
Surface effects and spin glass state in Co3O4 coatedMnFe2O4
nanoparticles

FZeb1,M Ishaque1, KNadeem1 ,MKamran1, HKrenn2 andDVSzabo3,4

1 Nanoscience andTechnology Laboratory, International IslamicUniversity, Islamabad 44000, Pakistan
2 Institute of Physics, Karl FranzensUniversity, Universitätsplatz 5, A 8010Graz, Austria
3 Institute for AppliedMaterials, Karlsruhe Institute of Technology (KIT), D 76344 Eggenstein Leopoldshafen, Germany
4 KarlsruheNanoMicro Facility (KNMF), Karlsruhe Institute of Technology (KIT), D 76344 Eggenstein Leopoldshafen, Germany

E mail: kashif.nadeem@iiu.edu.pk

Keywords:magnetic nanoparticles, spin glass,manganese ferrite, Co3O4

Abstract
Surface effects and spin glass state have been studied inCo3O4 coatedmanganese ferrite (MnFe2O4)
nanoparticles by usingAC andDCmagneticmeasurements. Average crystallite size of Co3O4 coated
MnFe2O4 nanoparticles was 7 nm as calculated byDebye–Scherrer’s formula. Simulated ZFC/FC
revealed higher value of effective anisotropy (Keff) = 5 × 106 erg cm 3 of these nanoparticles as
compared to bulkMnFe2O4 due to enhanced surface effects. Temperature dependent saturation
magnetization followed the Bloch’s law. Temperature dependent coercivity showed sharp increase
below 25 Kdue to strong surface anisotropy and exchange coupling at interface between ferrimagnetic
core and antiferromagnetic surface. For frequency dependent AC-susceptibility, dynamic scaling law
fit confirmed the spin glass behavior inCo3O4 coatedMnFe2O4 nanoparticles. DCfield dependent
AC-susceptibility showed the suppression of energy barrier, reduced activation energy and decreased
strength of interparticle interactions with increasingDCfield. Slow spin relaxation in ZFCprotocol
further confirmed the presence of spin-glass behavior. All this analysis confirmed the existence of
spin-glass behavior as attributed to disordered surface spins and interparticle interactions in these
nanoparticles, which gets suppressed after the application ofmoderateDCfield.

1. Introduction

The unique and striking features ofmagnetic nanoparticles have drawn considerable scientific and technological
attention because of their wide range of applications inmicrowave industry,magnetic recording, refrigeration
systems, electrical devices, ferro-fluids,MRI imaging and drug delivery [1–6]. All these practical applications
needs to study and understand the physical properties ofmagnetic nanoparticles, which aremainly depend upon
the size, shape and interparticle interactions. In single domain nanoparticles, super-exchange interactions and
dipolar interactions are usually dominate. These interactions are strongly depend upon temperature. If these
interactions are randomand strong below a freezing temperature then a spin glass like state can exist in
nanoparticles. The spin-glass behavior due to dipolar interactions among nanoparticles is known as super spin-
glass, while spin-glass behavior due to disordered surface spins is called surface spin-glass. The dipolar
interactions are weaker than the super-exchange interactions. Experimentally, it is not easy to distinguish
between super and surface spin-glass behavior.

MnFe2O4 nanoparticles exhibits an excellent chemical stability with temperature and time. They possess
remarkable properties like size dependent saturationmagnetization, prominentmagneto-crystalline anisotropy
and prominentmechanical hardness thatmakes themunique from the other spinel ferrites [7–14]. Fine
MnFe2O4 nanoparticles consist of twomain parts: a corewith orderedmagnetic structure and a surfacewith
disordered spins due to crystalline symmetry breaking. Both parts can influence themagnetic properties of these
nanoparticles. Balaji et al [15] reported strong interparticle interactions inMnFe2O4 nanoparticles at low
temperaturewhich are responsible to produce spin glass state analyzedwith the help of frequency dependent AC



susceptibilitymeasurements. Gao et al [16] reported superparamagnetism and spin glass state inMnFe2O4

nanoparticles. They also reported increase inHc andMs at low temperatures which is due to strong interparticle
interactions. Aslibeiki et al [17] reported a lowerMs value forMnFe2O4 nanoparticles than bulkMnFe2O4 and
strong interparticle interactions can lead to the super spin glass like behavior in these nanoparticles.

BareMnFe2O4 nanoparticles tend to agglomerate and attain cluster like appearancewith increase in size.
These cluster become furthermagnetize when placed in an externalmagnetic field and result in a formof
stronger attraction among these nanoparticles [18]. Themagnetic nanoparticles can be coatedwith a specific
material to avoid interparticle interactions. Aslibeiki et al [19] studied the polymer coatedMnFe2O4

nanoparticles and reported that the polymer coating enhanced the saturationmagnetization, shifted blocking
temperature towards the low temperature and changed strong super spin glass behavior toweak
superparamagnetic state.Mdlalose et al [20] reported that chitosan coating reduced theMs value ofMnFe2O4

nanoparticles and enhancedHc. Therefore coatingmaterial can significantly alters themagnetic properties of
nanoparticles whichmainly depends upon the nature of the coatingmaterial. Insitu non-magnetic silica coating
can reduce themagnetization of the nanoparticles due to decreased nanoparticle’s size and is attributed to
existence of canted spins [21, 22]. However, coating on the already prepared nanoparticles can significantly
control/reduce the interparticle interactions. On the other side,magnetic coating usually generates core–shell
interface interactions that can alter the overall effective anisotropy andmagnetic properties of the nanoparticles
and improve their thermal stability [23–26].

In this present article, we have used antiferromagnetic Co3O4 coating onMnFe2O4 nanoparticles due to its
higher density,melting point and thermal stability that can produce exchange coupling between ferrimagnetic
(FiM)/antiferromagnetic (AFM) interfaces to tunemagnetic properties ofMnFe2O4 nanoparticles. Srikala et al
[27] studied the effects of CoO coating onConanoparticles and reported that themagnetic properties are
strongly depend upon the exchange coupling between the ordered core and disordered shell and on the external
appliedfield. In this article, our prime focus is to investigate the surface effects of Co3O4 coating on themagnetic
properties ofMnFe2O4 nanoparticles.

2. Experimental

MnFe2O4 coated nanoparticles withCo3O4 have been synthesized bymicrowave plasma fabrication technique
by using a frequency of 2.45 GHzmicrowave equipment. Co3O4 coatedMnFe2O4 nanoparticles were protected
by a polymer i.e. PMMAbecause it is stable at the temperatures after the reaction zone and polymerize
immediately under the influence of temperature and theUV radiation stemming from the plasma [28]. The
comprehensive fabrication is described in detail elsewhere [29, 30]. Structural phase was identified by x-ray
diffraction (XRD) (BrukerD8Advance instrument) by usingCu-Kα (λ = 0.154 nm) radiation at ambient
conditions. Transmission electronmicroscopy (TEM)was used for imaging of the nanoparticles. Themagnetic
measurements were taken by super conducting quantum interface device (SQUID)magnetometer (Quantum
Design,MPMS-XL-7) usingmaximumamplitude of the applied field of±5 Twithin the temperature range of
4.2–300 K. The frequency andDC field dependent AC-susceptibility was also takenwith the same
magnetometer in the frequency range of 1–1000 Hz in the temperature range from4.2 to 300 K.

3. Results and discussion

X-ray diffraction (XRD) is widely used for the identification of crystal structure, identification of phase
crystallinity and information of lattice parameters ofmaterials. Figure 1(a) represents the XRD spectrumof
Co3O4 coatedMnFe2O4 nanoparticles placed on aluminum substrate. The observed peaks at 2θ = 18°, 30.1°,
35.5°, 43.2°, 53.6°, 57°, 62° and 74° from the (111), (220), (311), (400), (422), (511), (440) and (533) planes,
respectively represents the standardXRDpattern ofMnFe2O4 phase (JCPDSCardNo. 74-2403). The peaks
observed at 2θ = 19°, 31° and 36.7° are from (111), (220) and (311) planes, respectively representing Co3O4

phase (JCPDS cardNo. 74-1656). Few peaks of Co3O4 are overlappingwith the peaks ofMnFe2O4 phase. The
percentages ofMnFe2O4 andCo3O4 are calculated from relative intensities of XRDpeakswhich are 75% and
25% forMnFe2O4 andCo3O4, respectively. The average crystallite size of the nanoparticles was calculated by
usingDebye–Scherrer’s formula and found 7 nm.

Transmission electronmicroscopy (TEM) is a vital technique for confirmation of size and shape of the
nanoparticles. Figures 1(b) and (c) shows the TEM images of Co3O4 coatedMnFe2O4 nanoparticles at the scales
of 20 and 50 nm, respectively. TEM images show that the nanoparticles are spherical in shape but with less
agglomeration due to theirmagnetic nature. TheCo3O4 coating is clearly visible in TEM image as demonstrated
by arrows in thefigure 1(b).



Figure 2 represents the experimental and simulated zerofield cooled (ZFC)-field cooled (FC) curves of
Co3O4 coatedMnFe2O4 nanoparticles carried out at 50 Oe appliedmagneticfield. The broadmaxima in the
ZFCexp curve is observed at∼238 Kwhich represents the average blocking temperature (TB) of the
nanoparticles. In the literature, uncoatedMnFe2O4 nanoparticles of the same size give TB ∼ 108 K [31]. This
shift of TB to higher temperature is due toCo3O4 coatingwhich increased themagneto-crystalline anisotropy
and also the effect of dipolar interactions [32].

Figure 1. (a)XRDpattern of Co3O4 coatedMnFe2O4 nanoparticles with JCPDS cards, (b)TEM image of Co3O4 coatedMnFe2O4

nanoparticles at 20 nmand (c) 50 nm scale.

Figure 2.Black squares represents the experimental and red line shows the simulated curves of ZFC/FC ofCo3O4 coatedMnFe2O4

nanoparticles with obtained simulated parameters.



Wehave also simulated ZFC and FC susceptibility curves by usingNeel-Brown relaxationmodel. According
to thismodel, ZFC susceptibility can bewritten as [33],
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For a certain temperature T, thefirst and the second termof equation (1) correspond to un-blocked super
paramagnetic and stiffed blocked particles, respectively. For FC susceptibility, the sameNeel-Brown relaxation
model is given as [33],
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The bestfit of simulated curvewith the experimental curve gives the average particle size 〈d〉 = 6 nmand
effective anisotropy constant Keff = 5 × 1006 erg cm 3. The value of Keff for Co3O4 coatedMnFe2O4

nanoparticles is higher than the bulk value ofMnFe2O4 (Keff = 2.5 × 1004 erg cm 3) [34] and is attributed to
the surface/strain and core-surface interactions effects that dominate themagnetic anisotropy density in these
small nanoparticles. Thefitted value of Keff of Co3O4 coatedMnFe2O4 nanoparticles is also slightly higher than
the reported bareMnFe2O4 nanoparticles (with nearly the same size)which is 2.36 × 106 erg cm 3 [31]. The
Co3O4 coating has leading role in enhancing theKeff value due to coupling between FiM core andAFM surface
[32]. The difference arises between the simulated and experimental FC curves is due to the limitation of our
model because it is valid for the non-interacting single domainmagnetic nanoparticles. Below 30 K, FCexp curve
becomes flat. Flattening of the FCexp curve is the sign of spin-glass behavior and/or inter-particle interactions in
thesemagnetic nanoparticles [35, 36].

Figure 3. (a)M Hloop of Co3O4 coatedMnFe2O4 nanoparticles at 5 K (b) temperature dependent saturationmagnetizationwith
Bloch’s lawfit and (c) temperature dependent coercivity.



Figures 3(a)–(c) shows theM-H loop at 5 K under the appliedfield of±5 T, temperature dependent
saturationmagnetization (Ms) and coercivity (Hc) of Co3O4 coatedMnFe2O4 nanoparticles.MaximumMs value
(43 emu g 1) is observed at 5 K,which is less than that of the bulk value [37]. In ferrite nanoparticles, it is
common to have reducedMs valuewith decreasing particle size because of the disordered or canted surface spins
and due to presence of AFMwt%ofCo3O4 phase in the normalization ofmagnetization in units of emu/g.

Figure 3(b) shows the temperature dependentMs for Co3O4 coatedMnFe2O4 nanoparticles. It shows an
increasing trendwith decreasing temperature which is due to reduction in thermalfluctuations. The obtained
data isfitted by using Bloch’s law and is given as [38].

M T M BT0 1 3S S
b= -( ) ( )( ) ( )

Surprisingly, thefitted values obtained from equation (3) for Bloch’s exponent andBloch’s constant are 1.4 and
6.26 × 10 05 K b respectively, which is almost consistent with bulkMnFe2O4 nanoparticles [39, 40]. The slight
difference in Bloch’s exponent is due to smaller size of nanoparticles. However for nanoparticles, it was reported
that the temperature dependentmagnetization followT2 law rather than the usual Bloch’s T3/2 law [41]. The
deviation fromT3/2 law is due to thefinite-size effects, lack of surface coordination at the surface ofmagnetic
nanoparticles and the energy gap happening in the density of states [21, 42]. Figure 3(c) represents the
temperature dependent coercivity (Hc)which gives large value at low temperatures indicates the clear blocking
behavior for the single domain nanoparticles. The nanoparticles give themaximumvalue ofHc = 1466 Oe at
5 Kwhich is approximately four time higher than reported bareMnFe2O4 nanoparticles (Hc > 420 Oe at 5 K)
[16] and is attributed to exchange coupling at interface between FiM core andAFM shell [43–45]. In the present
case, the data deviates fromKneller’s law at low temperatures (not shown here) due to strongmagneto-
crystalline anisotropy including strain anisotropy, surface anisotropy, shape anisotropy, and exchange coupling
between FiM core andAFM shell [46–48].

AC-susceptibilitymeasurements were used to study the dynamicmagnetization of the nanoparticles because
external excitation frequency and energy barrier both are directly influenced by the relaxation time of AC-
susceptibilitymeasurements. Figures 4(a) and (b)–(d) shows the in-phase and out-of-phase parts of AC-
susceptibility, respectively in the temperature range from5 K to 300 K at different frequencies (f) = 1, 10, 100
and 1000 Hz under different appliedDCmagnetic fields. The average blocking temperature increases with the

Figure 4. (a) In phase and (b) (d) out of phase parts of frequency dependent AC susceptibility of Co3O4 coatedMnFe2O4

nanoparticles under different appliedDC fields (HDC) 0 Oe, 20 Oe and 100 Oe, respectively.



increase in frequency due to change of energy barrier (EA)with applied frequency. For in-phase part at
HDC = 0 Oe, the TB shifts from244 to 270 K as the frequency is increased from1 to1000 Hz.We have fitted the
f-dependence shift of TB by using different physical laws on out-of-phase part of AC-susceptibility data.

Figures 5(a)–(c) shows the Arrhenius law, Vogel-Fulcher law and dynamic scaling lawfits for f-shift of TB

without appliedHDC. For thermal excitation of non-interacting single-barrier blocked nanoparticles, Neel-
Arrhenius law can bewritten as,

E

k T
exp 4m

a

B B
0t t=

⎛
⎝⎜

⎞
⎠⎟ ( )

Where ‘Ea’ represents the activation energy barrier, ‘kB’ be the Boltzmann constant, TB represents blocking peak
temperature and ‘τo’ represents atomic spin-flip time [49]. The values of extracted parameters are
τo = 4.3 × 10 15 s and Ea/kB = 4993 K obtained fromArrhenius lawfit are unphysical for these nanoparticles.
Thesefitted parameters indicate that Co3O4 coatedMnFe2O4 nanoparticles do not follow thermally activated
Arrhenius law and therefore they are not non-interacting.

To investigate the interactions betweenCo3O4 coatedMnFe2O4 nanoparticles, Vogel–Fulcher law [50] is
commonly usedwith the additional parameter Towhich represents the strength of interparticle interactions, as
given in equation (5)
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Figure 5(b) shows theVogel Fulcher lawfit with To = 76 K. The obtained values for spin flip time and activation
energy are τo = 4.56 × 10 9 s and Ea/kB = 1425 K, respectively which are now reasonable for these
nanoparticles. The presence of To shows that there aremoderate interparticle interactions present among these
nanoparticles.

For the existence of spin glass behaviour in these nanoparticles, dynamic scaling law is usedwhich can be
expressed as,

Figure 5. (a)Arrhenius lawfit, (b)Vogel Fulcher lawfit, and (c) dynamic scaling lawfit for Co3O4 coatedMnFe2O4 nanoparticles.
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Where τ* represents the huge core spin flip time for nanoparticle’s spin, which is different from atomic spin flip
time. For differentmagnetic nanoparticles the value of spin flip time lies in the range of 10 06

–10 09 s [51], To is
the static transition (freezing) temperature, TB represents the frequency dependent freezing temperature and ‘zv’
is the critical exponentwhich provide the information about the spin-glass state and its ranges from4 to 12 for
different spin-glass systems [52]. The value of spinflip time of these nanoparticles as obtained fromdynamic
scaling law is τ* = 7 × 10 4 s. The higher value of spin flip time τ* is because of the quenched atomic relaxation
of frozen surface spins, dipolar interactions and FiM core-AFM surface interactions. The high value of critical
exponent (zv = 12) shows that Co3O4 coatedMnFe2O4 nanoparticles havemagnetic interactions and
established spin-glass behaviour.

DCfield dependent out-of-phase part of AC-susceptibility of Co3O4 coatedMnFe2O4 nanoparticles is
shown infigures 4(c) and (d)which shows a peak shift with applyingDC field because the energy barrier can be
modified (reduced) and nanoparticles spins require less thermal energy to deblock from their anisotropy axes

Table 1.Parameters obtained fromphysical laws.

Applied field

(H)Oe Laws Parameters Values

0 Arrhenius law τo 4.3 × 10 15 s
E

k
A

B
4993 K

Vogel Ful

cher law

τo 4.5 × 10 9 s

E

k
A

B
1425 K

To 76 K

Dynamic scal

ing law

τ* 7 × 10 4s

zv 12

To 97 K

20 Arrhenius law τo 4.2 × 10 14 s
E

k
A

B
3970 K

Vogel Ful

cher law

τo 2 × 10 12 s

E

k
A

B
2940 K

To 20 K

Dynamic scal

ing law

τ* 3.7 × 10 4 s

zv 7.2

To 96 K

50 Arrhenius law τo 5.2 × 10 14 s
E

k
A

B
3508 K

Vogel Ful

cher law

τo 3.2 × 10 12 s

E

k
A

B
2563 K

To 18 K

Dynamic scal

ing law

τ* 1.4 × 10 4 s

zv 6.17

To 92 K

100 Arrhenius law τo 6.5 × 10 13 s
E

k
A

B
2662 K

Vogel Ful

cher law

τo 1.9 × 10 11 s

E

k
A

B
1972 K

To 15 K

Dynamic scal

ing law

τ* 5.2 × 10 4 s

zv 4.3

To 80 K



and hence TB decreases with increasingDCfield.We havefitted data ofDC field dependent AC-susceptibility
with the help of same physical laws (Neel-Arrhenius law, Vogel-Fulcher law and dynamic scaling law) as already
used and summarized their obtained parameters in table 1. The values obtained for atomic spin flip time τo from
Arrhenius law for all the samples increased from4.3 × 10 15 s to 6.5 × 10 13 s with varying appliedDCfield
from0 to 100 Oe. It indicates that Co3O4 coatedMnFe2O4 nanoparticles exhibit stronger interactions in the
absence of appliedDC field.With increasingDC field, the interactions between nanoparticles are reduced and
shifted towards non-interacting behavior. AppliedDCfield also reduces interparticle interactionswhich is
confirmed by the decreasing value of effective temperature T0with increasingDCfield. The activation energy
(EA/kB) shows decreasing trend from4993 K to 1972 Kwith increasing appliedDC field. The zv value changes
from12 to 4with increasingDC field, which shows thatDCfield have also impact on spin glass state. All these
values show that the appliedDC field inAC-susceptibility overcomes the interparticle interactions that reduced
the blocking temperature and also affect the spin glass state [53–55].

In ferrite nanoparticles, the glassy behavior has been attributed to a super spin glass phase and/or freezing of
disordered surface spins. For nanoparticles, time-dependentmagnetization is usually expressed in terms of
thermally-activated relaxation between two stablemagnetization states which are separated by awell-defined
energy barrier. Interparticle interactions and spin glass state canmodify the energy barrier and they are no longer
independent. Superparamagnetic system shows slow spin relaxation in FCprotocol only while spin glass system
shows slow relaxation in both ZFC and FCprotocols. Therefore ZFC relaxation experiment can be beneficial to
prove spin glass state. These two states strongly depend upon the value of shape parameterβwhose value is lies
from0–1 for different disordered systems [56, 57]. The reported value of shape parameter (β) for spin-glass
system lies in the range from0.2 to 0.6, below the freezing temperature [58]. Figure 6 shows the ZFC relaxation
of Co3O4 coatedMnFe2O4 nanoparticles at 5 K.Usually relaxation data isfitted by using twowell-knownmodels
namely stretched exponential decaymodel and logarithmic relaxation decaymodel [59].We have used stretched
exponential decaymodel for ZFC relaxationfitting. For ZFC relaxation, the relation is given as

M M M M texp 71 1 2 t= - - - b( ) [ ( ) ] ( )/

The parameters obtained from the fit areβ = 0.29 and τo = 997 s. The shape factor parameter (β) and
relaxation time (τo) confirmed the slow spin relaxation in these nanoparticles. InCo3O4 coatedMnFe2O4

nanoparticles, the spin-glass behavior and stronger interactions causes the slow relaxation. For the systemof
spin-glass, there are configurational energy barriers andmagnetic spins are trapped in systemwhich requires
more time for spin-flip.

4. Conclusions

TheCo3O4 coatedMnFe2O4 nanoparticles were synthesized by usingmicrowave plasma technique. The spinel
structure ofMnFe2O4 nanoparticles were confirmed byXRD analysis. TEM images revealed that the Co3O4

coatedMnFe2O4 nanoparticles are nearly spherical in shapewith less agglomeration. ZFC/FC curves revealed
that the Keff value of nanoparticles is higher than the bare and bulk valueswhich is due to enhanced surface
anisotropy of these nanoparticles. Surprisingly, The obtained values offitted parameters fromBloch’s law are

Figure 6.ZFC relaxation curve of Co3O4 coatedMnFe2O4 nanoparticles. Red line shows fitting of stretched exponential law curve.



B = 6.26 × 10 05 K b and b = 1.4which are in good accordancewith that reported for bulkMnFe2O4which
proved our nanoparticles followBloch’s law. Coercivity showed a steep increase below 25 Kdue to blocked
surface spins, strong surface anisotropy and exchange coupling at interface between FiM core andAFM surface
coating. Vogel-Fulcher lawfit gave us a reasonable value of spin flip time and activation energy with To = 76 K.
The value of τ* = 7 × 10 4 s and critical exponent zv = 12 as obtained fromdynamic scaling lawfit showed
that our nanoparticles exhibited a spin-glass behaviour. DC field dependent AC-susceptibility revealed that
blocking temperature, activation energy and atomic spin flip time shifts to lower values due to suppression of
energy barrier with appliedDC field. The ZFC relaxation of Co3O4 coatedMnFe2O4 nanoparticles showed
slowermagnetic relaxation due to presence of stronger spin-glass behavior in them.All thesemeasurements
showed that Co3O4 coatedMnFe2O4 nanoparticles revealed enhanced surface spins disorders andmagnetic
coating does notminimize the surface energy.
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