagnetic blocking 

below TN has been attributed previously to be due to finite size 

effects of the AFM portion of bimagnetic CSNs (see reference 

12 and references therein). Thus, we infer that the AFM 

anisotropy of the Cr2O3 core is insufficient in pinning all of the 

uncompensated spins at the core-shell interface of our CSNs 

due to thermal fluctuations that occur beyond the blocking 

temperature TB.  

Furthermore, estimates of HE and HC based on the results from 

our DFT calculations, where we assume a reasonable statistical 

distribution of isolated and proximal Ni-cation substitution and 

contributions from pinned uncompensated spins at the core-

shell interface to HE, yields values of approximately 54 and 461 

Oe, respectively. Although the value for HC is fairly reasonable, 

the value for HE calculated from theory is clearly considerably 

lower than the experimental value measured at 5K, suggesting 

that additional effects may contribute to the EB effect. It is 

plausible that defects in spin structure, such as spin canting or 

spin disorder in the core-shell interface region, and finite size 

effects provide additional mechanisms that enhance the 

magnetic properties of the CSNs, particularly the EB effect. As 

we have discussed previously for our α-Cr2O3@α-FexCr2-xO3-δ 

CSNs,63 the spin disorder in the core-shell interface region may 

provide additional pinned uncompensated spins and give rise 

to a perpendicularly-coupled anisotropy (at the core-shell 

interface) that enhances the magnetic properties of our Ni-

chromia based CSNs. Although direct evidence for such an 

effect in CSNs has not been reported so far to our knowledge, 

Lottini et al.24 have recently alluded to a perpendicular inter-

coupling to explain the results from magnetic measurements 

of their Co0.3Fe0.7O@Co0.6Fe2.4O4 CSNs. Low-temperature 

neutron diffraction measurements may help to resolve some 

of the details of the spin structure of our CSNs. 

Due to its non-equilibrium nature, the HNE method enables 

growth of a shell containing a first-of-its-kind metastable Ni(II)-

chromia nanophase compound over a chromia core resulting 

in epitaxial CSNs. Whereas synthesis of bimagnetic CSNs from 

structurally incompatible materials (for epitaxy) typically 

results in low quality core-shell interfaces, our method enables 

growth of shells of metastable nanophases on nanoparticle 

cores having high quality interfaces and epitaxially grown 

shells.28–30 In agreement with the recent reports of substantial 

EB effects in other core-shell nanostructures,23,24 we infer that 

the epitaxial nature and relatively defect-free core-shell 

interfaces are responsible for the persistence of the exchange 

bias effect in our α-Cr2O3@α-NixCr2-xO3-δ CSNs to room 

temperatures. The high-quality interfaces make possible 

systematic studies of how the shape, size, and intra-particle 

dipolar interactions (e.g., by NP isolation in a suitable matrix) 

affect the EB and magnetic properties of our chromia-based 

CSNs. Finally, we note that due to the incorporation of Ni2+ 

ions and the resulting oxygen vacancy formation on the 

surface, our α-Cr2O3@α-NixCr2-xO3-δ CSNs should be suitable 

for tailored, multifunctional applications (e.g., magnetic, 

photocatalysis, heterogeneous catalysis, gas sensing, etc.). In 

particular, due to the energy band gap narrowing, IEL 

formation and cation d-level contribution to the bottom of the 

conduction band, our CSNs may have suitable semiconductor 

properties that are favorable for catalysis involving oxidation 

reactions. Further studies are required in order to fully test 

this hypothesis. 

 

Conclusions 

We have successfully synthesized novel α-Cr2O3@α-
Ni0.58Cr1.42O2.88 inverted core-shell nanoparticles using our 
hydrothermal nanophase epitaxy (HNE) method. HR-TEM and 
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XPS analysis of the core-shell nanoparticles indicates a α-Cr2O3 
core with an average size of 57(3) nm and ~ 5 nm thick α-
Ni0.58Cr1.42O2.88 shell; the XPS shows that Ni is in the +2-
oxidation state within the shell. HR-TEM and XRD analyses 
indicate that the core-to-shell corundum structure of the 
nanoparticle is continuous (i.e., epitaxial registry) and a 
relatively sharp, defect-free core-shell interface. The SQUID 
magnetometry measurements confirm the inverted nature of 
our core-shell nanoparticles having enhanced magnetic 
properties (e.g., large coercivity of 533 Oe and an exchange 
bias of 96 Oe at 5 K). Our magnetic measurements show that 
the FM ordering and a weak exchange bias field persist to 
room temperatures in our CSNs. Our first principles DFT-based 
calculations confirm the equilibrium localized FM spin 
configuration of the shell. Furthermore, our calculations show 
that the cation-oxygen bonding environment in the immediate 
vicinity of the substituted Ni has increased covalency, due to 
the strong Ni 3d – O 2p hybridization in the upper valence 
band and band gap regions of the electronic energy band 
structure. The calculations show that Ni(II)-chromia is a Mott-
Hubbard insulator. The structural selectivity exhibited by our 
HNE method should be useful for synthesis of target-specific, 
metastable nanomaterials having enhanced properties (e.g., 
superconducting, electronic, optical, etc. properties). 
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