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Nanosized particles of Ni0.25Co0.25Zn0.5Fe2O4 have been synthesized by chemical coprecipitation method.
Exchange-bias phenomenon arising from the core-shell interaction has been investigated using a combination
of in-field, low-temperature Mössbauer spectroscopy and dc magnetization. To understand the clear mechanism
of interaction and exchange bias, isothermal remanence magnetization-dc demagnetization and M-H loops at
different cooling field have been taken. The observed variation in coercivity HC and exchange-bias field HE

confirms that only core is affected by the cooling field. The slope of the Henkel plot is 1.82, indicating the
noninteracting nature of the particles. In-field Mössbauer spectroscopy clearly establishes the core and shell
contributions and also confirms that 70% of spins are in the shell. The barrier energy has been estimated to be
17�10−14 ergs which accounts for the fact that the shell is not affected by application of as large a field as 5
T.
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I. INTRODUCTION

Ultrafine particles containing iron exhibit a wide range of
interesting magnetic properties, depending on the presence
of different magnetic phases and their mutual interactions. A
thorough understanding of the mutual interaction between
the core-shell phases and their effect on the overall magnetic
properties is required for optimum utilization of these sys-
tems in areas such as biomedicine,1 magnetic separation of
biological particles,2 ferrofluids,3 and novel techniques in
high-density recording such as patterned magnetic recording
media.4 In the nanoregime, contribution to the overall mag-
netic behavior from surface spins is considerable—
increasing with decrease in the particle size to the extent of
more than 50% of the spins being at the surface for sizes of
4 nm and less. Isolated noninteracting magnetic particles can
be approximated to single large isolated spins described by
superparamagetism which only hold good in very dilute sys-
tems. However, in real systems, the interparticle interactions
become significant, leading to enhanced coercivity and ex-
change anisotropy,5 and as a result, it is possible to have a
variety of magnetic configurations in such systems due to
competing energy terms under different conditions of applied
fields and temperature.

Labarta et al.6 have pointed out that spin canting of the
surface layer in nanosized ferrimagnetic materials which re-
sults in exchange interactions between the core and shell
have not been found in metallic ferromagnetic particles. An
equivalent mechanism in the case of ball-milled nanocrystal-
line Fe is the spin-glasslike freezing at grain boundaries.7

This indicates that the noncollinear arrangement of particle
spins leading to spin canting originates from magnetic frus-
tration of antiferromagnetically competing sublattices and

mostly occurs at the surface. Nanosized spinel ferrites are
thus ideal candidates for development of systems which are
based on the core-shell exchange-bias property.

Spinel ferrites have at least two nonequivalent
sublattices—generally designated as the tetrahedral A and
octahedral B sites in which the magnetic ions are accommo-
dated leading to a variety of magnetic properties depending
on the site occupancy. In nanosized spinel ferrites, although
on an average the cation distribution between available sites
may be the same throughout the particle, two distinct mag-
netic phases exist due to spins on the surface and from those
in the core. Measurements in high external fields give infor-
mation about the sense of sublattice magnetization and also
enable the separation of core and shell contributions. To ob-
serve the individual contributions, a combination of methods
such as dc magnetization studies which monitor the overall
contributions and microscopic observations which are sensi-
tive to much shorter-range effects are necessary. In-field
Mössbauer spectroscopy has been found to be a powerful
tool for this purpose.8 A recent study on 15-nm-sized Ni
ferrite has established that external fields above 3 T reduce
the number of disordered spins and so are capable of expan-
sion of the core, thus reducing the influence of the spin-
disordered surface.9

In this paper, we have used a combination of low-
temperature dc magnetization and low-temperature Möss-
bauer measurements to confirm the nature of interactions and
also separate the core and shell contributions to the magne-
tization in very fine ��3 nm� particles of Ni-substituted co-
balt zinc ferrite. Mössbauer measurements have been made
at 10 K with no applied field and since Mössbauer measure-
ments with large applied fields give valuable information
about magnetic ordering, spectra have also been recorded at
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5 K with applied field. Magnetic field has been applied par-
allel and perpendicular to �-ray direction after zero-field
cooling �ZFC� and in perpendicular direction after field cool-
ing �FC�. Unlike in the case of Ni-ferrite nanoparticles,9

these experiments show that the spin arrangement at the sur-
face is unaffected even on application of 5 T field.

II. EXPERIMENT

Nanosized particles of Ni0.25Co0.25Zn0.5Fe2O4 were pre-
pared using the chemical coprecipitation method described
elsewhere.10 Formation of single-phased fine particles of av-

erage size 3 nm and lattice parameter 8.56�0.015 Ǻ was
confirmed by x-ray diffraction. The average size was calcu-
lated using Scherrer formula and was also independently
confirmed using transmission electron microscopy.10 dc mag-
netization studies were done on a Lake Shore 7300 vibrating
sample magnetometer coupled to a closed cycle refrigerator.
ZFC and FC curves were recorded at a small applied dc field

of 50 Oe. M-H curves reported in this study were recorded
for a range of �1 T at room temperature �RT� and 20 K.
Mössbauer spectra in the transmission mode were recorded
at RT and 5 K both with and without applied field of 5 T for
perpendicular and parallel configurations using a JANIS Su-
perOptiMag system. Velocity calibration was done by re-
cording Mössbauer spectra for Fe foils under conditions
identical to those of samples.

III. RESULTS

A. dc magnetization studies

M-H loop recorded at RT for this sample shows it to be
superparamagnetic as expected for particles of 3 nm size as
in the present sample. The blocking temperature TB has been
determined to be 123�1 K from the ZFC curve �Fig. 1�b��
recorded at a field of 50 Oe. From the value of TB and par-
ticle size V, the anisotropy energy K, the energy barrier �E
for rotation on applying a field H, and anisotropy field Hk
can be estimated using the following expressions:11,12

K =
25kBT

V
, �1�

�E = KV�1 −
H

Hk
�2

, �2�

where, kB is the Boltzmann constant, Hk= 2K
Ms

is the aniso-
tropy field, and Ms is the saturation magnetization. Accord-
ingly, calculating these values using Eqs. �1� and �2� K
equals to 1.08�107 ergs /cm3, Hk is about 22 T, and �E at
an applied field H of 5 T, used in the in-field Mössbauer
studies, is about 17�10−14 ergs. Ms has been estimated by
extrapolating the M vs 1 /H for 1 /H tending to zero.

To check for the presence of exchange biasing induced by
the highly disordered surface, M-H loops �Fig. 2� have been
recorded after cooling the sample down to 20 K in the pres-
ence of different values of applied fields termed as cooling
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FIG. 1. �Color online� �a� ZFC M-H curve at 20 K and �b� FC,
ZFC measurements at applied field of 50 Oe.
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FIG. 2. �Color online� M-H loops at 20 K
recorded for various CFs.
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field �CF�. The M-H loop recorded at 20 K with zero applied
field is closed and symmetric about both axes �Fig. 1�a��
while those recorded after field cooling are open due to irre-
versibility caused by field cooling. A systematic shift in the
loop to the left is apparent on field cooling and originates
from the phenomena of exchange bias13–16 associated with
the exchange anisotropy created at the interface between an-
tiferromagnetic �AFM� and ferromagnetic �FM� phases as
first observed in nanosized oxidized Co nanoparticles.13

Exchange bias is usually observed when a material having
FM/AFM interfaces is cooled in the presence of a static mag-
netic field, through the Neel temperature �TN� of the AFM
phase �with Curie temperature, TC, of the FM phase larger
than TN�. After field cooling, the hysteresis loop of the FM-
AFM system is shifted through a value called exchange-bias
field, HE, along the field axis generally in a direction oppo-
site �negative� to the cooling field. The exchange-bias field is
usually taken as the shift of the center of the hysteresis loop
along the field axis and the coercivity as the half width of the
loop. In the present system, exchange bias originates from
the coupling between the ferromagnetic core and the disor-
dered �antiferromagnetic� surface. The exchange-bias field
and coercivity can be obtained from the switching field on
the left �HSL� and right �HSR� branches of the loop using the
following equation:17

HE =
− HSR + HSL

2
, �3�

HC =
HSR − HSL

2
. �4�

In the present study, HSR and HSL are those points at which
the M-H loop cuts the field axis.

To further confirm the nature of magnetic interactions, the
isothermal remanence magnetization �IRM� curve Mr�H� and
dc demagnetization �dcD� curve Md�H�, both normalized to
the saturation remanence, have been plotted at 20 K. From
these curves a Henkel plot has been obtained �Fig. 3�a��. In a
perfectly noninteracting system of single-domain particles,
the slope of the Henkel plot should be −2 and the experimen-

tal points will lie on the upper limit of this plot.18 The types
of interactions are characterized by means of �M plots �Fig.
3�b�� obtained using the following relation:

�M = Md�H� − 1 + 2Mr�H� . �5�

Positive values of �M imply an exchange type of interaction
which results in a magnetized state while a negative one
indicates a demagnetized state attributable to presence of di-
polar type of interactions.

Results of field-cooled M-H curves together with those
from remanence curves taken together give a clear picture of
the interaction mechanisms within each particle and that in
the ensemble as a whole. Plots of variation in HC and HE
�Figs. 4�a� and 4�b�� for different fields applied while cooling
can be divided into two distinct portions—for CF from 0 to
3000 Oe and from 3000 to 10 000 Oe. The value of the
coercivity HC, at an applied field of 1000 Oe is slightly larger
than its value after zero-field cooling. HE also first increases
up to 3000 Oe and then decreases. These results can be ex-
plained as follows: on cooling down to 20 K in the presence
of a field of 1000 Oe, most of the core spins get aligned. The
spin frustration at the surface due to disordering, broken/
dangling bonds leads to spin canting so that the spins at the
surface are, on an average, randomized to attain a minimum-
energy configuration. This leads to a system in which the
spins at the surface are effectively locked leaving the surface
unaffected on application of a field. The initial decrease in
HC after field cooling on increasing the cooling field, CF, is
because of magnetic softening induced in the system due to
large applied fields. This is also reflected in the �M plot
which is demagnetizinglike in this region. Constancy in the
value of HC beyond a CF of 2000 Oe clearly indicates that
only the core is affected on application of field and that once
the spins loosely bound to the surface have also aligned,
further increase in the field has no effect on the system as
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FIG. 3. �Color online� �a� Henkel plot and �b� �M plots.
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evidenced by the very large anisotropy field Hk estimated for
the present samples.

The trend in HE �Fig. 4�b�� shows that for CF more than
3000 Oe, with increase in the CF, the magnetic coupling
between the field and the surface moment also increases al-
though the applied field is not sufficient to rotate the surface
spins to align along field direction. However, increasing the
cooling field also leads to an increase in the energy at the
core-shell interface or in other words, the system freezes
through a configuration in which the core-shell energy is not
minimized. The net effect is a reduction in HE as observed in
the present study and as reported by Bianco et al.,19 in their
study of Fe nanoparticles embedded in Fe-oxide matrix.

Correspondingly, the value of remanence, +Mr, increases
from its value of 12 emu/g at zero applied field to 15 emu/g
which does not change with further increase in applied field
�Fig. 4�c��. Together, these results show that on application
of field, the core spins get aligned while the surface is unaf-
fected.

The totally noninteracting nature of the ensemble is evi-
dent from the Henkel plot �Fig. 3�a�� of experimentally ob-
tained points after remanence measurements �IRM and dcD�
which have a slope of −1.82 and which almost coincide with
the theoretical upper limit �Fig. 3�a��. The exchange coupling
interactions between the core and shell were evaluated using
�M plots �Fig. 3�b��. There is a shallow initial negative peak
which then tends to zero after about 3000 Oe. The negative
peak is indicative of magnetostatic interactions which are
demagnetizinglike and which favor antiferromagnetic cou-
pling between the core and shell spins. There is no further
change on application of larger fields, since, as discussed
earlier, core alignment is complete and core-shell spin lock-
ing through antiferromagnetic coupling is strong.

B. Mössbauer measurement

Room-temperature Mössbauer spectra of the sample show
the two doublet pattern typical of superparamagnetic

particles.10 Mössbauer spectra have been recorded at low
temperatures under four different conditions—with no field
applied �at 10 K�, field applied after cooling to 5 K with field
directions parallel �ZFCparallel� and perpendicular
�ZFCperpendicular� to � rays. A fourth spectrum was obtained
after cooling the sample down to 5 K with an applied field of
5 T, then recording with an applied field of 5 T perpendicular
to �-ray direction �FCperpendicular� �Fig. 5�.

The spectrum obtained at zero applied field is resolved
into two sextets with average hyperfine fields of 52 and 49 T
corresponding to Fe at the tetrahedral A and B sites,
respectively. Cation distribution at the tetrahedral A and
octahedral B sites obtained from the Mössbauer data
on the basis of the area of the fitted sextets is
�Zn0.5Fe0.5�A�Ni0.25Co0.25Fe1.5O4�B. Since there are four cat-
ions involved, the known relative strength of preference of
occupation of sites20 has been taken into consideration while
calculating this distribution. In bulk Co-Zn ferrites, Zn is
known to have strong preference for the A site while Co and
Ni are known to have strong B-site preferences. Fitted pa-
rameters for core are given in Table I. Table II shows the
fitted parameters for the shell and canting angles for shell is
given in the Table III.

In bulk ferrites the sense of magnetization between the A
and B sublattices is opposite so that these are antiferromag-
netically coupled, leading to an overall ferrimagnetic order-
ing with net moments depending on the cation distribution.
When a magnetic field large enough to saturate is applied, in
the absence of spin canting, the hyperfine field at the A site
will be parallel and that at the B site will be antiparallel to
the applied field.21 Therefore, the magnetic splitting of the A
component is increased and the splitting of the B component
is decreased, allowing a clear distinction between the A and

TABLE I. Mössbauer parameters for core for various measure-
ments �field applied 5 T�.

Type of measurement

Hyperfine field
�T�

�0.03

Isomer shift
�mm/s�
�0.05

Width
�mm/s�
�0.05

A B A B A B

ZFC �perpendicular� 54.9 46.1 0.27 0.308 0.452 0.55

FC �perpendicular� 54.22 46 0.276 0.326 0.452 0.55

ZFC �longitudinal� 53.99 47.25 0.271 0.356 0.55 0.65

TABLE II. Mössbauer parameters for shell for various measure-
ments �field applied 5 T�.

Type of measurement

Hyperfine field
�T�

�0.03

Isomer shift
�mm/s�
�0.05

Width
�mm/s�
�0.05

A B A B A B

ZFC �perpendicular� 52.9 49.0 0.25 0.28 0.51 0.62

FC �perpendicular� 51.8 48.5 0.29 0.32 0.45 0.72

ZFC �longitudinal� 51.5 48.9 0.29 0.37 0.55 0.89
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FIG. 5. �Color online� Low-temperature Mössbauer spectra with
�a� no applied field, �b� field applied along the �-ray direction, �c�
field applied perpendicular to �-ray direction after cooling down to
5 K with no applied field, and �d� field applied perpendicular to
�-ray direction after cooling down to 5 K in the presence of 5 T
field.
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B components. Moreover, the relative intensities of lines 2
and 5 in the sextets are affected by the direction of the ap-
plied field. When the field is applied parallel to the �-ray
direction, the intensities of the middle �2 and 5� peaks in a
sextet become 0. It becomes 4 when the field is applied per-
pendicular to the � rays. The intensity of peaks 1 and 3 �as
also 6 and 4� is always 3:1. The magnetic splitting is deter-
mined by the total magnetic field BT at the nucleus, which is
given by the vector sum of the hyperfine field, Bhf, and the
applied field, BA. Thus, hyperfine field at the nucleus and the
average canting angle can both be determined using the
method described by Petitt and Forester.21

The experimental data for all three in-field Mössbauer
spectra for nanosized Ni0.25Co0.25Zn0.5Fe2O4 can be fitted
satisfactorily with four sextets. Since the overall relative
transmission is only about 6%, to obtain physically realistic
values for individual line intensities, the relative intensity x
of the middle peaks �lines 2 and 5 of a sextet� with respect to
the inner peaks, 3 :x :1 :1 :x :3, has been constrained, as is
necessary in many cases.5 In all three spectra, two sets of
sextets have a value of 2 for x, irrespective of the field di-
rection. The other two sextets have a value of 4 for x when
the field is applied perpendicular to the direction of � rays
and 0 when the field direction is parallel to � rays. Compar-
ing the relative intensities of the sextets and also the hyper-
fine fields, pairs of sextets in which the middle peak intensity
is 0 or 4 also show a field shift exactly equal to double the
applied field. The total difference between the two sextets is
therefore equal to 8 T. The observed value of contraction/
expansion is 4 T implying a demagnetizing field of 1 T.22

The other pair has x values equal to 2, indicative of ran-
dom spin arrangement corresponding to an average angle of
54° with respect to the applied field direction. The hyperfine
field values are nearly the same as that obtained with no
applied field. Interestingly, there is no significant difference

in the obtained parameters of the ZFCperpendicular and
FCperpendicular cases. The sextets which show a collinear ar-
rangements of spins, i.e, those with x=0 or 4 can thus be
assigned to the core and the other pair with x=2 to Fe at the
surface. These results, particularly the indistinguishibility of
FCperpendicular and ZFCperpendicular show that the dominant con-
tribution to the magnetization is from the shell and that the
system can be compared to a model consisting of a well-
ordered core and a surface layer of canted spins in which the
applied field is sufficient to order the core while it has no
effect on the shell. In this model, the thickness of the surface
layer t can be calculated from the particle size d using the
following relation:8

Vcanted = 1 − �1 − 2t

d
�3

, �6�

where Vcanted is the volume fraction of canted spins obtained
from fit. Mössbauer studies show that almost 70% of Fe lies
at the surface and the value of t obtained for the present
system is 0.59 nm. Thus the core can be described by Neel’s
model in which the spins at the A and B sites are collinear
but aligned in opposite directions whereas fields as large as 5
T do not affect the surface spins. On the basis of area ratios
of individual set of sextets, the average cation distribution of
the core and shell are the same showing that the chemical
composition at the core and shell is the same.

IV. CONCLUSIONS

The measurements carried out in the present study very
clearly establish that in the present sample, owing to the very
small sizes, most of the spins are at the surface and so the
magnetic properties are dominated by surface spins which
are nearly impervious to fields on the order of 5 T as applied
in the present studies. The system can be modeled as an
ordered core with conventional collinear arrangement of
spins at the A and B sites and a canted, highly frustrated
surface. The effects observed are comparable to those ob-
tained in nanoganular systems comprising of ferromagnetic
particles embedded in an antiferromagnetic matrix. The large
volume fraction of surface spins completely isolates the
cores so that the entire ensemble behaves as a system of
nearly perfectly noninteracting particles. dc magnetization
studies also establish the fairly strong exchange bias which
exists between the core and shell.
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