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Research SummarySpintronic Materials and Devices

We have investigated the magnetic 
properties of the Ni-MgO system with 
an Ni concentration of 0.5 at.%. In as-
grown crystals, Ni ions occupy substitu-
tional Mg sites. Under these conditions 
the Ni-MgO system behaves as a per-
fect paramagnet. By using a controlled 
annealing treatment in a reducing at-
mosphere, we were able to induce clus-
tering and form pure Ni precipitates in 
the nanometer size range. The size dis-
tribution of precipitates or nanodots is 
varied by changing annealing time and 
temperature. Magnetic properties of 
specimens ranging from perfect para-
magnetic to ferromagnetic character-
istics have been studied systematically 
to establish structure-property correla-
tions. The spontaneous magnetization 
data for the samples, where Ni was 
precipitated randomly in MgO host, fi ts 
well to Bloch’s T3/2-law and has been 
explained within the framework of spin 
wave theory predictions.

INTRODUCTION

 Magnesium oxide (MgO) is an inter-
esting host material in which cation sites 
can be selectively doped with magnetic 
ion impurities such as Ni, Co, Cu, and 
Fe. Such embedded metallic precipi-
tates, when reduced in size to nanome-
ter scale in an immiscible conducting 
or insulating medium, capture a rich 
variety of physical properties such as 
giant magnetic and transport properties 
due to spin-dependent scattering and a 
high degree of spin-polarized current 
transport ideal for spintronics-based 
applications.1–4 Room temperature fer-
romagnetism (RTFM) associated with a 
giant magnetic moment and a high Cu-
rie temperature (T

c
) has been reported 

in Co-doped CeO
2
 thin fi lms, a high-k

dielectric material belonging to the di-
luted magnetic semiconductor/insula-
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terials, making them ideal candidates 
for high-temperature solar absorber 
applications with enhanced mechani-
cal properties.6 When these impurities 
are in a doubly ionized state, they have 
unpaired electrons in the 3d-shell, such 
as Ni++ (3d8), Co++ (3d7), Cu++ (3d9), 
and Fe++ (3d6). These partially fi lled 3d 
shells have unpaired spins that result in 
a magnetic moment. When these ions 
are randomly distributed in the lattice 
in a noninteracting fashion, there is no 
net magnetic moment and the system 
behaves as a perfect paramagnet. At 
low magnetic fi elds these paramagnetic 
materials exhibit linear M vs. H charac-
teristics with no coercivity.
 By subtractive coloration involving 
internal reduction, it is possible to re-
duce Ni++ and cluster them into metal-
lic precipitates. By controlling the time 
and temperature of the reduction treat-
ment, we are able to vary and control 
the fraction of nickel that enters into 
substitutional sites and nanoprecipi-
tates (nanodots or nanoclusters) and 
their size distribution. In this study, we 
have investigated structure-property 
correlations in three sets of samples: 
all nickel on substitutional (Mg sites); 
a fraction on substitutional sites and 
the rest in metallic precipitates; and 
all nickel on precipitates (nanodots). 
Here we report a detailed set of results 
of magnetization of the Ni-doped MgO 
system as a function of temperature, 
applied magnetic fi eld strength, and 
orientation or crystal direction with 
respect to the applied magnetic fi eld 
direction. Magnetic properties, M vs. 
H and M vs. T, are correlated with the 
nature of Ni ion and cluster distribu-
tion in these samples. These nanodots 
have a great potential for information 
storage and for functional magnetic 
sensors. The magnetic properties arise 

tor (DMS/DMI) systems.5 Systematic 
changes in the size distribution of met-
al precipitates in MgO exhibit optical 
spectra (near 2.2–5.0 eV) of these ma-

How would you…
…describe the overall signifi cance 
of this paper?

This paper describes the changes in 
magnetic properties that occur in 
Ni-doped MgO (a dilute magnetic 
material) as the Ni moves from 
solid solution to nanoprecipitates. 
In the Ni-doped MgO system, 
we can change the magnetic 
properties systematically by 
manipulating time and temperature 
of annealing treatments. This 
system’s ferromagnetism at room 
temperature offers potential for 
nanomagnetics and information-
storage applications.

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

We have created a novel Ni-doped 
MgO system, where it behaves as a 
perfect paramagnet (noninteracting 
moments), if Ni++ ions are distributed 
uniformly and substitutionally in 
the MgO matrix. By an internal 
reduction treatment at a high 
temperature, we induce clustering of 
nickel atoms and these precipitates 
exhibit ferromagnetism below the 
blocking temperature. 

…describe this work to a 
layperson?

In the Ni-doped MgO system, the 
Ni can be controlled precisely from 
individual ions to nanoparticles 
and clusters. Correspondingly, the 
magnetic properties change from 
being a perfect paramagnet to a 
ferromagnet. The clusters exhibit 
ferromagnetism at and above room 
temperature where Ni nanoparticles 
are embedded epitaxially into the 
MgO matrix. If a nanoparticle can 
contain one bit of information, we 
can easily store over a Terabit of 
information in a single chip.
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predominantly due to the nickel in the 
divalent state that has an electronic 
configuration of t

2g
6e

g
2. See the sidebar 

for experimental details

RESULTS AND DISCUSSION 

 Figure 1 shows a transmission-elec-
tron-microscopy (TEM) micrograph of 
Ni-doped MgO after the internal reduc-
tion treatment, displaying a distribution 
of metallic precipitates. A comparative 
study on as-grown Ni-doped MgO 
showed no contrast as all the Ni ions 
occupy substitutional sites. Detailed 
high-resolution TEM studies showed 
the Ni/MgO interface to be atomically 
sharp without any interfacial reaction. 
The size distribution of the precipitates 
ranged from 10 to 100 nm with an av-
erage size of 50 nm as shown in Figure 
2. From the diffraction studies, we de-
duced the following precipitate (p) and 
matrix (m) orientation relationship: 

p[111] ║[100]
m
 and p[110] ║[010]

m
. 

The role of orientation relationship on 
the anisotropy of magnetic properties 
of these materials will be discussed 
later in this paper. 
 The crystals with substitutional 
Ni displayed paramagnetic proper-
ties throughout the entire temperature 
range, as shown in Figures 3 and 4. 
This linear M vs. H plotted in Figure 
3 is a typical characteristic of a perfect 
paramagnet. The temperature depen-
dence of the magnetic susceptibility of 
the Ni-MgO substitutional sample is 
plotted in Figure 4. 
 The solid line is the fit to the Curie’s 

Figure 1. A transmission electron 
micrograph showing the distribution of 
Ni nanoclusters in MgO matrix. 
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Figure 2. The size distribution 
(first moment of the size 
versus number density) of the 
Ni nanoparticles in the host 
MgO matrix. 

Figure 3. The field-dependent magneti-
zation of Ni-MgO sample measured at  
5 K with Ni in the substitutional sites. 

Figure 4. The temperature de-
pendence of the magnetic sus-
ceptibility of the Ni-MgO sub-
stitutional sample. The solid 
line is the fit to the Curie’s law 
clearly illustrating the para-
magnetic behavior of the sam-
ple. 

Figure 5. Isothermal field-dependent magnetization curves up to 5,000 Oe for the fully 
Ni-MgO precipitated sample at selected temperatures in the range 10–350 K. Plotted in 
the bottom right inset are the M-H loops in the range ± 500 Oe to show the hysteresis and 
coercivity in a more discernible way. 
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EXPERIMENTAL DETAILS
 Ni-doped MgO crystals have been synthesized using an arc fusion technique, where 
the mixture of NiO and MgO is melted and crystals grown in a bulk form.7–9 In as-
grown crystals, Ni++ ions occupy substitutional Mg++ sites. These crystals exhibit green 
color emission at room temperature. We utilized an internal reduction (subtractive 
coloration) technique at high temperatures to reduce Ni++ and cluster them into metallic 
nickel precipitates. It is surmised that during the internal reduction treatment, oxygen 
vacancies are created, which can trap electrons and be transferred to Ni ions to reduce 
their charges. These neutral nickel ions and vacancy complexes cluster to form metallic 
precipitates. The characteristics of nickel precipitates and their size distribution were 
investigated by transmission electron microscopy techniques. Magnetic properties 
of as-grown and reduced crystals were characterized in the temperature range of  
10–350 K. The temperature and field dependence of magnetization were measured using 
an MPMS-XL superconducting quantum interference device at temperatures of 5–350 K 
and a physical property measurement system in conjunction with a vibrating sample 
magnetometer attachment. Hysteresis measurements were performed by scanning the 
magnetic fields from –20 kOe to +20 kOe at temperatures ranging from 5 to 350 K. 

Table I. Important Parameters such as Saturation Magnetization (Ms), Magnetization at  
10 kOe, Remnant Magnetization (MR), Coercive Field (Hc) and the Initial Saturating Field 

(Hs) Calculated from the Temperature-Dependent Magnetization of Ni-MgO

 T (K) 5 K 10 K 100 K  200 K 300 K 350 K

Ms (emu/g) 1.50 × 10–2 1.49 × 10–2 1.48 × 10–2 1.47 × 10–2 1.44 × 10–2 1.43 × 10–2

M10kOe(emu/g) 1.45 × 10–2 1.43 × 10–2 1.35 × 10–2 1.35 × 10–2 1.28 × 10–2 1.27 × 10–2

MR (emu/g) 8.18 × 10–3 7.98 × 10–3 7.69 × 10–3 4.49 × 10–3 1.62 × 10–3 <1.0 × 10–5

Hc (Oe) 315.0 281.0 216.0 71.0 15.0 6.0
Hs (Oe) 5,700 5,250 4,100 4,000 3,830 3,750

law clearly illustrating the paramag-
netic behavior of the sample. On the 
other hand, the MgO crystals with Ni 
precipitates displayed interesting fer-
romagnetic properties with coercivity 
(as measured by the intercepts in the 
H-axis of M (H) curves) up to tempera-
tures as high as 350K. The M vs. H re-
sults for 10, 100, 200, 300, and 350 K 
up to H = ±5,000 Gauss are shown in 
Figure 5, and the inset shows the data 
for H = ±500 Gauss. The intercept in 
the –H axis is a measure of coercivity 
and associated ferromagnetism. Plot-
ted in the bottom inset are the M vs. H 
loops in low fields (from –500 to +500 
Oe) to decipher the presence of ferro-
magnetic behavior up to 350 K. Both 
coercive and saturating field decreased 
as the temperature increases from  
10 K to 350 K. The monotonic decrease 
of coercivity with the increase in tem-
perature and its exact temperature de-
pendence is given in Equation 4. These 
characteristics are consistent with the 
properties expected for nanostructured 
systems. Table I provides a summary 
of critical parameters, including satura-
tion magnetization (M

s
), remnant mag-

netization (M
R
), coercivity (H

c
), and 

the initial saturating field (H
s
).

 The temperature dependence of the 
magnetization of the Ni-doped MgO 
sample has been measured both un-
der zero-field-cooled (ZFC) and field-
cooled (FC) conditions in the range 
of 5 to 350 K. The magnetization was 
measured for different magnetic fields 
of 500, 5,000, and 10,000 Oe, as shown 
in Figures 6, 7, and 8, respectively. It 
is evident from Figures 6 and 7 that 
the ZFC and FC magnetization curves 
show a bifurcation. The bifurcation 
temperature sometimes referred to as 
irreversibility temperature (T

irr
) in the 

literature, decreased from around 330 K 
to 250 K as the field strength increased 
500 Oe to 5,000 Oe. Upon further in-

crease in the magnetic field strength to 
5 or 10 kOe the ZFC and FC magneti-
zation curves merge into a single curve. 
M

ZFC
 is related to M

FC
 according to the 

following expression, 

 M
ZFC

 ≈ (H
A
 M

FC
)/(H

A
 + H

c
) (1)

where H
A
 and H

c
 are the applied and 

coercive fields, respectively. For high 
values H

A
 (>5,000 Oe) Equation 1 re-

duces to M
ZFC

 ≈ M
FC

, that is consistent 
with the experimental M (T) data plot-
ted in Figures 6–8. It is

 

clear from the 
plots that those MgO crystals in which 
Ni is precipitated as clusters exhibit 
room-temperature ferromagnetism 
(FM). Actually, the M (T) plots suggest 
a transition from the FM state to PM 
above 300 K and the transition temper-
ature (T

c
) could be well above 300 K. 

 Here, we have attempted to inter-
pret the experimentally observed data 
of both H

c
 as well as the spontaneous 

M in the light of the Stoner–Wolfforth 
model10 developed for the noninteract-
ing single domain particles that show 
shape or magnetocrystalline anisotropy 
and obey Bloch’s spin wave theory,11 
respectively. Spin waves or magnons 
of an ordered magnetic lattice arise 

essentially due to low-energy collec-
tive excitations.12 Isothermal M versus 
1/H2 is plotted in Figure 9 for different 
temperatures to determine the satura-
tion magnetization. Here M

s
 has been 

extracted by extrapolating the magneti-
zation data to infinite fields. Spin wave 
theory accounts well for ferromagnets 
in the temperature range T < T

c
c

 and 
gives a good description of the magne-
tization behavior. According to Bloch’s 
law, the temperature dependence of 
saturation magnetization follows 

 M = M
s
 (1–BT3/2) (2)

where B is the spin wave constant or 
Bloch’s constant. We have plotted the 
saturation magnetization (M

s
) vs. T3/2 

using Equation 2 in Figure 10. The 
solid line in the plot represents a lin-
ear fit to the data and confirms that the 
data is in accordance with the predic-
tions of the Bloch’s spin wave theory. 
The spin wave constant (B) estimated 
from the above analysis is ~2.1×10–5 
K2/3, which is about an order of magni-
tude larger than that of bulk Ni13 where 
it is assumed that only 0.5 at.% of Ni 
contributes to the total amount. Simi-
lar results had been reported by Xiao 
and Chien for the case of ensembles of 
ultra-fine particles of Fe and in granu-
lar FeO-SiO

2
 solids14,15 and in ultra-fine 

Ni particles where the experimentally 
obtained spin wave constant values 
are larger by an order of magnitude 
than bulk Ni.20 The large values of B in 
Bloch’s equation are essentially a man-
ifestation of the size effects of the Ni 
nano-precipitates. The Ni nano-clus-
ters affecs the spin waves by softening 
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the spin wave spectrum with a cut off 
for wave lengths that are larger than the 
physical dimensions of the clusters.14

 The blocking temperatures observed 
in the ZFC measurements also show 
a similar variation. This is a charac-
teristic feature of superparamagnetic 
behavior arising due to the presence of 
Ni nanoclusters. Thus, from a detailed 
magnetic characterization of both types 
of crystals we can infer that the crystals 
having substitutional Ni show perfect 
paramagnetism because of the absence 
of defects like vacancies to couple 
the moments of the unpaired d elec-
trons in Ni. But in the case of crystals 
with Ni precipitates the ferromagnetic 
properties arise due to the Ni clusters 
and not as an intrinsic property of the 
MgO host itself. Therefore, it is highly 
desirable that in order to induce room-
temperature ferromagnetism in substi-
tutionally doped oxide based material 
systems the presence of defects like 
vacancies is highly critical. We have 
introduced defects by high energy ion 
implantation (100 MeV Ar+ ions) and 
found ferromagnetic behavior at room 
temperature in Ni and Co doped MgO 
single crystals and thin films.2

 The magnetic measurements (M (H) 
and M (T)) from samples, where some 
of the Ni is in substitutional sites and 
the rest in precipitates, are shown in 
Figures 11 and 12. Figure 11 shows 
the M vs. H curve at 5 K, and the in-
set shows ferromagnetic characteris-
tics with a coercivity of 65 Oe in these 
samples. However, M does not saturate 
up to a field of 20 kOe, which is a clear 
indication that there is a paramagnetic 
signal superimposed on the ferromag-
netic signal. To probe these character-
istics further, M vs. T measurements 
under FC and ZFC were carried out 
and the results are shown in Figure 
12. These characteristics can be ratio-
nalized by mixing the paramagnetic 
(obeying Curie–Weiss law) and ferro-
magnetic/super paramagnetic behavior 
(following a Langevin function) with a 
blocking temperature above 300 K. 
 The super paramagnetic contribution 
for an isotropic crystal is of the form 

 M = M
s
[coth(x) – 1/x] (3)

where x = (
0
 mH

m
/kT), 

0
 is the per-

meability of free space, M is the aver-
age magnetization in the direction of 

external field H, H
m
 = H +  M is the 

effective field, M
s
 is the saturation mag-

netization, m is the magnetic moment, 
and  is the self-coupling coefficient. 
When x is large the term inside the 
bracket becomes a constant. Therefore, 
at low temperatures paramagnetic Cu-
rie–Weiss behavior dominates. At high 
temperatures (but below the blocking 
temperature) the superparamagnetic/
ferromagnetic component dominates, 
and we observe the characteristics of 
Equation 3, as shown in Figure 12.
 The field-dependent magnetization 
of the NiMgO system is also sensi-
tive to the orientation of the sample 
with respect to the applied field. The 
magnetizations measured at 5 and 300 
K of the sample in the transverse field 
are compared in Figure 13. Plotted in 
Figure 14 are the room-temperature 
magnetization curves measured for 
both transverse as well as longitudinal 
orientations. This is consistent with the 
orientation relationship of precipitate 
(p) with matrix (m): p[111] ║[100]

m
 

and p[110] ║[010]
m
 as determined 

from electron diffraction studies. 
 The monotonic decrease of H

c
 with 

the increase in temperature (from 315.0 
Oe at 5 K to 6.0 Oe at 350 K) is due 
to the superparamagnetism that sets in 
at higher temperatures. For noninter-
acting nanosized particle systems, the 
coercivity is indeed a function of tem-
perature and varies as16–19

 H
c
 = H

0
 (1–(T/T

B
)1/2) (4)

where T
B
 is known as blocking temper-

ature and is related to the magnetic an-
isotropy energy of the nanoprecipitates. 
The average size of the Ni clusters can 
be estimated with the knowledge of the 
blocking temperature of the system us-
ing Equation 5, 

 25 k
B
T

B
 = K

u
V (5) 

where K
u
 is the uniaxial anisotropy 

constant and V being the volume of the 
precipitate. For a T

B
 of 350 K the aver-

age size of the Ni clusters in MgO is 
about 30 nm. That is in good agreement 
with values obtained from TEM stud-
ies and the size distribution analysis 
(see Figures 1 and 2) where the aver-
age Ni cluster size is estimated to be 
~50 nm. Using Equation 5 we have cal-
culated and then plotted the variation 
of the blocking temperature (T

B
) with 

the average diameter (<d>) of the pre-
cipitates of Ni along with other systems 
(NiPt, FePt, and Fe) in Figure 15. The 
coercivity (H

c
) of the Ni nanoparticles 

also relates to the saturation moment 
(M

s
) as12

H
c
 = 2K

u
/ M

s
 – (2/M

s
) 

 (25k
B
K

u
/V)1/2T1/2 (6) 

where M
s
 is the saturation magnetic 

moment per unit volume and K
u
 is the 

uniaxial anisotropy constant which is 
5×104 erg/cm3. Here the moment per 
unit volume has been estimated to be 
about 12.46 emu/cm3 by converting the 
magnetic moment values from Table I 
(expressed emu/g) and by considering 
approximately one half a percent of the 
Ni contributing to the total recorded 
magnetization. For an M

s
 of 12.46 emu/

cm3 a quick calculation using Equation 
6 for the coercivity may be estimated as 
4.5×103 Oe which is about an order of 
magnitude greater than that of the bulk 
Ni value13–16,20 and illustrates clearly 
the importance of the reduced size ef-
fects of the system. It should be noted 
that the enhanced values of coercivity 
estimated here (using Equation 6) are 
consistent with the values discussed 
earlier in the text for the spin wave con-
stant (B) values for the Ni nanoprecipi-
tates which are also about an order of 
magnitude higher than that of the bulk 
Ni. This shows that the Ni precipitates 
are clearly in the single-domain regime 
which can lead to higher values of co-
ercivity than the bulk counterpart. Sim-
ilar behavior has also been observed in 
the case of ultrafine Ni particles where 
the observed spin wave values are 
larger than the bulk Ni20 and particles 
of Fe14,15 and in granular FeO-SiO

2
 sol-

ids.16

CONCLUSIONS 

 We have investigated the magnetic 
properties of the Ni-doped MgO system 
with an Ni concentration up to 0.5 at%. 
As-grown crystals with Ni in substitu-
tional sites were observed to display 
paramagnetic behavior. Upon internal 
reduction treatment, Ni clustered into 
metallic precipitates and the system un-
derwent a transition to ferromagnetic/
superparamagnetic behavior. With an 
average size of 50 nm of Ni nanopar-
ticles/nanodots, the system showed a 
blocking temperature well above 300 



JOM • June 200980 www.tms.org/jom.html

Figure 6. The temperature dependence of the dc magnetization 
data plotted for the fully Ni-MgO precipitated sample recorded in 
an applied magnetic field of 500 Oe. Both zero-field cooled (ZFC) 
and field-cooled (FC) magnetization curves are shown in the 
temperature range from 10–350 K. 

Figure 7. M vs. T curves plotted for the fully Ni-MgO precipitated 
sample in a magnetic field of 5,000 Oe. Both ZFC and FC magneti-
zation curves are shown in the temperature range from 10–350 K. 

Figure 8. ZFC and FC magnetization curves as a function of 
temperature plotted for the fully Ni-MgO precipitated sample in a 
magnetic field of 10,000 Oe showing the complete merger over the 
entire temperature range from 10–350 K. 

Figure 9. Isothermal spontaneous magnetization (M) versus 1/H2 
plotted for different temperatures for the fully precipitated sample. The 
saturation magnetization (Ms) is extracted by the linear extrapolation 
of the magnetization data on to the y-axis as described in the text. 

Figure 10. Saturation magnetization obtained from Figure 8 is 
plotted versus T3/2. The solid line in the plot represents a linear 
fit to the data using M = Ms (1-BT3/2). The spin wave constant (B) 
estimated from the above analysis is ~2.1×10–5 K2/3.
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Figure 12. ZFC and FC magnetization curves as a function of temperature  
(5–300 K) for the Ni-MgO sample with Ni in the form of precipitates as well as in the 
substitutional sites. 

Figure 11. The field-dependent magnetization at 5 K for the Ni-MgO 
sample with Ni in the form of precipitates as well as in the substitutional 
sites showing clearly the non-saturation of the magnetization even in fields 
as high as 20,000 Oe illustrating the superparamagnetic behavior of the 
sample. The inset shows the coercivity of the sample to be about 65 Oe. 
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Figure 13. The field-dependent magnetization of the fully Ni-MgO precipitated sample 
at 5 and 300 K measured in a transverse field. The inset shows the hysteresis and the 
coercivity values varying from 315 Oe at 5 K to 40 Oe at room temperature. 

0.02

0.01

0.00

−0.01

−0.02
0 2,500 5,000−2,500−5,000

H (Oe)

M
 (e

m
u/

g)

0.02

0.01

0.00

−0.01

−0.02

M
 (e

m
u/

g)

0 2,500 5,000−2,500−5,000
H (Oe)
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Figure 15. The variation of 
the blocking temperature 
(TB) with the average di-
ameter (<d>) of the Ni pre-
cipitates. An average size 
about 30 nm of Ni precipi-
tates in MgO corresponds 
to a blocking temperature

 of 350 K as indicated by 
the arrow. For the sake 
of comparison, the plots 
of TB vs. average size for 
other closely related sys-
tems, namely, FePt, Co 
and Ni-Pt nanodots, are 
also shown.

K with coercivity varying 6 (at 350 
K) to 315 Oe (at 5 K). Detailed M (T) 
measurements under FC and ZFC con-
ditions showed characteristic blocking 
temperatures, consistent with field de-
pendent magnetization measurements. 
The FC and ZFC measurements were 
found to merge above the saturation 
fields ~5 kOe. Important parameters 
such as saturation magnetization (M

s
), 

remnant magnetization (MR), coercive 
field (H

c
) and the initial saturating field 

(H
s
) calculated from the temperature-

dependent magnetization of Ni-MgO 
showed a monotonic increase with the 
decrease in temperature as expected for 
noninteracting nanostructured magnet-
ic systems. 
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