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template free solvothermal method and their size dependent magnetic and electrical properties. Size

of the hollow spheres is varied from 100 nm to 725 nm by changing the concentration of capping

agent. Trace of Verway transition is found for all sets of spheres and the Verway transition

temperature (TV) increases with increasing size of the spheres. The domain structure of these spheres

changes from pseudo single domain to multi domain state as the size increases from 100 nm to

725 nm as evident from Day plots. This change in domain structure also changes the magnetic and

electric properties of these spheres. Temperature dependent of high field magnetization of the hollow

spheres can be well explained by Bloch’s power law with higher than the bulk value of Bloch

constant. The Bloch exponent varies from 1.94 to 1.69 with increasing size of the spheres. Frequency

dependence of electrical conductivity (r) shows Jonscher’s power law type behaviour and bigger

spheres are found to be more conductive than smaller ones due to their multidomain configuration.

I. INTRODUCTION

Fabrication of functional magnetic nanomaterials and

design them to achieve desired morphology has become a

topic of great interest to the researchers during last few deca-

des. Morphology of the nanomaterials plays an important

role in tuning the magnetic as well as transport properties of

the whole assembly. It has been found that materials having

building blocks with same composition but different mor-

phology can have different properties.1–6 During last few

years, people have developed various procedures to synthe-

size different nano structures such as sphere, rod, wire,

chain, disc, tiles, etc., either by controlled aggregation of

nanoparticles or by self-assembling process and they have

found different properties for different morphologies.7,8

Now-a-day’s magnetic nanoparticles have been exten-

sively studied for their possible applications in hyperthermia

treatment, in targeted drug delivery, contrast agent for the

magnetic resonance imaging (MRI), etc.6 Magnetically tar-

geted drug delivery system ensures the transportation of

exact amount of drugs to a particular diseased tissue without

affecting the healthier ones thus reduces the possibility of

any side effect and over dose. Specially, magnetite nanoma-

terials have attracted great deal of interest not only for their

magnetic properties but also for their biocompatibility, low

toxicity, and chemical stability which broadens their area of

application from biomedical field to magneto-electronic

devices.6 Among all the other nano structures, in last

few years, people are very much interested in fabricating

nano hollow spheres because of its special morphology and

peculiar characteristics. These hollow structures has several

applications such as in catalysis, controlled delivery, light

fillers, artificial cells, low dielectric constant materials, radar

absorbing materials, photonic crystals, high density magnetic

storage, spintronics device, etc.6,9–13 Large void space of

these hollow spheres can be used to encapsulate drugs, cos-

metics, and DNA and also for their controlled release. These

materials have low density due to their hollow interior and

large effective surface area which helps to expand the array

of imaging markers that are very suitable for revelation of

cancer at an early stage.14

Fabrication of magnetite (Fe3O4) hollow spheres has

become a topic of immense interest because it has almost all

the interesting characteristics as discussed above. Bulk mag-

netite has high Curie temperature (TC� 850 K) and total spin

polarization at room temperature which is very much useful

for their application in magnetoelectronic and spintronics

devices.15 At room temperature, bulk magnetite has cubic

spinel structure having lattice parameter a� 8.397 Å with

the oxygen atom arranged in fcc lattice. Each of the unit cell

has 8 Fe3þ ions in the tetrahedral “A” site, and 8 Fe3þ and 8

Fe2þ ions in octahedral “B” site of opposite orientation giv-

ing rise to ferrimagnetic behaviour of magnetite below TC

with 32 lB moment per unit cell. Now bulk magnetite under-

goes a unique phase transition (cubic to monoclinic), called

Verway transition, at nearly TV¼ 120 K with a sharp change

in conductivity (metal to insulator transition), heat capacity

and also the magnetic properties. This Verway transition is

found to be strongly dependent on the particle size, chemical

stoichiometry, lattice defects, etc.16 Both increase and

decrease of TV is observed with change in magnetite particle

diameter.17

Goya et al. found that the Verway temperature TV value

decreases with decreasing particle diameter up to 50 nm but
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no such change has been observed for smaller particles.15 A

Verway temperature TV of �110 K was found for hollow

spheres having average diameter of 650 nm with 40 nm shell

thickness.16 Not only the Verway transition, domain struc-

ture of the magnetic particles also changes due to a competi-

tion between magnetostatic energy and domain wall energy

as the size of the particles decrease. With decrease in dimen-

sion, multidomain structure characteristic of bulk crystalline

ferrites is converted into single domain structure of individ-

ual particles that induces some new interesting phenomena

such as superparamagnetism, spin canting, increase in anisot-

ropy energy, etc.18 This change in domain structure also

changes the magnetic properties such as coercivity, rema-

nence, and susceptibility of the magnetic particles. But to

make single domain structure the particle dimension should

be very small (usually below 100 nm). Nearly single domain

structure can also be obtained for particles with larger diame-

ter by simply making the interior hollow.

Quan-Lin Ye et al.19 have shown that the Fe3O4 hollow

spheres having diameter 650 nm and shell thickness of 40 nm

have domain structure that is more close to the single domain

type than that for the Fe3O4 nanoparticles. It is well known

that the domain wall motion is more pronounced along the

curved surfaces than flat one which can lead to increase in

coercivity for particles with curved surfaces.19 So it can be

expected that the hollow spheres can have more coercivity

than other structures of same composition and the domain

structure can be changed by changing the inner diameter of

hollow spheres. Domain structure study of the magnetic mate-

rials is a very crucial thing for their application in random

access memory element or sensor devices because the mag-

netic domains play the key role for faster switching and repro-

ducibility of the magnetization. Based on micromagnetic

simulations of magnetization switching of different structures

suggest that switching mechanism is more coherent, more

controllable, and simpler in ring-shaped magnetic geometry

and this switching process can be as fast as precessional

switching.20 For magnetic rings and hollow spheres a curling

vortex state is theoretically suggested as the most stable do-

main state under low magneto anisotropic condition with

closed magnetization flux.16,20 Under sufficient magnetic field

this vortex state changes to a saturated configuration in which

all the magnetic moments are lined along the external field

direction through an intermediate state known as onion state.

This change in domain structure from vortex to onion state

and vice versa takes place through head to head domain wall

propagation.20 Not only magnetic properties, domain structure

can also control the electric properties of the materials.

Smaller particles have single domain structure and have more

grain boundaries than bigger particles which act as potential

barrier to the free flow of charge carriers. As a result conduc-

tivity should be higher for bigger particles which generally

have multi domain structure. So by controlling the diameter

as well as the thickness of the hollow spheres which in turn

controls the domain structure, we can tune the magnetic (coer-

civity, remanence, saturation magnetization, etc.) as well as

the electric properties (conductivity, etc.) of these materials.

Traditional and effective routes for fabricating magnetite

hollow spheres include different template assisted methods

where silica spheres, polystyrene latex spheres, polymer

micelles, surfactant vesicles, liquid droplets, etc., have been

used as templates.14,21 In this method, Fe3O4 nanoparticles are

first accumulated on surfaces of the templates followed by con-

trolled removal of the templates that renders the inner part of

the Fe3O4 system hollow. But this method is very cost effective

for large scale production of hollow spheres and also removal

of template is a very difficult and annoying for such large scale

synthesis. In contrary template free synthesis methods of hol-

low spheres are free from all such drawbacks, simpler which

make such methods very useful for industrial fabrication.

Wangchang Li and his co-workers has already demonstrated

the formation of magnetite hollow spheres having average di-

ameter of 340–390 nm with a narrow size distribution and

thickness of 80 nm by a simple template free solvothermal

method using Ferric chloride (FeCl3, 6H2O) as iron ion source

and polyvinyalpyrrollidon (PVP) as the capping agent.22 Here,

we have modified the same synthesis procedure to vary the

inner and our diameter of the magnetite hollow spheres and

have prepared five sets of magnetite hollow spheres having av-

erage diameters ranging from 100 nm to 725 nm by changing

the proportion of PVP in the solution. The magnetic domain

structure of the spheres are found to be very sensitive to the

size of the spheres and it changes from pseudo single domain

(PSD) state to multi domain (MD) with change in the inner and

outer diameter of the spheres. By this way, we have actually

tuned the magnetic and electric properties of these spheres.

II. EXPERIMENTAL DETAILS

All the chemicals such as Ferric chloride hexahydrate

(FeCl3, 6H2O), ethylene glycol (EG), urea, and polyvinyl-

pyrrolidone (PVP) are of analytical grade and purchased

from Sigma–Aldrich. No water had been used during the

whole synthesis procedure.

We prepared magnetite (Fe3O4) hollow spheres of differ-

ent diameters in template free solvothermal method as

described by Wangchang Li et al. In a typical synthesis pro-

cedure, 2.03� 103 mg of FeCl3, 6H2O was mixed with 60 ml

EG solution. This solution was stirred with a magnetic stirrer

until the Ferric chloride was completely dissolved in the EG

solution. Then, 930 mg of urea and x (75� x� 400) mg of

PVP was added in this solution. This solution was again

stirred until it became completely transparent. This final solu-

tion was then transferred in 80 ml Teflon lined stainless steel

autoclave for the solvothermal process. The solvothermal

process was carried out at 120 �C for 20 h. After 20 h, result-

ant black solution was washed in alcohol for several times

and then dried at 60 �C overnight. Diameter of the magnetite

hollow spheres was changed by changing the concentration

of PVP. We synthesized five sets of hollow spheres varying

PVP amount and they are termed as follows: Set 1 for 400 mg

PVP; Set 2 for 300 mg PVP; Set 3 for 150 mg PVP; Set 4 for

100 mg PVP and Set 5 for 75 mg PVP.

Here, role of EG was to partially reduce the Feþ3 ions to

Feþ2 ions. Urea helped to precipitate Feþ3 and Feþ2 to their

corresponding hydroxides where the hydroxyl group came

from ammonium-hydroxide produced from urea and after

the heat treatment both the iron hydroxides removed water



with production of Fe3O4. The possible chemical reaction is

given below:

2HOCH2CH2OH! 2CH3CHOþ2H2O;

Fe3þþCH3CHO������������!partial reduction Fe3þþFe2þ;

COðNH2Þ2 ! NH3þHCNO;

NH3þH2O! NHþ4 þOH�;

Fe3þþOH� ! FeðOHÞ3;
Fe2þþOH� ! FeðOHÞ2;

2FeðOHÞ3þFeðOHÞ2 ! Fe3O4þ4H2O:

Here, Feþ3 in presence of OH� might form Fe(OH)3 or

FeOOH (iron oxide hydroxide) and ultimately Fe3O4 was

formed in presence of Fe (OH)2.

The phase and morphology of the synthesized materials

were characterized by x-ray diffraction, scanning electron

microscope (SEM), and transmission electron microscopy

(TEM) and Fourier transformed infra-red spectroscopy (FTIR)

analysis. All the XRD patterns were measured in Rigaku

Miniflex II desktop x-ray diffractometer using Cu Ka

(k¼ 1.5418 Å) radiation. The TEM analysis of the hollow

spheres was investigated in TECHNAI G2 SF20 ST TEM at

200 kV. The samples for the TEM measurements were pre-

pared by pouring a few drops of alcohol solution of samples in

the carbon coated Cu grid followed by slow drying in open air.

The FTIR measurements were performed using a JASCO FT/
IR 6300 spectrometer in transmission mode. For FTIR meas-

urements, the samples were prepared on KBr pellets and ana-

lyzed with 500 scans in the vicinities of 400 and 4000 cm�1

using 2 cm�1 resolution. The hysteresis loops of all the samples

were measured at room temperature (300 K) and at 80 K in a

vibrating sample magnetometer (VSM) with an electromagnet

that can produce field up to 16 000 Oe. Thermo-magnetization

of the hollow spheres was also investigated in VSM within

80�T� 300 K under 100 Oe external fields. Electrical meas-

urements were done in Agilent 4294 A impedance analyzer in

the frequency range of 40–106 Hz at room temperature.

III. RESULTS AND DISCUSSIONS

A. Phase and morphology

Figure 1 shows the XRD pattern of all sets of

samples and the peaks are indexed as well (ICDD, Ref. No.

00–003–0862). From this pattern, it is clear that all the

samples are of pure phase Fe3O4 and under minute observation

and it is found that the peaks become sharper with increase of

crystallite size. The crystallite size (d) of all the samples is cal-

culated from the Debye Scherrer equation given below:

FIG. 1. X-ray diffraction pattern of all sets of magnetite hollow spheres.

FIG. 2. SEM and TEM images of the hollow spheres; panels (a), (c), (e), (g),

and (i) are the SEM images of Set 1, Set 2, Set 3, Set 4, and Set 5 sets of hol-

low spheres, respectively; panels (b), (d), (f), (h), and (j) are the corresponding

TEM images of Set 1, Set 2, Set 3, Set 4, and Set 5 sets of hollow spheres,

respectively. Arrows in the SEM images are to show the hollow nature of the

spheres.



d ¼ 0:9k
b cos h

; (1)

where k is the wavelength of the Cu Ka radiation (1.54 Å)

and b is the full width of half maximum (FWHM) at the dif-

fraction angle 2h. SEM and TEM images of all sets of sam-

ples are depicted in Fig. 2. These images confirm the

synthesis of regular and uniform hollow spheres of Fe3O4.

The rough surface of the hollow spheres (in SEM images)

implies that these are composed of smaller Fe3O4 nano

crystals. Some broken parts of the spheres can also be seen

in the SEM images, which represent the hollow interior of

the spheres. The average diameter of the hollow spheres

(D) and their shell thickness (t) calculated from SEM and

TEM micrographs along with the crystallite size (d) are

summarized in Table I.

From the Table I, it is clear that the crystallite size as

well as shell thickness of the hollow spheres increases with

increasing average diameter of the spheres. TEM images of

all set of samples also confirm the hollow nature of the nano

spheres. The difference in contrast between the margin and

the interior of the spheres confirms its hollow nature support-

ing the SEM results. For more detailed investigation of the

structure and growth direction of synthesized products, high

resolution TEM (HRTEM) analysis was done for all sets of

samples. A representative HRTEM image of a single hollow

sphere of “Set 5” sample and the corresponding selected area

electron diffraction (SAED) for the white square marked

area are shown in Figs. 3(a) and 3(b), respectively.

The clearly resolved atomic lattice fringes can be seen

in the high resolution TEM (HRTEM) image and the meas-

ured spacing between crystallographic planes is nearly

0.24 nm that corresponds to the (311) lattice planes of a

typical cubic Fe3O4 crystals.23,24 Small area electron diffrac-

tion (SAED) pattern for the hollow sphere shows bright dif-

fractive dots that represent the single crystalline nature of the

Fe3O4 nano crystals. From this analysis, it is clear that the

hollow spheres are made of single crystalline Fe3O4 nano

crystals with same crystal orientation.

FTIR analysis of all sets of hollow spheres is performed

to confirm the exact phase of the hollow spheres and the cor-

responding spectrum are shown in Fig. 4. All sets of spheres

show absorption peaks in the region of 3250–3750 cm�1,

which can be assigned to the stretching vibration of the

hydroxyl (�OH) group present in nano hollow spheres com-

ing from atmospheric water. Two distinct absorption peaks

around 567 cm�1 and 430 cm�1 corresponds to the vibration

TABLE I. Values of “D,” “t,” and “d” of all sets of Fe3O4 hollow spheres.

Sample

name

PVP

amount

(mg)

Average

diameter

(D) (nm)

Crystallite

size (d)

(nm)

Shell

thickness

(t) (nm)

Set 1 400 100 (65) 29.89 30

Set 2 300 185 (610) 35.09 35

Set 3 150 250 (69) 36.65 50

Set 4 100 350 (615) 38.56 65

Set 5 75 725 (617) 39.57 150

FIG. 3. TEM image of hollow sphere (a) and

HRTEM image of the area selected by the white

rectangle (b); (inset) SAED pattern of that selected

area.

FIG. 4. FTIR spectrum of all sets of hollow spheres.



of Fe2þ–O2� and Fe3þ–O2�, respectively, of Fe3O4.25,26

There are no other peaks of PVP in the spectrum which con-

firms its complete removal. So, this analysis confirms that

the phase of the as-prepared hollow spheres is magnetite.

B. Formation of hollow spheres

As the solvothermal process takes 20 h to complete, to

investigate the formation procedure and growth mechanism of

the hollow nano spheres, we have repeated the same solvo-

thermal synthesis procedure at 4 h interval and the TEM

images of the corresponding products are shown in Fig. 5.

From these experiments, the formation procedure of

the hollow spheres can be summarized below: Ferric chlo-

ride in presence of urea and EG forms octahedral shaped

Fe[(Urea)6]Cl3, which after their oriented growth forms rod

like structures [Fig. 5(a)]. During this solvothermal synthesis

phase, this rod shaped structures dissolve in the EG solution

and reneculeates to form nanoparticles of Fe3O4 (an intermedi-

ate stage between 4 h and 8 h). As the particles are coated with

PVP, they come close together due to their dipole-dipole inter-

action and also due to attraction between long chains of PVP to

form solid spheres of Fe3O4 (8 h) [Fig. 5(b)]. As the freshly pre-

pared Fe3O4 molecules are aggregating over these solid

spheres, difference between the inner and the outer parts of the

spherical aggregates increases. As a result, the nanoparticles

inside the solid spheres come out of the bigger spheres to form

smaller spheres making the former sphere hollow [Figs. 5(c)–

5(e)]. This inside out procedure is spontaneous for minimiza-

tion of total surface energy of the spheres and this process is

known as Ostwald ripening.

In this synthesis, procedure PVP plays an important role

to control the size of the Fe3O4 nanoparticles primarily and

then the whole hollow sphere. Actually in this experiment, it

is found that with increase of PVP amount Fe3O4 nanopar-

ticle size as well as hollow sphere diameter decreases. Here,

PVP acts as capping agent that encapsulates the freshly pre-

pared Fe3O4 particles in the solution and inhibits their further

growth towards bigger particles. These smaller particles, in

presence of PVP form smaller spheres which after Ostwald

ripening form hollow spheres of smaller diameter.

C. Magnetic measurements

1. Thermo-magnetization

Temperature dependent zero field cooled (ZFC) and

field cooled (FC) magnetization measurements of all sets of

Fe3O4 hollow spheres were performed from 80 K to 300 K at

100 Oe field (Fig. 6). FC and ZFC curves of all the samples

split at 300 K indicating that these particles are ferromag-

netic within 80 K to 300 K having blocking temperature at or

above 300 K. During ZFC measurement, with increase in

temperature from 80 K, magnetization of all the hollow

spheres increases showing a cusp around a certain tempera-

ture (TV) which is related to the Verwey transition of Fe3O4

hollow spheres.15–17 After TV, magnetization either increases

slightly [Figs. 6(a)–6(d)] or remains almost constant [Fig.

6(e)] with increasing temperature up to room temperature.

During this Verwey transition, Fe3O4 undergoes a phase

transition from cubic state to monoclinic state upon cooling

below Verwey transition temperature (TV) which results in a

sharp drop of conductivity almost two orders of magnitude

as well as magnetization below TV.17 Upon minutely observ-

ing the cusps of the ZFC curves, it is found that the TV of the

hollow spheres changes slightly from 105 K to 126 K as the

average diameter of the hollow spheres increases from

100 nm to 725 nm and this variation is shown in Fig. 6(f).

This type of change in TV both above and below the bulk

value (TV (bulk)¼ 120 K) was also found depending on the

Fe3O4 grain size by other authors.15,17,27 TV is also found to

be depending not only upon grain size but also the geometri-

cal size of the particles.16 So, in our case, as the diameter of

the hollow spheres changes, the TV values also changes

accordingly. The field cooled (FC) curves also show such

sign of Verwey transition as in ZFC case for all sets of mag-

netite hollow spheres.

2. Magnetic hysteresis

To investigate the difference between magnetic proper-

ties of magnetite hollow spheres of different diameters, hys-

teresis loops of five sets of samples were measured carefully

at basal temperature (80 K) and at room temperature (300 K)

and are depicted in Fig. 7. Fig. 7(a) represents the M (H)

loops at T¼ 80 K and Fig. 7(b) represents the same at

T¼ 300 K. From the hysteresis loops, it is clear that smaller

spheres have higher remanence (MR) but have low saturation

magnetization (MS) than the bigger spheres that posses larger

MS and smaller MR values. But both the MR and MS values

decreases with increasing temperature (from 80 K to 300 K)

due to increase in thermal fluctuation at higher temperature.

Maximum value of MS is found to be 86.74 emu/g for Set 5

magnetite hollow spheres which is slightly less than the bulk

MS value of Fe3O4 (MS(bulk)¼ 92 emu/g). For other sets of

FIG. 5. Formation procedure of Fe3O4 hollow spheres and representative TEM images of five intermediate steps: (a) 4 h, (b) 8 h, (c) 12 h, (d) 16 h, and (e) 20 h.



hollow spheres, the MS values are considerably smaller than

the bulk values. This decrease in MS values with decreasing

sphere diameter is due to higher surface to volume ratio in

smaller particles.28 Fraction of superficial spins increases

with decreasing particle diameter. These spins can have bro-

ken bonds and also canted spin structure due to many rea-

sons. Actually in ferrites, the antiferromagnetic interaction

between the Fe3þ ions in A site and Fe2þ ions in B site is

mediated by the intervening oxygen atom. Now, if this oxy-

gen atom is missing from the intermediate site, then the bond

will be broken. Additionally, if the metal ions are attached

with some other organic molecules then the electrons

involved there can no longer take part in the exchange inter-

action which also leads to broken bonds and canted spin

structure.29 This type of spin canting and broken bonds make

the particle surface a disordered shell due to which the MS

values decreases by considerable amount from bulk values.16

Among all sets of hollow spheres, maximum remanence MR

is found to be the � 49 emu/g for Set 1 spheres that have av-

erage diameter of 100 nm and for others the remanence

decreases with increasing sphere diameter and also with

increasing temperature of measurement.

Variation of coercive fields (HC) with temperature (T)

for all sets of magnetite hollow spheres is shown in Fig. 7(c).

The trend of variation of HC is nearly the same for all sets of

samples, i.e., decreasing with increasing temperature. From

this plot, it is clear that the smallest hollow spheres (Set 1)

have the largest value of HC which is � 507 Oe at T¼ 80 K.

The HC values decreases from 507 – 197 Oe at T¼ 80 K and

216 – 71 Oe at T¼ 300 K as the size of the hollow spheres

increases from 100 nm to 725 nm. This decrease in coercive

values with increasing particle diameter can be attributed to

the increase in saturation magnetization (MS) and also to the

decrease in magneto crystalline anisotropy constant (K).18

3. Domain structure

To analyze the magnetic hysteresis behaviour of hollow

spheres of different diameters, domain structure analysis is

very much important because all the magnetic behaviours are

mainly controlled by magnetic domains. Here, the possible

domain structures of variable sized magnetite hollow spheres

are investigated in terms of Day plot which is a graphical

mapping of MRS/ MS vs. HCR/HC, where HCR is the value of

the field under which the M – H loop shows a remanence

MR¼ 0.5 MRS.16,30 The day plots for all the hollow spheres of

various diameters in the temperature range of 80 K to 300 K

are shown in Fig. 8(a). In this graph, the single domain (SD),

pseudo single domain (PSD), and multi domain (MD) regions

are separated by the dashed lines. From the plot, it is clear

that within the selected temperature range Set 1 – 4 hollow

spheres fall in the PSD range where as the Set 5 spheres are

in the MD region. PSD structure means that the corresponding

hollow spheres have domains that are intermediate between

SD and MD regions. It is found that, Set 1 and Set 2 hollow

spheres have domain structure that are close to the SD region

in lower temperature range and with increase in diameter of

the magnetite hollow spheres (in other words with increasing

magnetite grain size) the domain structure shifts from PSD

region to MD region (Set 3 and Set 4 hollow spheres).

According to Ye et al., the change in magnetization in

response to the external field in SD hollow spherical struc-

tures is due to change of domain structure from curling vor-

tex state to saturated state via an intermediate stage termed

as onion state.16,20 At zero fields, vortex state of the mag-

netic moments is the most stable one where the magnetiza-

tion directly follows the surface of the spheres. With

increase of external field these moments try to align with the

external field and at sufficiently higher field all the moments

FIG. 6. Temperature (T) dependence of

Magnetization (M) of all sets of spheres;

(a) Set 1 (100 nm), (b) Set 2 (185 nm), (c)

Set 3 (250 nm), (d) Set 4 (350 nm), and (e)

Set 5 (725 nm); (f) Variation of Verway

transition temperature (TV) with hollow

sphere diameter (D).



are aligned along the field direction. This is the saturated

state. Within this two domain states, there is another domain

structure proposed by various authors which is characterized

by two head to head domain walls with opposite magnetiza-

tion direction.20 This intermediate state is known as onion

state. By considering the total energies of zero field magnet-

ization states, it has been theoretically predicted that the sin-

gle domain state, two domain or four domain state, and

multidomain states are the most energetically stable states

for smaller, slightly larger and bigger particles, respec-

tively.31 So, from the magnetization results of the magnetite

hollow sphere system, we can conclude that the smaller hol-

low spheres (Set 1 – 4) having small shell thickness may

have two domain state (for uniaxial anisotropy) or four do-

main states (for cubic anisotropy), where as two coaxial

cylindrically symmetric domains or multidomain configura-

tion may be formed within the biggest hollow spheres

(�165 nm shell thickness).31 That’s why the Set 1 – 4 hollow

spheres appear in the PSD region and Set 5 spheres are in

MD region in the Day plots.

4. Bloch’s theorem in nanospheres

Temperature variation of saturation magnetization MS of

all sets of hollow spheres is depicted in Fig. 8(b). To analyze

these results, we recall the spin wave theory. According to

this theory, demagnetization of ferromagnetic or ferromag-

netic substance from MS (0) (value at T¼ 0 K) with tempera-

ture is due to the excitation of spin waves of long

wavelengths (K! 0) and the excitation energy Ek of the spin

waves can be written as follows32–34

Ek ¼ Dk2 þ Ek4 þ glBðH0 þ HA þ HDÞ: (2)

Here D is the spin-wave stiffness co-efficient; E is a constant

for k4 term. H0, HA, and HD is the externally applied field,

anisotropy field, and demagnetization field, respectively. In

general, at temperatures well below TC, the temperature de-

pendence of saturation magnetization follows the Bloch law

given by35,36

MSðTÞ ¼ MSð0Þð1� BTbÞ; (3)

where B is the Bloch constant proportional to the inverse of

exchange constant (J) and b is the Bloch exponent which

is 3/2 for a three dimensional system.37 In nanosized par-

ticles, a clear deviation from Bloch’s law is found at low

FIG. 7. Magnetic hysteresis loops of magnetite hollow spheres at different

temperatures (a) at T¼ 80 K and (b) T¼ 300 K. Coercive field (HC) vs. tem-

perature (T) plot of hollow spheres of different diameters (c).

FIG. 8. (a) Day plots to represent the possible domain state of the hollow

spheres of different diameters. It is a graphical representation of MRS/MS vs.

HCR/HC, where HCR is the value of the field under which the M – H loop

shows a remanence MR¼ 0.5 MRS. Domain states are separated in single do-

main (SD), pseudo single domain (PSD), and multi domain (MD) states. (b)

High field magnetization (MS) vs. temperature (T) plot; Solid lines are the

Bloch power law fitting to the experimental data.



temperature, which is due to presence of magnons having

wavelength larger than the particle dimension that cannot be

excited.37 The Bloch power law exponent (b) is found to be

strongly dependent on size of the particles, its chemical com-

position, and synthesis route but independent of structure of

the nanoparticles.18,38 For ferrite system “b” is found to vary

from 1.5 to 1.9 for particle sizes of 5 to 15 nm,39 which is

sufficiently larger than b¼ 0.9 for 8.1 nm CoCrFeO4 nano-

particles as obtained by Xiong and his co-workers.40

From Fig. 8(b), it is clear that temperature dependency

of MS increases with decreasing hollow sphere diameter. The

solid lines in Fig. 8(b) represent the fitting of the experimen-

tal data for all sets of hollow spheres with Bloch’s law and

the corresponding values of MS (0), B, and b are summarized

in Table II.

The Bloch exponents (b) for all sets of hollow spheres

lie in the range of 1.6 to 1.9, i.e., greater than the “b” value

(1.5) for bulk material, and there is a trend of increase of “b”

value with decreasing hollow spheres diameter. Hendriksen

et al. also showed that value of the Bloch exponent is inver-

sely proportional to the dimension of the particles, and it

should lie above 3/2 as the size of the particle decreases con-

sistent with our results.38 All the calculated “B” values are

quite larger than the bulk value of “B” (3.3� 10�6 K�3/2)

which can be attributed to the increase of surface fraction of

spins in smaller particles. By considering the surface spins,

Mills and Maradudin41 theoretically predicted the Bloch con-

stant for the surface which is twice of the bulk value, i.e.,

Bsur¼ 2Bbulk. Xiao and Chen also found that the surface fluc-

tuation of spins can lead to an increase in “B” value by

almost 2–3.5 times than that for the interior spins.42 The “B”

values for all sets of Fe3O4 hollow spheres are in same order

of magnitude with the “B” value for Fe3O4 nanocrystals

reported by Goya et al. 15 The “B” value is found to depend

also on the effective co-ordination number in the system that

varies spin to spin in the cluster and approaches to the bulk

value with increasing cluster size.38 Here for the hollow

spheres, the “B” values decrease from 1.73� 10�5 K�2/3 to

0.9� 10�5 K�2/3 as the size of the spheres increases from

100 nm to 725 nm, i.e., with increase of magnetite cluster

size the “B” value shifts towards bulk value of magnetite. So

from Table II, it can be concluded that the smallest hollow

spheres (Set 1) have extremely low co-ordination numbers

among all other sets.

From the B values, we can calculate the exchange con-

stant (JAB) between tetrahedral (A sublattice) and octahedral

(B sublattice) sites of magnetite using the equation as given

below:43

JAB ¼
16ðSB1 þ SB2 � SAÞkB

11SAðSB1 þ SB2Þ
0:05864

4BðSB1 þ SB2 � SAÞ

� �2=3

; (4)

where SA and SB1 are the spin of Fe3þ and equal to 5/2.

SB2¼ 2 is the spin of Fe2þ ions in octahedral site of magne-

tite lattice. Using the calculated value of JAB, the value of

spin wave stiffness constant can be determined using the

relationship given as follows44

D ¼ 11JABSASBa2

16jSA � 2SBj
(5)

with SB¼ (SB1þ SB2)/2 and a¼ 8.4 Å, a lattice parameter of

the unit cell. All the calculated values of JAB and D for all

sets of hollow spheres are also given in Table II. Both the JAB

and D values for all sets of hollow spheres are less than their

single crystalline values (JAB¼ 23 K and D¼ 320 meV–Å2),

which is attributed to the smaller co-ordination number of the

surface spins in hollow spheres than in the single magnetite

crystals. The increase in JAB values with increasing hollow

spheres size is also indicative of the fact that effective co–

ordination of the surface spins increases with increasing parti-

cle diameter.

D. Frequency dependent measurements

1. Impedance spectroscopy

The real (Z0) and imaginary (Z00) part of the complex im-

pedance Z (f) (¼ Z0 þ j Z00) of all sets of magnetite hollow

spheres are measured in Agilent 4294 precision impedance

analyzer in the frequency range of 40–106 Hz at room tem-

perature and is shown in Fig. 9. At low frequencies, the Z0

value remains constant for all sets but after a certain fre-

quency it starts decreasing [Fig. 9(a)]. But the frequency de-

pendence of Z00 which is related to the dielectric relaxation

show Debye-like peaks with characteristics frequency max-

ima (fmax) that shifts towards higher frequency side with

increasing hollow sphere diameter implying a decrease of

relaxation time (s¼ 1/2pfmax)45 with increasing cluster diam-

eter [Fig. 9(b)]. We also analysed the real and imaginary parts

of the complex impedance of all sets of samples in terms of

Nyquist or Cole – Cole plot. Figure 9(c) represents the Cole –

Cole plots of all the hollow spheres at room temperature

(303 K) with large characteristic semi circles for each sample

which intersects the real (Z0) axis at higher value, i.e., at

smaller frequency region. The grain boundary resistance

(Rgb) of the hollow spheres was estimated from the Z00 vs. Z0

experimental curves where the curves intersect the Z0 axis at

higher Z0 value (or lower frequency side) as shown in Fig.

9(c). Incorporating sample dimension the grain boundary re-

sistivity (qgb) is found to be 6.080 KX–m, 12.802 KX–m,

2.899 KX–m, 1.068 KX–m, and 0.165 KX–m for hollow

spheres having average diameter 100 nm, 185 nm, 250 nm,

350 nm, and 725 nm respectively. It can be seen that the grain

resistivity (qgb) is highest for the 185 nm hollow spheres then

it decreases with increasing diameter of the hollow spheres.

TABLE II. Values of MS (0), b, B as obtained by fitting Eq. (3) with experi-

mental data and values of JAB, D as obtained using Eqs. (4) and (5),

respectively.

Average

diameter

(nm)

MS (0)

(emu/g) b

B
(� 10�5)

(K�3/2)

JAB

(K)

D
(meV–Å2)

Set 1 100 73.78 1.94 1.73 14.59 171.68

Set 2 185 78.73 1.73 1.66 14.99 176.38

Set 3 250 83.18 1.84 1.33 17.42 204.98

Set 4 350 85.44 1.76 1.12 19.45 228.87

Set 5 725 88.77 1.69 0.9 21.70 255.35



2. Conductivity

Figure 10 represents the frequency dependence of ac

conductivity of all sets of magnetite hollow spheres at room

temperature. These AC conductivity (r) values for all sets of

samples were calculated from the complex impedance (Z0

and Z00) data using the equation given below46

r0 ¼ Y0 � t

A
¼ Z0

ðZ02 þ Z002Þ
� t

A
; (6)

where, r0, Y0, Z0, and Z0 are real part of ac conductivity, con-

ductance, real and imaginary parts of impedance Z (f),
respectively. “t” is the width and “A” is the area of the

sample.

All the conductivity curves show a flat region (fre-

quency independent region) up to a certain frequency and

then it starts increasing with increasing frequency. Normally,

the frequency dependence of the real component of ac con-

ductivity of disordered solids follows the Jonscher’s power

law given as follows46

r0ðf Þ ¼ rdc 1þ f

fP

� �n� �
; (7)

where rdc is the dc conductivity, f and fP are the applied fre-

quency and relaxation frequency, respectively, and n is an

exponent which is less than 1. At lower frequencies, (below

fP), due to the presence of poorly conductive regions, charge

transport cannot extend over long distances, and as a result,

the conductivity remains frequency independent (dc conduc-

tivity) and known as diffusive conductivity. But at higher fre-

quencies (above fP), conductivity increases with increasing

frequency (dispersion in conductivity) following a power law

(as given by Eq. (7)) due to subdiffusive motion of the local-

ized charge carriers present in the local conductive

regions.46,47 Such type of power law dependence of conduc-

tivity at higher frequencies, characteristics of hopping conduc-

tion, has also been seen in many other ferrite systems.47,48

The solid lines in Fig. 10 are the power law fitting [Eq.

(7)] to the experimental data for the hollow spheres of differ-

ent diameters and the corresponding fitting parameters as

obtained from the best fitted graphs are summarized in

Table III.

From the fitted results, it is clear that the conduction

behaviour of the magnetite hollow spheres follows the

Jonscher’s power law very well over the measured frequency

regime while the value of the exponent (n) varies from 0.8 to

0.98, lying below 1 as expected. The dc conductivity limit in

Jonscher’s power law is mainly due to presence of free

charge carriers (electrons and holes) within the system.49

With increase of the size of hollow spheres, it is found that

the dc conductivity increases which may be attributed to the

increase in conductive regions that introduces more free

charge carriers in the system. Besides this, smaller grains

have lots more grain boundaries than bigger grains and also

FIG. 9. Frequency (f) dependence of real (Z0) part (a) and imaginary (Z00)
part (b) of impedance; (c) Cole – Cole plot for the hollow spheres of differ-

ent diameters.

FIG. 10. Variation of real part of conductivity (r0) with frequency (f) of ac

excitation. The solid lines are the fittings of the experimental data with

Jonscher’s power law.

TABLE III. Jonscher’s power law (Eq. (7)) fitting parameters: rdc, fP, and n.

Hollow sphere

diameter (d)(nm) rdc (X m)�1 fP(Hz) n

100 1.46� 10�4 1.629� 104 0.808

185 4.27� 10�5 1.049� 104 0.566

250 3.20� 10�4 1.008� 105 0.574

350 9.31� 10�4 1.780� 105 0.832

725 5.73� 10�3 1.609� 105 0.988



more disorder that act as potential barrier to the free flow of

charge carriers (electrons and holes) which results smaller

conductivity in smaller hollow spheres than bigger ones.49–51

Here, it is interesting to note that the relaxation frequency

(fP) decreases with decreasing sphere diameter which is also

evident from the Z00 data. Actually, the number of grain

boundary as well as the dipoles increases with decreasing

grain size. So, this decrease in relaxation rate can be attrib-

uted to the increasing interaction between the dipoles at

grain boundary with the reduction of grain size.50,52

IV. CONCLUSIONS

In a nutshell, we have prepared magnetite hollow

spheres of five different diameters by simply changing the

PVP amount. FTIR analysis confirms that the hollow spheres

are made of pure phase magnetite. PVP plays a crucial role

in controlling the size of the magnetite nanoparticles primar-

ily and then the diameter of the hollow spheres as a whole.

All the spheres are ferromagnetic within temperature range

of 80 K to 300 K. The Verway transition temperature (TV) of

these hollow spheres is found to decrease with decreasing

sphere diameter and TV value of largest sphere is nearly

same as the bulk value. The Day plots give an insight of the

domain structure of these spheres. Domain structure changes

from PSD to MD structure as the size of the spheres

increases. Smaller spheres have domain structure that is

close to the SD type at lower temperatures. This change in

domain structure controls the magnetic properties of these

spheres such as coercivity, remanence, etc. The Bloch con-

stant (B) is found to be larger than the bulk value for smaller

spheres, and it shifts towards the bulk value as the size of the

spheres increases. Exchange constant (JAB) and spin wave

stiffness constant (D) also follows the same trend as “B.” AC

conductivity of the hollow spheres shows dispersion in con-

ductivity with increasing frequency in accordance with the

Jonscher’s power law. Electrical conductivity is also higher

for the bigger spheres due to their MD structure. This type of

study of hollow spheres of different diameters where size

controls the domain structure which in turn controls the mag-

netic and electric properties enhances the possibility of appli-

cation of these materials in magnetically controlled and

spintronics devices.
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