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ABSTRACT: A series of bimagnetic heterostructured nanocrystals
having an antiferromagnetic NiO core and a ferrimagnetic
Mn,Ni;_,O and/or FiM Mn;0O, island nanophase overgrowth has
been synthesized under varying aqueous solution pH conditions.
The two-step self-assembly process employs a thermal decom-
position method to synthesize NiO nanoparticles, followed by
growth of the Mn,Ni; _,O and/or Mn;0, nanophase over the NiO
core using hydrothermal synthesis at pH values ranging from 2.4—
7.0. The environmentally benign hydrothermal process involves pH
control of the protonation vs hydroxylation reactions occurring at
the nanoparticle surface. TEM analysis and Rietveld refinement of
XRD data show that three distinct types of heterostructured
nanocrystals occur: NiO/Mn,Ni,_ O core—shell-like heterostruc-
tures at the pH of 2.4, mixed NiO/Mn,Ni, O and/or/Mn;0, core-overgrowth structures for 2.4 < pH < 4.5, and predominantly
NiO/Mn;0, core-island structures for pH > 4.5. The magnetic coercivity and exchange bias of the heterostructured nanocrystals
vary systematically with the pH of the aqueous solution used to synthesize the samples. The temperature-dependent magnetization
and hysteresis loop data are consistent with the nature of overlayer coverage of the NiO core. Our DFT based calculations show that
the Mn,Ni,_ O phase has ferrimagnetic properties with a stable spin orientation along the (111) orientation. Furthermore, the
calculations show that the magnetic anisotropy constant (K;) of the Mn;O, phase is considerably larger than that of the Mn,Ni;_,O
phase, which is confirmed by our experimental results. The coercivity and exchange bias field are the largest for the NiO/Mn;0,
core-island nanocrystals, synthesized at a pH value of 5.0, with robust values of nearly 6 kOe and 3 kOe, respectively. This work
demonstrates the tunability of hydrothermal deposition, and concomitant magnetic coercivity and exchange bias properties, of
Mn,Ni;_,O and/or Mn;O, nanophase overgrowth over a NiO core with pH, that makes these heterostructured nanocrystals
potentially useful for magnetic device, biomedical, and other applications.

KEYWORDS: magnetic properties, nanocrystals, hydrothermal synthesis, transmission electron microscopy, exchange bias, coercivity,
magnetocrystalline anisotropy, density functional theory

B INTRODUCTION data processing speeds, size miniaturization, and decreased
power consumption, thus making them particularly suitable for
spintronic devices.”*®” The use of an AFM component, such
as CoO, Cr,0; MnO, and NiO, in MHNC:s is particularly
advantageous because it enables the exchange bias effect spin—
spin coupling when assembled with a ferro/ferrimagnetic
(FM/FiM) component. The exchange bias effect is vital for
enabling the manipulation of the magnetic properties of
heterostructured magnetic systems.”” The interface exchange

Bimagnetic multicomponent nanoparticles, either in core—
shell, decorated, or more complex assemblies and having a
combination of antiferromagnetic and ferro/ferrimagnetic
components, have been the subject of intense investigation
due to their tunable magnetic properties. Such magnetic
heterostructured nanocrystals (MHNCs) have the potential for
use in modern-day spintronic devices, magnetic random-access
memory (MRAM) devices, drug delivery, ferrofluids, pigments,
and hyperthermia.' > The MHNCs are also used in MRI

contrast agents in place of conventional gadolinium-based Received:  February 10, 2021
contrast agents, GMR read heads in large capacity hard disk Accepted:  May 5, 2021
drives whereas their optical properties have been exploited for Published: May 17, 2021

diagnostic purposes and making organic dyes." Multiple
benefits of antiferromagnetic (AFM) based MHNCs are
evident, including having nonvolatile memories, increased
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coupling that drives the exchange bias of AFM/FM or AFM/
FiM heterostructured nanocrystal systems can be manipulated
to control the magnetic coercivity, spin-state switching times,
and to overcome the superparamagnetic limit.'”'" In systems
where the AFM magnetic anisotropy energy dominates, the
FiM layer spins are pinned toward the direction of the AFM
layer raising the magnetic anisotropy of the system through
interface exchange coupling.”*'>"® Because the magnetic
anisotropy of nanomaterials is highly dependent on the
crystalline structure, size, shape, interface quality and
composition, having the capability of tailoring such features
can be important for achieving robust ma%netic anisotropic
energies in nanoparticulate heterostructures. *~'*

Initial work in our laboratory has demonstrated that
significant coercivity and exchange bias fields are obtainable
for NiO-based and Mn incorporated MHNCs.” However, it is
not clear from this work how the nature of overgrowth and
thereby magnetic properties are controlled by the pH of the
aqueous solution used in the hydrothermal synthesis stage of
sample preparation. Proton binding on the surface of metallic
oxide nanoparticles (NPs) in an aqueous solution (ie.,
protonation) is controlled in large measure by the solution
pH (see Figure 1)."” The OH™ ion in aqueous solution is very
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Figure 1. An illustration depicting the adsorption reactions leading to
the deposition of Mn** cations on the surface of a NiO nanoparticle at
varying pH conditions; the pH conditions of the solution determine
the nature of the heterostructured Mn,Ni,O,—NiO nanocrystals
obtained during synthesis.

reactive in the presence of metal-oxide nanoparticles and reacts
with their metal species via the hydroxylation reaction forming
>MOH units, where M represents the metal ion and (>)
represents the bonds at the surface atomic layer.”® For NiO
nanoparticles, the hydroxylation reaction yields >NiOH units
which can be protonated (>NiOH+H' — >NiOH,") or
deprotonated (>NiOH — >NiO~ + H'), depending on the
pH of the aqueous medium. During the initial stages of surface
deposition, aqueous metal cations (in this case Mn?*) diffuse
through layers of water molecules surrounding the NPs and
undergo reactions to form either an inner-sphere complex via a
chemical bond (>NiOH + Mn** = >NiMnO + H"), an outer-
sphere complex via ion pairing (>NiOH + Mn*" — >NiO™—
Mn** + HY), or persist within the diffuse swarm of the water
molecule layers.”” As the Mn?* ion has to compete with H*

ions present in the solution, solution pH becomes a
determining factor for the adsorption of Mn®' ions on the
NP surface. As the pH of the solution increases, deprotonation
of the metal oxide surface increases, resulting in more sites
available for the adsorption of Mn** ions and an increase in the
surface deposition. In lieu of our general understanding of
these principles, the effect of pH on the size and shape of
nanoparticles in hydrothermal synthesis has been successfully
interpreted by others.””*” Our objective in this work is to
understand how the pH affects the Mn-bearing phase
overgrowth formation and the magnetic properties of the
MHNCs. Here, we discuss the synthesis procedures used to
prepare a series of NiO nanoparticles that have to varying
degrees a Mn,Ni;_,O and/or Mn;0, overgrowth nanophases,
synthesized at pH values ranging from 2.4—7.0. In addition, we
discuss the structural, morphological, and magnetic properties
of our NiO—Mn,Ni;,_,O—Mn;0, MHNCs. To our knowl-
edge, this is the first study demonstrating the tunability of the
magnetic properties of a bimagnetic multicomponent nano-
particle system using pH of the aqueous solution used in the
hydrothermal synthesis stage of the MHNC:s.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

The MHNCs were synthesized using a two-step process. The first
step follows the procedure described by El Kemary et al.”® and
involves the thermal decomposition of Ni(OH), to produce the NiO
precursor. First, 0.11 M of aqueous solution under hydrothermal
NiCl,-6H,0 was dissolved in absolute ethanol and then added to
NaOH and N,H,-H,O. The ratio between NiCl,-6H,0, N,H,-H,O,
and NaOH was maintained at 1:5:10. The solution was subsequently
stirred well using a magnetic stirrer and dried in an oven under an
open atmosphere for 2 h at 600 °C. The thermal decomposition was
activated during this step. The resulting NiO powder was rinsed with
deionized (DI) water and then centrifuged to remove excess water
and residue.

Next, our hydrothermal nanophase epitaxy process was used to
grow the Mn-bearing oxide phases over the NiO core.>**>® First,
MnCl,-3H,0 was added to DI water after the water was purged of O,
using N, for 15—20 min at a temperature of 70—80 °C. Eight samples
were prepared from aqueous solutions, with pH values ranging from
2.4—7.0 and adjusted by adding drops of HCI or NaOH. Next, 0.33 g
of NiO nanoparticles were added to a 0.5 M MnCl,-3H,0 aqueous
solution. After adding NiO nanoparticles to the MnCl, solution, the
mixture was stirred for 25—30 min and then placed in an autoclave.
The hydrothermal treatment of each sample was accomplished by
placing the autoclave in a furnace for 22.5 h at a temperature of 200
°C. Once the hydrothermal synthesis was complete, the product was
rinsed using DI water, centrifuged, and then dried at a temperature of
~50 °C. Table 1 lists the samples that were prepared using the
methodology described above.

XRD measurements of the samples were made using a Bruker D8
Discover diffractometer using a Cu Ka X-ray source with a
wavelength of 4 = 1.541 84 A. The diffractometer was operated at
40 kV and 40 mA with a 0.6 mm slit located on the incident X-ray
beam side. All XRD patterns were refined using TOPAS software via
the Rietveld method. TEM images of the samples were collected using
an FEI Tecnai G2 F20 X-Twin microscope at GeoForschungZentrum,
Potsdam, Germany, with the field emission gun operating at 200 keV,
and equipped with a Gatan Imaging Filter (GIF) Tridiem 863. HR
STEM images were collected with a probe-corrected Thermo Fisher

Table 1. List of MHNC Samples, Their Size, and pH Values Used in the Hydrothermal Synthesis Step of Sample Fabrication

sample Bl B2 B3
pH 24 3.0 3.5
size (nm) 29.34 29.69 28.74

24014

B4 BS B6 B7 B8
4.0 45 5.0 6.0 7.0
29.24 25.03 27.74 25.53 24.89
https://doi.org/10.1021/acsami.1c02855
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Figure 2. (a) The XRD data collected from the NiO NPs and the MHNC samples; the Rietveld refinement fitting of the XRD data collected from
(b) B1, (c) B3, (d) B6, and (e) B7. The fitting of the XRD data measured from the remaining samples is shown in the SI.

Figure 3. (a) A high-angle annular dark-field (HAADF) image of sample B1 and (b) of a few select Bl nanoparticles outlined in the rectangle in
(a); (c) a TEM-EELS Mn elemental map of the same region as in (b); (d) a HAADF image (inset) and a TEM-EELS map showing Mn
concentrated in a Mn;O, decorative island and lightly distributed on the surface of the remainder of an isolated B3 nanoparticle; (e) a HAADF
image and (f) a TEM EELS Mn elemental map of several B4 nanoparticles. TEM-EELS maps showing Mn and Ni elemental distributions on

isolated (g) B6 and (h) B7 nanoparticles.

Scientific Themis Z 3.1 microscope, operating at 300 kV, and
equipped with a GIF Continuum 1065. Additional TEM imaging and
EELS mapping was made using an FEI Titan 80—300 instrument,
located at the University of Arkansas Nano-Bio Materials Character-
ization Facility, with the field emission gun operating at 300 keV.
Magnetic data were measured using a Quantum Design Physical
Property Measurement System (PPMS). For the magnetization vs
temperature data, for both the field-cooled (FC) and zero-field-cooled
(ZFC) measurements, the samples were first cooled to S K from room
temperature. Furthermore, each sample was cooled in a field of 100
Oe for the FC measurements, whereas the magnetization data were
collected in a 100 Oe external field. Both the FC and ZFC hysteresis
curves were measured from —18 000 Oe to +18 000 Oe at different
intervals and at 5 K. The sample was cooled in a field of 20 kOe for
the FC M vs H hysteresis measurements.

Density functional theory calculations were performed using the
Vienna Ab initio Simulation Package (VASP) v5.4.1”7 wherein we
utilized Projector Augmented-Wave (PAW) pseudopotentials with
the Perdew Burke Ernzerhof (PBE) exchange correlational func-
tional.”*** The simplified (rotationally invariant) approach to the
LSDA+U, introduced by Dudarev et al. were implemented to account
for the strongly correlated d-electrons.®® The effective on-site
Coulomb interactions were set to U = 7.60 eV, whereas ] = 0 eV
was used for the on-site exchange interactions. For all calculations, the
energy cutoff was set to 520 eV and an accurate electronic

24015

convergence was achieved through setting a free energy change
between two self-consistent steps to be less than 1 X 107> eV. For
electronic structure calculations, a 4 X 4 X 4 K points grid was used
based on the Monkhrost-Pack scheme.®" In order to simulate a dilute
Mn concentration (~2.1%) in Mn,Ni;_,O, a 96 atoms supercell was
used for the electronic structure and energetics calculation. First, a
(111) type unit cell containing 8 atoms was constructed through a
matrix transformation by using VESTA 3.4.2, whereupon the
transformation was facilitated via a correct spin configuration in the
NiO supercell (2 X 3 X 2, 96 atoms) by preserving the symmetry. To
calculate the magnetocrystalline anisotropy energy of the Mn,Ni;, O
phase, a 2 X 2 X 2 supercell having 64 atoms was constructed from
the rock-salt NiO unit cell, whereas a 24-atom unit cell was utilized
for the ferrimagnetic Mn;O, phase. The magnetocrystalline
anisotropy energy (Eyag) is defined as follows:

EMAE = E[uvw] - Emin (1)
E[y is the energy of a crystal with spin orientation along the (uvw)
direction and E_;, is the energy having the most stable spin

orientation. The anisotropy constant (K;) was calculated using the
following expression:

E 202 2 2 22
— =K(a + +va
v (aB” + fy" + r'a”) @)
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Figure 4. (a) An HRTEM image of the B3 nanocrystal shown in Figure 3(d), showing topotaxial overgrowth of the Mn;0, island over the NiO
core. (b) An HRTEM image showing the core, shell, and nanoisland overgrowth on the shell of a B4 nanoparticle; (c) FFT of the NiO core region
1, (d) FFT of the Mn,Ni,_,O shell region 2, and (e) FFT of the Mn;O, island region 3; (f) FFT with the atomic planes identified of the NiO core

region 1.

Here, E/V is the anisotropy energy per unit volume, and @, f, and y
are polar coordinate parameters defined according to o = cos ® *
sind, ff = sin® * sinf, and y = cos6.

B RESULTS AND DISCUSSION

In Table 1 we list the MHNC samples used in this study along
with the pH values used during the hydrothermal synthesis
step. The Supporting Information (SI) shows low-resolution
TEM images depicting the morphology of the nanoparticles.
The majority of the nanoparticles have facets whereas the
remainder have pseudospherical morphology. Figure 2 shows
the XRD data measured from our MHNC samples. The
Scherrer equation was used along with peak fitting within
TOPAS to estimate the crystallite size of the samples from the
XRD data: These values are shown in Table 1. The size of the
NiO nanoparticles prior to hydrothermal synthesis was 23.57
nm, as determined using the same method. The XRD patterns
clearly show NiO and Mn;0, peaks, along with a limited
number of minor impurity phase peaks. The impurity peaks
were checked against all known phases involving nickel =+
manganese + oxygen, and do not coincide with these: thus, the
nature of these peaks was not confirmed. Detailed Rietveld
refinement fitting was made of the XRD data measured from
the MHNC samples: Figure 2 and the SI show the structural
results from the fitting. The Rietveld refinement fitting of the
XRD data is consistent with a Mn,Ni;_,O epitaxial shell
formation over the NiO core, with the overgrowth nanophase
having the same space group Fm3m’> as the NiO precursor
nanoparticles. This is supported by the transmission electron
microscope—electron energy loss spectroscopy (TEM-EELS)
maps shown in Figure 3 that display diffuse and uniform Mn
distributions on B1, B3, and B4 nanocrystals consistent with
the Mn,Ni, ,O shell-like overgrowth. The XRD peaks
attributed to the Mn,Ni,_,O phase of the MHNC samples
are shifted relative to those measured from the as-synthesized
NiO nanoparticles to lower 26 values. The observed lattice
expansion of this phase is attributed to the larger ionic radius
of Mn>* (0.83 A) comgared to that of Ni** (0.69 A) in
octahedral coordination.”” The Mn30, nanophase has a spinel
structure with the space group 141/amd.** The fitting of the
XRD data shows a pH-dependent trend in the presence of
hydrothermally grown overgrowth phases in the MHNC
samples. Our fitting is consistent with sample B1 having highly
predominantly a thin Mn,Ni;_,O (~3.5%) shell overgrowth
contribution, which is substantially increased for an inter-

mediate pH sample B3 (~22%). Samples B2 to B4 have a
combination of MnNi,_,O and Mn;O, phases whereas
samples BS to B8 have predominantly the Mn;O, overgrowth
phase. The largest Mn;O, phase content (10.25%) is observed
for sample B6 at pH = S. Thus, in general, NiO/Mn,Nj,_,O
core—shell-like formation occurs at the lowest pH of 2.4 (B1),
a mixed NiO/Mn,Ni; O and NiO/Mn;0, core-overgrowth
occur at 2.4 < pH < 4.5 (B2—BS), and predominantly NiO/
Mn;0, core-island structure formation occurs at pH > 4.5
(B6—B8) hydrothermal solution room-temperature values.
Our results for Mn;O, overgrowth phase MHNC hydro-
thermal synthesis at the highest pH value of this study are
consistent with the results obtained by Hu et al.*®

The nature of overgrowth was further investigated using
TEM-EELS and high-resolution TEM (HRTEM) imaging of
select samples. As indicated by the TEM-EELS maps shown in
Figures 3a—f, Mn is predominantly and sparsely distributed in
uniform fashion on the surfaces of samples Bl, B3, and B4
nanocrystals, which is suggestive of a thin and dilute
Mn,Ni;_,O shell overgrowth, with occasional Mn-concen-
trated Mn;0O, nanoisland overgrowths. Figure 3g confirms the
presence of Mn in the surface overgrowth regions of B6
nanocrystals. The distribution of Mn in the TEM-EELS map is
consistent with predominantly small Mn;O, nanoislands
although there are likely minor amounts of partial Mn Ni, O
shell regions in the TEM image. Conversely, the TEM-EELS
map of isolated B7 nanocrystals in Figure 3h shows only
Mn;0, nanoisland overgrowth of the substantial extent and no
Mn,Ni;_,O phase. These results are consistent with the
analysis of the structural results obtained from the Rietveld
refinement fitting of the XRD data measured from the MHNC
samples. Additional TEM images and related data are shown in
the SL

Figure 4a shows clear evidence for topotaxial growth of the
Mn;0, phase over the NiO core of a B3 nanocrystal. Fast
Fourier Transforms (FFTs) of the HRTEM images, such as for
example shown in Figure 4b, confirm the presence of Mn;0,
nanoislands and/or Mn,Ni, O shell regions epitaxially grown
on the NiO core of the MHNC samples. As shown in Figure
4b, for samples in which both overgrowth phases are present,
the Mn;O, nanoislands may be epitaxially grown over the
Mn,Ni,_,O shell regions of the MHNC:s. This is evident from
the pronounced expansion of the Mn;O, phase lattice
parameters for samples B2—B4 as shown in Table S1 of the
SL The spinel structure of the Mn;O,4 nanoislands reorients to

https://doi.org/10.1021/acsami.1c02855
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Table 2. Blocking and Bifurcation Temperatures of the MHNC Samples

sample Bl B2
characteristic temp. (K) Tc, 62
Tc, 108 10S

T, 90 103

B3 B4 BS B6 B7 B8
63 65 74 50 74 89

103 104

100 102 45 46 45 46

accommodate the alignment of the cations among the
nanophases, with the preferred direction for this reorientation
being along the (111) growth direction, as determined from
FFT analysis (Figures 4c—f) using Crystbox.’® This is
consistent with a topotaxial overgrowth of the spinel-structured
Mn;O, nanoislands over the rock-salt MnNi,_ O or NiO
phase.”” An overall expansion of the Mn;O, lattice parameters
evident in Table S1 of the SI for samples B2—B8 may be due
to incorporation of OH into the structure at terminal Ni and/
or Mn sites into the structure, particularly at interfaces and
surfaces. Misalignments due to lattice mismatch and vacancies
are visible in Figure 4b at the core/shell/island interface. The
defects are due to structural relaxation upon spinel/rock-salt
and MnNi, ,O/NiO phase overgrowth. In addition, the
formation of misfit dislocations and stacking faults occur
during the overgrowth of the Mn,Ni;, O shell and Mn;0O,
nanoislands. These defects are particularly noticeable near the
Mn,Ni;_,O-NiO and Mn;O,—MnNi, O interface regions
shown in Figure 4b.

The FC and ZFC magnetization (M) curves measured as a
function of temperature (T) from samples Bl to B8 are
presented in Figure 5. The ZFC curves increase from an initial
negative magnetization value, reach a peak (or show two
peaks), and then decrease and generally approach but do not
reach a bifurcation point with the FC curves at higher
temperatures. The absence of a bifurcation temperature could
be due to two reasons: (i) it either exceeds 300 K or, (ii) it
may be due to the application of too high of an external field
(100 Oe) in the measurement of the M—T curves. There are
two peak-like features evident in the ZFC curves for samples
B2 and B4 below ~110 K, which coincide respectively with
sudden onsets of increasing FC magnetization with decreasing
temperature. For samples BS—B8, the peak occurring in the
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ZFC curves above 100 K is absent and only the lower
temperature peak is present. The rapid increase in the
magnetization in the FC curves and the corresponding drop-
off in the ZFC curve with decreasing temperature is
characteristic of a Curie-like behavior. According to previous
studies, the Curie temperature of FiM Mn;O, nanoparticles is
~42K.>%*” We identify the low-temperature peak-like feature
(T¢y), occurring between 62 to 89 K in the ZFC M—T curves,
with the freezing of the FiM spins in the Mn;0, islands. As was
suggested from our preliminary study and will be more firmly
established below, the Mn,Ni,_,O nanophase of the NiO/
Mn,Ni;_,O MHNCs has FiM properties.” Accordingly, we
attribute the higher temperature transition (T,), occurring in
the 103—108 K range in the ZFC M-T curve, with the
freezing of the FiM spins in the Mn,Ni, O shell layer on the
MHNC:s. The T, and T, values are tabulated for our samples
in Table 2. This interpretation is wholly consistent with our
results from XRD and TEM analysis, specifically that samples
B2—B4 contain both the Mn,Ni;_,O shell and Mn;0O, island
overgrowth whereas samples BS—B8 have predominantly
Mn;0, islands decorating the NiO nanoparticles. The ZFC
M~—T curve for sample B1 does not exhibit a peak below 100
K: We attribute this to the lack of Mn;0,, overgrowth on the
MHNC:s for the lowest solution pH value (2.4).

Because of interparticle dipolar interactions (due to tightly
packed samples for M—T measurements) and nanoparticle
finite-size distribution, we use the —d(FC — ZFC)/dT plotted
vs temperature to determine the mean blocking temperature
(Tg), which we simply refer to as Ty: Note that FC was
measured in the warming mode and is thus consistent with this
definition.”” Some of the additional effects which warrant the
use of the aforementioned definition for Ty include the
presence of uncompensated spins, AFM vs FiM crystalline
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anisotropy inherent in our heterostructured nanocrystals, spin
clusters, and lattice strain, particularly at the interface between
the core and Mn,Ni,_,O shell and/or Mn;0, island over-
growths. We show the plots of —d(FC — ZFC)/dT vs T, used
to determine the Ty values, for select samples in the SI. Table 2
shows the Ty values determined for the samples of this study.
The larger blocking temperatures (>90 K) for samples B1—B4
are assigned to the Mn,Ni,_,O overgrowth phase whereas the
lower blocking temperatures (~46 K) are assigned to the
decorative Mn;0, overgrowth islands. The Neéel temperature
for AFM NiO nanoparticles having a diameter in the 20—60
nm range has been shown to exceed 350 K.*' This is consistent
with the lack of a blocking temperature being attributed to the
magnetically soft AFM NiO core in our MHNCs. We note that
the ZFC M—T curves decrease and eventually become negative
below T, for samples B1—B4 or below T, for samples BS—
B8, whereas the FC curves generally increase with decreasing
temperature in this range. This effect, which was predicted by
Neéel and verified for magnetic materials having two or more
sublattices with FiM ordering,42 occurs due to one sublattice of
the FiM shell/island nanophase progressively overcoming the
contribution due to the other FiM sublattice as the
temperature is lowered, in the ZFC case. It is not known
how additional effects due to surface and interface anisotropies,
lattice strain, and spin clusters may contribute to the FiM
sublattice and overall M—T behavior.

Low-temperature (SK) M vs magnetic field (H) hysteresis
data (M—H loops), for both the FC and ZFC cases, are
presented in Figure 6. The coercivity (Hc), remanent
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Figure 6. Magnetization (M) vs magnetic field (H) curves for samples
B1 to B8 (inset: magnified M—H loops).

magnetization (Mp), saturation magnetization (M), and
exchange bias field (Hg) values derived from the hysteresis
data for the samples of this study are shown in Table 3. The
exchange bias values were calculated using the FC coercivity
values from the following formula: Hg = |H¢, — Hc_l/2, where
Hc¢, and H_ are the H values where M = 0 for the ascending
(+) and descending (—) loop portions, respectively. The
saturation magnetization was determined by extrapolating
values from the M vs 1/H graph. Figure 6 indicates that the
low-temperature hysteresis loops change significantly with
increasing synthesis pH values from sample Bl to B8. The
hysteresis loops exhibit the standard letter “S” shape for
samples B1—B4 whereas the ones for samples BS—B8 are more
linear and tilted-oval type. The hysteresis loops for samples B6
and B7 have particularly large coercivities.

As was alluded to above, both the Mn,Nj,_,O and Mn;0,
overgrowth phase of our MHNCs have FiM properties. Thus,
the trend exhibited by the shape of the hysteresis loops in
Figure 6 can be explained by domain-size effects attributed to
the overgrowth phases, where the mean domain size appears to
be controlled by the pH value used during the MHNC
synthesis. In general, the “S” shaped hysteresis loops for
samples B1—B4 (2.4 < pH < 4.0) are indicative of multiple
domains, whereas the linear-oval shaped hysteresis loops for
samples BS—B8 (4.5 < pH < 7.0) are indicative of single
domain FiM nanophases.l3’14’43”44 The low coercivity,
exchange bias, and remanent magnetization values, along
with the hysteresis loop characteristics, for sample B1 (pH 2.4)
are consistent with having thin FiM Mn,Ni; O shell
overgrowth with multiple domains. Sample B6 has the highest
H¢ and My values (see Table 3), indicating that this MHNC
specimen has the largest single-domain (SD) structure and
FiM phase overgrowth; this is consistent with our TEM
imaging of the MHNCs. This is confirmed in a plot of the
coercivity and exchange bias vs pH shown in Figure 7. In
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Figure 7. Coercivity and exchange bias of samples B1 to B8. The lines
are provided to serve as a guide to the eye only.

Table 3. Saturation Magnetization, Remanent Magnetization (M), Coercivity (Hc), Exchange Bias Field (Hg), and Effective
Anisotropy Constant (K.4) Derived from the Analysis of the M vs H Hysteresis Data Measured from the MHNC Samples

sample Bl B2 B3 B4
M (emu/g) 0.55 1.32 1.67 0.91
Mg (emu/g) 0.08 0.29 0.26 0.22
H¢ (Oe) 511.3 934.3 826.0 1530.0
Hg (Oe) 165.5 620.8 602.0 1670.9
K (J/m®) 0.6 x 10*
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BS B6 B7 B8
1.88 0.99 0.93 4.37
0.18 0.37 022 0.26
2350.7 5860.4 4122.9 1011.5
2199.9 2952.5 1444.6 833.1
5.1 x 10* 42 x 10* 3.9 x 10* 3.9 x 10*
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Figure 8. Magnetization vs magnetic field hysteresis curves shown in a range selected to show the shift along the H and M axes of the data
measured at S K in the field cooled (red line) relative to that of the zero-field cooled (black line) condition of (a) sample B2, (b) sample B4, (c)

sample B6, and (d) sample BS.

general, the exchange bias and coercivity exhibit similar
dependence with pH value and both peak at a value close to
S. Both the Hg and H¢ values are generally and significantly
larger for the samples in which the Mn3;0, predominates and
smaller for samples in which the Mn,Ni, O overgrowth phase
predominates. This can be attributed to the substantially larger
magnetic anisotropy of the FIM Mn;0, than that of the FIM
Mn,Ni;_,O overgrowth phase: The anisotropy difference is
discussed in greater detail below. We note that the nature of
the nanophase, i.e., Mn,Ni,_,O vs Mn;O,, has a determinative
factor on MD vs SD formation in relation to the physical
extent of the overgrowth: The Mn,Ni, O phase appears to
favor the formation of MD whereas the Mn3;O,, phase appears
to favor SD formation. We attribute this to the effect of starting
pH of the aqueous synthesis solution. The adsorption of Mn**
ions is reduced at low pH, due to increasing positive charge
from protonation of the NiO nanoparticle surface, and the
formation of Mn,Ni,_,O is favored. Conversely, the NiO
nanoparticle surface becomes less positively charged as pH is
increased leading to more enhanced Mn?*/Mn** ion
adsorption, and the formation of Mn;0, overgrowth on NiO
becomes favored over that of the Mn,Ni,_,O phase. This is
confirmed by the susceptibility (i.e, dM/dH) vs H data,
obtained from the hysteresis loop data measured from the
MHNC samples (see Figure S7 in the SI). The reduction in
Mn;0, overgrowth at higher pH values (>$) is most likely due
to competition between Mn>*/Mn’** ion deposition on the
NiO nanoparticle surface and precipitation of manganese
hydroxide out of the aqueous solution.

In this section, we examine the nature of the shift between
the FC and ZFC hysteresis loops of our MHNCs in more
detail. Due to the relatively well-ordered, mostly epitaxial
nature of the core—shell/island interface of our MHNC:s, there
is pronounced spin—spin coupling (ie., interfacial exchange
coupling) and a strong pinning effect at the NiO-overgrowth
interface, as evidenced from the magnetization data measured
from our MHNCs. The pinning effect plays a pivotal role in
increasing the magnetocrystalline anisotropy and exchange bias
in the MHNCs."*™'**® The FC hysteresis loops shown in
Figure 8 are shifted along the negative H axis (Hg) and along
the positive M axis relative to the ZFC curves, indicating strong
exchange bias fields for our MHNC samples. Furthermore,
whereas the Hg, values are seen to vary among the samples, and
thus with synthesis pH value, the shift of the FC vs ZFC M—H
loops along the M axis (i.e., vertical shift) is generally
consistent for all samples. The vertical shift of a very similar
nature has been attributed to the uncompensated interface
spins in FeO/Fe;O, core—shell nanoparticles and other
systems.'>** In the ZFC case, the uncompensated spins align
with the AFM spins at the interface whereas in the FC case,

24019

these spins align with the H field but are pinned by the
interface AFM spins. The larger positive M values for the
ascending portion of the loop occur because this coincides
with the alignment of the H field (FC case) and the
uncompensated spins, which cannot be flipped (due to being
pinned) during the descending portion of the hysteresis loop
(H field is reversed), resulting in lower negative M values.
Similarly, we attribute the vertical shift of the FC M—H loops
measured from our samples to the uncompensated spins at the
NiO-overgrowth interface of our MHNCs. The nearly uniform
vertical shift of the FC M—H loops is consistent with the
uniformity in size and morphology of the NiO precursor
nanoparticles used in the synthesis of our B1—B8 samples.

In addition to the interfacial exchange coupling, dipolar
interactions (i.e., magnetostatic energy), magnetocrystalline
anisotropy, domain structure, morphology, spin canting, and
spin clustering are deemed to be important for the
manifestation of the magnetic properties of MHNCs. The
TEM and magnetization results, including the large Hg values,
for our MHNCs are consistent with similar results found for
MnO/Mn;0, core—shell nanoparticles.”® Thus, we infer from
these results that the ordered, highly crystalline core-over-
growth interfaces give rise to strong interfacial exchange
coupling, which is predominantly responsible for the large Hg
values exhibited by our MHNCs. The formation of spin
clusters is highly likely on the surface of the faceted Mn;O,
islands but much less appreciably on the surface of the
Mn,Ni;_,O shell. Nevertheless, due to the relatively larger size
of the MHNCs (~25—30 nm), surface spin clusters are not
expected to contribute significantly to the exchange bias (EB)
effect.

Nanophase Mn;O, has been purported to have a large
overall FiM anisotropy, which should have a strong bearing on
the magnetic properties of bimagnetic nanoparticles.”® The
AFM anisotropy of NiO nanophases is known to be relatively
small in comﬁparison to that of FiM anisotropy of spinel
nanophases.'® The Mn,Ni;_ O shell is a magnetically
disordered phase (the Mn spins are not arranged among a
periodic magnetic lattice) and thus is expected to have a lower
anisotropy. In order to estimate the effective anisotropy
constant (Kg) of the Mn-bearing nanophases, we assume weak
particle—particle dipolar interactions and use the Kneller

1/2

2K 5 . .

formula: H = Me“[l - (%) ].4(’47 Further assumptions in
S B

the use of Kneller’s formula include single domain particles
having uniaxial anisotropy. As a result, the estimated K g values
should be treated with caution. Table 3 shows our estimates of
K¢ for samples B1 and BS—BS; the rest of the samples have
both the Mn,Ni;_,O and Mn;0, nanophase and their
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magnetic data cannot be used to provide unique, single FiM
phase anisotropies. The estimated K values for the Mn;O,
nanophase (samples BS—B8) range from 3.9—5.1 X 10* J/m’
and are considerably larger than for the Mn Nil <O nanophase
(sample B1), having a value of 0.6 X 10* J/m®. TheKg values
for the Mn;O, overgrowth phase are on the average roughly
half of the anisotropy constant reported for bulk Mn;0,.**
This discrepancy could be due to the deviation from the 1/2
exponential temperature behavior of Kneller’s law, dipolar
interactions between individual particles, and/or the effect of
the dead layer at the surface regions of the Mn;O, overgrowth
islands.””

B COMPUTATIONAL ANALYSIS

Although our preliminary density functional theory (DFT)
based calculations suggested that the Mn,Ni,_,O nanophase
has FiM ordering below T, such results need to be established
more firmly.” Here, we explore isolated as well as proximal or
clustered Mn spins dispersed in a NiO structure, because such
populations will potentially modify the nature of the exchange
interactions between the cations (Mn—Ni, Mn—Mn, and Ni—
Ni). We used DFT based calculations to explore the effects of
isolated and proximal Mn spins on the magnetic ordering in
Mn,Ni,_,O having dilute Mn concentrations and the rock-salt
structure. As shown in Figure 9, our DFT calculations predict
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Figure 9. (a) The calculated density of states (DOS) of NiO and of
(b) Mng ;1 Nig9700; and (c) partial density of states showing the Ni
3d and Mn 3d contributions to the DOS; the inset shows the spin
configuration of the Mn 3d and Ni 3d states.

accurately the AFM properties of NiO: The electronic density
of states (DOS) calculation reveals equal spin up and spin
down state contributions, resulting in an overall moment of 0
pp within the 96 atoms supercell. Single Mn substitution in
NiO, which coincides with a 2.1% dilute Mn concentration
(Mng,1Nig9790), alters the magnetic characteristics from

AFM to FiM ordering with a net 2.90 yp magnetization for the
96-atom supercell. Examination of the electronic structure of
Mny ,;Nig 97O confirms the FiM characteristics, whereby the
incorporation of a Mn atom generates an unequal up and down
spin state contribution at the valence band maximum (Figure
9b). The predominant contribution to these new energy states
is from the Mn 3d orbitals, as shown from the partial density of
state (pDOS) analysis shown in Figure 9c. The electronic band
gap of Mnj g, Nigg9O is 4 eV. The Bader charge analysis
reveals that the Mn ion is in +2 oxidation and high spin state,
which also holds for Ni ions (inset of Figure 9c). DFT
calculations predict a 0.2% expansion in the lattice of
Mnyg 0, Nig 9700, in agreement with the analysis of the XRD
data measured from our samples discussed above.

Next, the proximity effects and thereby the clustering
tendency of Mn were theoretically explored by substituting two
Mn atoms in proximal lattice sites within the 96 atoms
supercell of Mny4,Nij¢s30. The proximal two-Mn substitu-
tions are depicted in Figure 10a. The equilibrium spin
orientations result in a parallel Mn—Mn spin (11 or FM
designation) in-plane substitution ordering case whereas the
out of plane substitutions result in antiparallel Mn—Mn spin
ordering (1) or AFM designation) cases. To explore which of
the substitution cases are energetically favorable, the difference
in energy (AEnergy) with respect to FM2 (see Figure 10a)
was calculated and plotted in Figure 10b. Our DFT
calculations suggest that the 1| AFM1 configuration is most
energetically favorable in Mnyg4,Nig 9530. However, 11 Mn—
Mn spin ordered configurations such as FM2 and FMS are
possible with a penalty of only a few meV in energy. Because
the magnetic exchange energy does not affect the distribution
of Mn ions in the Mny4,Nij 53O lattice under hydrothermal
conditions utilized for the formation of the overgrowth, all the
proximity cases considered in our calculations are equally likely
to occur in the Mn,Ni, ,O overgrowth phase. Hence, whether
the Mn ions are dispersed or clustered in the epitaxial shell, the
substitutional species will induce ferrimagnetic characteristics
in Mn,Ni,_,0O, as evidenced from the sample B1 magnetization
vs field data (Figure S).

The results shown in Figure 7 indicate that the magneto-
crystalline anisotropy is an important factor affecting the
exchange bias exhibited at low temperatures by our MHNC:s.
As was discussed above, the nanocrystal overgrowth phases
evolve from MnNi,_,O epitaxial shell formation to Mn;0,

”~ z
[y [b] [c] oo o £
n 60 s _ --200 S
A Aol < %% 057 3
[ I’ G S 3 --400 S
/ AR Y c _ c O m
) Y s 40 U 404 --600 3
, N ,é«. . , 80 S.o o
B T T / 2 g S % --800 o
‘ PRSI ANRN S w20 < 5 8 45 S
- S S / < 5 gg 1 --1000 <
SRR A4 K k2 ﬂ =3 3
= , < o)
p ‘% - ; o= 20- --1200 &
AV @ 1400 B
A ) L

FM2 Cases S $S IS5 23 - & O o oo =

w [ TE TER T é é [T : o Fi F. — N

< O O \—1 i F! N N ™M

Anisotropy Direction

Figure 10. (a) The unit cell showing different configurations of two Mn atom substitution in the Mng,Nige5sO structure; (b) the energy
difference (AE) plotted for different substitution configurations where the FM2 case is used as a reference; (c) the anisotropy energy of Mn,Ni,_ O

and Mn;0, plotted for different anisotropy directions.
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island topotaxial growth with increasing (starting) pH value of
the hydrothermal solution. This phase evolution as a function
of pH was discussed above as the underlying mechanism for
the observed trend in the EB effect shown in Figure 7. Using
DFT-based theoretical calculations, we have investigated the
magnetocrystalline anisotropy energy of MnNi; O and
Mn,0, (Figure 10c) phases. The calculations predict that
the stable spin orientation (i.e., easy axis) for the MnNi,_,O
phase is along the (001) direction whereas, for the Mn;0,
phase, the easy axis can lie along any of the [100], [010], or
[110] directions (Figure 10c). This is consistent with previous
magnetic measurements made on preferentially oriented
Mn;0, single crystals*®*’ and epitaxially grown thin films.*
Because the Mn;O, decorative nanoislands result from
topotaxial overgrowth on the rock-salt structured NiO or
Mn,Ni;_,O phases, we expect that the magnetocrystalline
anisotropy for the spinel phase manifest in a similar fashion as
for the thin-film system. Furthermore, the calculated magneto-
crystalline anisotropy energy for the Mng;Niyo,0O phase is
considerably lower than the estimated anisotropy energy of the
Mn,Ni,_,O overgrowth phase of our MHNCs. Aside from the
surface, shape, and other potential anisotropy contributions,
this could be attributed to higher Mn content in our MHNCs
whereas the calculations were made for dilute concentrations
only. Conversely, the calculated magnetocrystalline anisotropy
energy for the Mn;O, phase is in overall good agreement with
the reported value.*®

Our experimental and computational results (see Figure
10c) confirm that, because of the considerably larger magnetic
anisotropy energy, the Mn;O, overgrowth gives rise to larger
EB fields and coercivity values in the MHNCs. The large EB
field value for sample B6 (at a pH of 5.0) originates highly
predominantly from the Mn;0,, phase, which for this pH value
results in the deposition of the maximum weight percent of
overgrowth of the Mn;O, phase. Conversely, the lowest EB
field value was measured from sample B1, which has only the
Mn,Ni;_,O epitaxial shell overgrowth in the MHNC:s. This is
consistent with the magnetometry results from our previous
studies, in which we used the hydrothermal nanophase epitaxy
technique to synthesize a series of Cr,0;/M,Cr,_,O; (M: Fe,
Ni, Co, Mn) epitaxial core—shell nanoparticles.””**>' On the
basis of the substitutional cation M, EB fields (20—400 Oe) at
SK were observed for the Cr,0;/M,Cr, ,O; core—shell
nanoparticles, which is in the range of the EB field value
recorded for sample Bl of the present study.””***°' The
present study suggests that epitaxial shell formation through 3d
transition metal element substitution may induce a small EB
effect and a lower coercivity, but heterostructure phase
selectivity through regulation of hydrothermal solution pH
value presents an opportunity to amplify the magnetic
response and may help tailor heterostructured nanoparticles
for real-world applications.

B CONCLUSIONS

We have used a two-step self-assembly process to synthesize a
series of NiO-based and Mn-incorporated inverse magnetic
heterostructured nanocrystals (MHNCs) by systematically
varying the pH value in the second-step hydrothermal
synthesis process from 2.4—7.0. Our TEM and XRD data
analyses are consistent with an epitaxial rock-salt Mn,Ni, O
shell overgrowth and clearly show topotaxial spinel Mn;O,
decorative nanoisland overgrowth on a NiO core of the
MHNCs. Furthermore, the totality of our results show the
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Mn,Ni;_,O overgrowth occurs alone in the sample prepared at
the lowest pH value (2.4), the Mn;O, nanoislands occur
predominantly in samples prepared at pH values of 5.0 and
above, and the admixture of the overlayer phases occur in
samples prepared at pH values in between. The results from
the analysis of the magnetometry data show that the largest
values for Hy and H occur for heterostructured nanocrystals
having predominantly the Mn;O, overgrowth phase, peaking at
3.0 and 5.9 kOe, respectively, for the MHNCs prepared at a
pH value of 5.0. Our DFT-based calculations confirm that the
Mn,Ni;_,O phase has equilibrium FiM spin ordering below
the Curie temperature, with an easy axis along the (001)
direction. Furthermore, both our calculations and experimental
results show that the magnetocrystalline anisotropy energy of
the Mn;O, phase is considerably larger than that of the
Mn,Ni;_,O phase. This work demonstrates that by carefully
adjusting the pH value of the aqueous solution used in our
environmentally benign hydrothermal overgrowth synthesis
process, it is possible to tune the nature and amount of Mn-
bearing Mn,Ni;_,O and Mn;O, overgrowth phases in NiO-
core MHNC:s, and thereby tailor their magnetic properties for
potential use in spintronic, biomedical, and other applications.
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