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Abstract

Electron spin resonance (ESR) spectra of magnetic fluids involving polydispersed Zn0.5Fe0. 5Fe2O4 (FZ5) and Zn0.7Fe0. 3Fe2O4 (FZ7)
nanomagnetic particles are scanned from 4.2 to 300 K. The FZ7 fluid exhibits certain distinct features below 40 K which are different
from FZ5 fluid. These include (i) an isotropic shift in resonance field in zero-field-cooled ESR study, (ii) deviation of resonance field from
sin2h behavior (where h is the angle between axis of the particle and field) in field cooled (FC) sample and (iii) abrupt increase in anisot-
ropy field for FC sample. The results are analyzed in light of the core-shell model for nanomagnetic particles.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The study of magnetic nanoparticles is a fertile area of
research due to their diverse technological applications
like, high density information storage, biomedical materi-
als, catalysis and as an active component in magnetic fluids
(a colloidal suspension of nanomagnetic particles in a non-
magnetic carrier liquid), etc [1–4]. In addition to the above
applications they are also used as research tools in the areas
of material physics, geology, biology and medicine. In
nanomagnetic materials magnetic properties depend on
the intrinsic properties of the particles and the interaction
between them. The properties due to interactions are
reviewed in Refs. [5,6] while Kodama [7] has reviewed
intrinsic properties of magnetic nanoparticles with special
reference to the effect of finite size on zero temperature spin
ordering, magnetic excitations and relaxation. Based on
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these reviews it is now clear that the magnetic ground state
of nanomagnetic particle is strongly influenced by finite
size and micro-structural details of both core and surface.
Kodama et al. [8] have shown that surface spins, which
endure a deficiency in exchange interaction, may play a
specific role on the structure and dynamical behavior of
nanomagnetic particles. A good deal of research work is
devoted to understand the role of surface spin ordering in
magnetic properties of nanomagnetic particles at low tem-
perature [9–14].

Earlier, we have studied the electron spin resonance
(ESR) spectra of nanomagnetic Zn0.5Mn0.5Fe2O4, particles
dispersed in kerosene at temperature between 4.2 and
400 K [15,16]. The spectra exhibited two distinct features
(i) above the melting point (Tm) of the carrier liquid, two
different resonance modes co-exist viz, (a) a broad line
due to ferrimagnetic resonance and (b) a sharp line at
g = 2, due to intrinsic super-paramagnetic phase. (ii) below
the melting point of the carrier liquid; zero-field-cooled
(ZFC) ESR spectra exhibited an isotropic shift in reso-
nance field below 40 K, while the field cooled (FC) spectra
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Table 1
Magnetic properties of the magnetic fluids

Sample Domain
magnetization
(emu/cc)

Log-normal
median
diameter (Å)

Standard
deviation in log-
diameter(r)

Curie
temperature
(K)

Zn0.5Fe0.

5Fe2O4

(FZ5)

200 60 0.37 364

Zn0.7Fe0.

3Fe2O4

(FZ7)

115 43 0.25 347
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Fig. 1. XRD pattern for FZ5 and FZ7 sample.
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Fig. 2. Magnetic response of magnetic fluids at room temperature for FZ5
(s) and FZ7 (n) samples.
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showed hysteresis behavior in variation of resonance field
versus h, where h is the angle between axis of the particle
and applied magnetic field. Further, FC sample did not
obey sin2h behavior [16]. In both the cases (i.e., ZFC and
FC) the linewidth increases sharply below 50 K. These
results were analyzed using random field exchange anisot-
ropy model as proposed by Martinez et al. [17]. Using this
model it is shown that below 50 K, the surface spin-glass-
like layer freezes and give rise to isotropic shift in reso-
nance field and an unidirectional freezing property of spins
shows angular dependent hysteresis for field cooled config-
uration [16]. Similar effects were also observed by Koksha-
rov et al. [18,19] and Gazeau et al. [20].

The applicability of this model to other similar polydis-
persed nanomagnetic system is studied here. ESR spectra
of polydispersed Zn0.5Fe0.5Fe2O4 (FZ5) and Zn0.7Fe0.3-

Fe2O4 (FZ7) nanomagnetic particles in kerosene were
recorded in the temperature range 4.2–300 K. These sam-
ples also have low Curie temperature below 400 K and high
pyromagnetic co-efficient [21,22]. The detailed magnetic
properties of these fluids are discussed elsewhere [21,22].
Table 1 gives the certain properties of these fluids. The
spectra are analyzed in light of the above model.

2. Sample characterization

ZnxFe1 � xFe2O4 particles with different concentration
of Zn were synthesized using chemical coprecipitation tech-
nique. The Fe3+, Fe2+ and Zn2+ ions in an aqueous solu-
tion were mixed in appropriate molar ratio in distilled
water and using 8 M NaOH solution precipitate were
obtained under vigorous stirring at room temperature.
After the precipitation, the suspension was kept for diges-
tion at 80 �C for 20 min. During this time, the particles
grew and transformed to the crystalline state. The crystal-
line nature was confirmed by the X-ray diffraction tech-
nique. Oleic acid was then added and the mixture was
stirred for an hour. The fluid was heated and peptized by
adding a small amount of dilute HCl. By magnetic sedi-
mentation the oleic acid coated particles was repeatedly
washed with double distilled water and subsequently
washed with acetone to remove water. Ultimately, this ace-
tone wet slurry was dispersed in diester (Bis (2-ethylhexyl
Adipate)). The structure of particles is determined using a
BrukerD8-Advance X-ray powder diffractometer. Fig. 1
shows the XRD pattern for FZ5 and FZ7 samples. The
analysis confirms the formation of single phase cubic spinel
structure. The particle size (diameter) determined by Scher-
rer’s formula for (311) reflection are 53 and 40 Å, for FZ5
and FZ7 samples, respectively.

The room temperature magnetization curves for FZ5
and FZ7 magnetic fluids (Fig. 2) exhibit zero remanence
and coercivity. Using the log normal size distribution of
particle volume and Langevin’s theory the magnetization
results are analyzed and values thus obtained for FZ5
and FZ7 fluids are given in Table 1.

3. Esr measurements

ESR measurements are carried out using Bruker-ESR
spectrometer operating at an X-band frequency (9–
10 GHz). A 10 Gauss modulation field is used at 100 kHz
frequency, this does not cause any distortion at low tem-
perature in the line shape. The original fluid (volume frac-
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Fig. 3. First derivative of power absorption as a function of field at
different temperatures viz; 20, 40, 100, 180, 260 and 300 K. For (a) FZ5
and (b) FZ7 sample.
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tion of the fluids are 5% and 7%, for FZ5 and FZ7 mag-
netic fluids, respectively) is diluted 100 times in order to
decrease the interparticle interaction as well as to prevent
the radio frequency field line distortion.

In ZFC measurements, the system is initially cooled in
absence of magnetic field from 300 to 4.2 K and then the
ESR patterns were recorded by scanning the field in warm-
ing up cycle. In case of FC measurements a 10 k Oe dc-
magnetic field is applied to the sample at 300 K and then
cooled to 4.2 K under the influence of magnetic field. The
later leads to the freezing of angular orientation of the
magnetic moment of particle in the direction of the mag-
netic field. Thus the medium will be textured. This will
freeze the orientation of all the particles and the medium
will be textured. The angle dependent ESR measurements
were recorded by rotating the Dewar insert containing
the FC sample at various angles (h) with respect to the
applied magnetic field direction.

At low temperature, the observed linewidth (DHpp) is
large (>1500 Oe) therefore one has to take into account
the relaxation phenomenon in the analysis. Considering
the Landau–Lifshitz formulation and assuming that the
observed pattern is due to the super-positions of micro-
wave absorption of identical ellipsoidal particles (i.e., with
the same form factor, magnetization and relaxation fac-
tors) one obtains [23]

H res ¼ H 1
res þ 3

4

DH 2
pp

H ref

 !
ð1Þ

Here, Hres H 1
res and Href are respectively, the resonance

fields without relaxation effect, with relaxation effect and
reference resonance field. In the present case the reference
resonance field is 3400 Oe. The resonance field values used
in the analysis are corrected using Eq. (1).
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Fig. 4. Variation of the peak-to-peak linewidth (DHpp) with temperature
for a randomly oriented easy axis samples of FZ5 (n) and FZ7 (h)
magnetic fluids. Inset: variation of resonance field (Hr) after correcting for
the relaxation effect using Eq. (1) with temperature for FZ5 (n) and FZ7
(h) magnetic fluids.
4. Results and discussion

4.1. Randomly oriented easy axis: ZFC condition

Typical ESR spectra for x = 0.5 and 0.7 fluid samples
recorded at different temperatures are shown in Fig. 3a
and b. All the spectra were analyzed using Lorentzian dis-
tribution function and the parameters like resonance field,
Hr, peak-to-peak linewidth, DHpp, area under the curve,
etc., were obtained. The deconvolution of the spectra show
that each spectrum is a super-position of two resonance
modes: a broad line and a sharp line at g = 2. Such two res-
onance modes feature was also observed by earlier workers
[16,24–27]. The variation of peak-to-peak linewidth (DHpp)
and resonance field (Hres) with temperature for ZFC (ran-
domly oriented easy axis) are plotted in Fig. 4. In the case
of FZ5, the linewidth increases gradually with decrease in
temperature, while for FZ7 it shows a sudden increase
below 50 K. Similarly, resonance field remains almost
invariant from 4.2 to 200 K for FZ5 fluid while for FZ7
fluid, resonance field remains constant for T > 40 K and
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thereafter it decreases. Similar behavior was also observed
in Mn–Zn sample [16]. The observed discontinuity at
T = 200 K, is due to the melting of the carrier, and above
this temperature the randomly frozen anisotropy axis will
now free to orient in the medium. The system approaches
towards the super-paramagnetic state with increasing tem-
perature. The increase in the linewidth with decreasing tem-
perature is attributed to the distribution of internal local
fields because temperature dependence of energy barriers
due to dipole–dipole field energy, anisotropy energy and
dipole field energy are different.

At the temperature below 40 K, FZ7 system shows
increases in linewidth with decrease in temperature
(Fig. 4) while the resonance field decreases with decrease
in temperature. This behavior is similar to that described
by other workers [18–20]. It may be noted that these fea-
tures cannot be accounted by the dipole–dipole interaction
as the inter-particle distance for the diluted sample used in
the study leads to the magnitude of the dipole–dipole
energy to less than 1 K. On the other hand it has been
observed that for a system with spin-glass-like transition
the ESR linewidth usually exhibits broadening below the
spin glass temperature. Using this argument, earlier work-
ers have explained origin of this isotropic shift in resonance
field—i.e., [Hiso = Href � Hres(ZFC)] and additional line
broadening as due to the intrinsic spin-glass-like state
which takes place on the surface of an individual particle
at low temperature.

In our earlier study on Mn–Zn system [16] it was shown
that the observed isotropic shift and increase in linewidth
for T < 40 K can be accounted by considering the particle
to have a ferromagnetic core and surface spin-glass-like
layer. The former changes its orientation by coherent rota-
tion while the later slowly relaxes in the direction of the
field. In the present case the observed isotropic shift value
(�350 Oe) is much smaller than that observed for Mn–Zn
system (1500 Oe) at 4.2 K. Apart from the different mag-
netic properties of the systems one of the reason may be
the particle size, which for Mn–Zn system was 68 Å while
for the FZ7 sample it is 43 Å. Thus one can argue that in
the present case the properties are more dominated by sur-
face spins than core. This feature is more pronounced in
the field cooled ESR study.
H
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Fig. 5. (a) Resonance field variation with temperature for perpendicular
(solid symbol) and parallel configuration (open symbol) for the textured
FZ5 fluid. (b) Resonance field variation with temperature for perpendic-
ular (solid symbol) and parallel configuration (open symbol) for the
textured FZ7 fluid.
4.2. Preferred oriented easy axis: FC condition

When a magnetic fluid is cooled from 300 to 4.2 K under
the influence of 10 k Oe dc-magnetic field the anisotropy
axis of the majority of the particles will be aligned along
the field cooled direction and the maximum texture will
be achieved. For a completely aligned system, Hres for par-
allel and perpendicular configuration is given by [20]

H resðkÞ ¼ H ref � H a ð2Þ

and

H resð?Þ ¼ H ref þ 1H a ð3Þ

2

Thus for the randomly oriented system the average—i.e.
h½f2H resð?Þ þ H resðkÞg=3�i—is equal to Href. The variation
of resonance field with temperature for FZ5 and FZ7 are
shown in Fig. 5a and b, respectively. The observed varia-
tion of resonance field with temperature for FZ5 system
can be accounted by considering Eqs. (2) and (3). In case
of FZ7, Hres, decreases with temperature for both the con-
figurations. This suggests a different type of magnetic
ordering in FZ7 below 40 K.

The variation of anisotropy field (Ha) with temperature
for FZ7 (calculated using Eqs. (2) and (3)) shows an abrupt
increase in Ha below 40 K (Fig. 6), while for FZ5 sample it
shows a gradual increase below 40 K (Inset Fig. 6). This
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Fig. 6. Thermal variation of anisotropy field (Ha) calculated for the
textured fluid of FZ7. Note the rapid increase in Ha below 50 K. (Inset: for
FZ5 sample.)
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again supports the concept of larger contribution of surface
anisotropy in the FZ7 system compared to that in FZ5.

Generally for ferri/ferromagnetic particles, the angular
dependence of the resonance field is described by the rela-
tion [28]

H resðhÞ � H resð0�Þ
H resð90�Þ � H resð0�Þ

¼ sin2 h ð4Þ

In case of FZ5 fluid the above relation is obeyed.
Hence, the system behaves as a true uniaxial system. In
Mn–Zn system angular dependence hysteresis effects in
resonance field was observed. To check such possibility,
angular dependence resonance field for FZ5 and FZ7 tex-
tured fluids were carried out at 4.2 K. In the case of FZ7
fluid, the angular dependence showed a significant devia-
tion from the above relation (Fig. 7). In both the cases no
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Fig. 7. Angular dependent variation of resonance field, at 4.2 K for a FZ7
field-cooled sample. The sample is cooled from 300 K i.e., in the liquid
state to 4.2 K under a 10-kOe field, where Y = [H(h�) � H(0�)]/
[H(90�) � H(0�)]. The data remains same from 180� to 0� orientation
(i.e., no angular dependent hysteresis).
angular dependent hysteresis was observed.. The presence
of hysteresis in Mn–Zn system [16] is due to unidirectional
freezing of surface spins during field cooled condition. On
removal of the field, the core experiences the field gener-
ated by the frozen surface layer in the same direction as
that of the previously applied field, thus exhibits hystere-
sis. The absence of hysteresis in FZ7 indicates that the
core relaxes back to its original position on removal of
the field but the frozen surface layer give rise to large sur-
face anisotropy (Fig. 6) below 40 K, as a result deviation
from the sin2h law is observed, i.e., system does not exhi-
bit uniaxial behavior. This supports the conjecture that
the because of smaller particle size, the surface dominates
in FZ7 and these surface spins freezes below 40 K. Thus
all the observed features in ESR spectra of FZ5 as well
as FZ7 can be explained by the core-shell model used in
the earlier study.

5. Summary

Using the ESR technique, it is shown that when the sur-
face effect is dominated over that of the core, one can inter-
pret the observed isotropic shift in resonance field, increase
in anisotropy field and deviation from sin2h law below
40 K in Fe–Zn systems. These data are analyzed by viewing
nanomagnetic particle as monodomain core and a surface
of disordered spins. The degree of disorder is a function
of particle size and it freezes at low temperature and exhib-
its spin-glass-like magnetic ordering.
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