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ABSTRACT

Manganese substituted lithium-ferrite with the general formula Li,
wmMnFe,. . O,(wherex=0.0,0.1,0.3,0.5, 0.7, 0.9 and 1.0) were synthe-
sized by the standard ceramic technique. Thevariation of dc and ac conduc-
tivities has been reported as a function of temperature from room tempera-
ture 293K up to 970K in static air. Ac measurementswere carried out over a
widerangeof frequenciesfrom 100Hz upto IMHz. ThevariationInc at room
temperature with composition indicates that the conductivity initialy in-
creases up to 0.5 and then decreases with further addition in Mn content.
The activation energy of conduction mechanism decreases from 0.68eV to
0.34eV. The electrical conductionin thisferriteis explained on the basis of
the hopping mechanism. Dielectric properties such as dielectric loss tan-
gent tan 8 and dielectric constant €’ have been measured. The dielectric
behaviour is explained by using the mechanism of polarization process,
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which is correlated to that of exchange interaction.
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INTRODUCTION

Spinel ferritesare one of themost important classes
of magnetic ceramic materidsowingtotherinteresting
gpplications. Inthe spind structure, themagneticions
aredigtributed among two different sub-latticeSites, tet-
rahedral (A) and octahedral (B) sites. The physical
propertiesof ferritesdepend on chemical composition,
type and amount of dopant, method of preparation,
magneti ¢ interaction and cation distributioninthetwo
sub-lattices*2.

LithiumferriteLi Fe, O, isawell knownferrimag-

neticcompaostionwithaninversesping sructureinwhich

thetetrahedra sites(A) are occupied by Fe** ionsand
the octahedra sites(B) by Li* and Fe** ions®l. Lithium
ferrite cons dered asauniquemember of thespind class
of ferrimagnetsandisdominating thefield of microwave
applicationsand memory core applications because of
itsrectangular and square hystersisloop characteristics,
largeva ueof saturation magnetization, low microwave
didectricsand low costg¥. Severd sudiedonLi-ferrite
have been discussed recently by many authorg®”
ManganeseferriteMnFe,O, wasoriginaly thought
to beinverse but waslater found to be nearly normal,
about 80% manganeseionsoccupy thetetrahedra (A-
sites) and 20% occupy the octahedral (B-stes)®. Man-
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ganeeferriteisacommonferritematerid beingwidey
used in microwaveand magnetic recording applications
due to its high permeability and low eddy current
lossed?. It has attracted considerabl e attention dueto
itsbroad applicationsin severd technological fiddsin-
cluding eectronic devices, ferro-fluids, magnetic drug
delivery, microwavedevicesand high-density informa-
tion storage**Y, Many studies about structural, elec-
trical and magnetic propertiesof Mn-ferritehave been
reported*214

Severa studies®> have been reported with addi-
tion of divaent, trivalent and tetravalent ionsin gppro-
priateamount intoformulaunitLi Fe, O, inorder to
optimizethenumerous propertiesof interest likeelec-
tricand dielectric. However, noreportshave been found
intheliteratureregarding the dielectric properties of
manganese substituted lithium ferrite prepared by con-
ventiona doublesintering ceramictechniqueasafunc-
tion of elevated temperature.

Therefore, inthisreport we haveundertaken asys-
tematic study of theeectrical conductivity and dielec-
tric properties of Li-Mn ferrite over awide range of
temperatureand frequency.

EXPERIMENTAL TECHNIQUE

Theinvestigated samplesof Li-Mnferritehaving
thegenera formulaLi Fe,. Mn O, (wherex=0.0,
0.1,0.3,0.5, 0.7, 0.9 and 1.0) were synthesized by
the standard ceramic techniquefrom mixing the pure
reagents (Fe,0,, Li,CO, and MnQO). Theweighted ma-
terialswere mixed and then grounded to avery fine
powder using bal milling machine (modd puluer isette
6). The mixture of each compositionwaspre-sintered
at 750°Cfor 10h. Thesampleswerepressedin adisk-

shaped form of 13-mm diameter, and 3-5-mm thick-
ness and finally sintered at 1200 °C for 10 hrs. The
sampleswere polished and coated by silver pastefor
thedectrica conductivity measurements. Electrica con-
ductivity of theinvestigated sampleswasmeasuredina
wide range of temperature from room temperature
300K upto 950K ingtaticair by thetwo probesmethod
using (AC-DC bridgetype FLUKA mode PM6306).
Digital temperatureindicator (model Pro’sKit 03-9303)
with resolution 1K, connected with astandard K-type
thermocoupl e was used to measure the temperature
from room temperature up to 950K .

RESULTSAND DISCUSSION

DcandAcédectrical conductivity

Thevariation of dcand ac conductivitieswithtem-
peratureof theaboveinvestigated compositionof Li .
sxMNFe,. . O, hasbeenstudied. The measurements
were carried out over awide range of temperature
from 300 up to 950K ; the ac el ectrical conductivity
was measured in therange of frequenciesfrom 10°to
10° Hz. Thelogarithm of conductivity (Inc) as a func-
tion of reciprocal temperature (T) isshownin Figure
1. The conductivity of both dc and ac show anin-
crease with increasing temperature. Accordingly, the
Li-Mnferrite showsasemiconducting trend, whichis
commonly seen in most ferrites, and can be repre-
sented by Arrheniousrel ationship:

c=o0, exp( _KETG ) @

whereo is the specific conductivity, o, thetempera-
ture-dependent constant, E_ representsthe activation
energy, K theBoltzman’s constant and T the absolute

TABLE 1: Theactivation energy E_from dc and ac conductivity measurementsfor Li . . Mn Fe, O, at different
frequencies.
y Dc 10° Hz 10’ Hz 10* Hz 10° Hz 5x10° Hz 10° Hz
Ferri Para Ferri Para Ferri Para Ferri Para Ferri Para Ferri Para Ferri Para
00 0.67 - 0.65 0.63 0.62 0.56 0.46 0.44
01 052 061 051 0.51 0.50 0.47 0.44 0.42
03 044 047 045 - 0.44 - 0.44 - 0.42 - 0.40 0.38
05 041 054 041 053 040 053 037 053 034 048 033 - 0.31 -
07 041 059 041 058 039 058 035 058 031 05 030 039 030 032
09 040 053 039 052 037 052 034 052 031 051 029 041 029 -
10 044 05 044 056 043 056 039 056 033 055 037 049 037 042
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temperature. Thevaluesof the activation energy are
tabulated in TABLE 1 for two different regions, ferri-
magnetic and paramagnetic (i.e.for T<T_andT>T,,
respectively).

Accordingto Figure 1, thebehaviour of Inc versus
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T can bedividedinto threemain regions: thefirst re-
gionlfor T<T_, which appeared only for x=0.0 and
0.1, the second region Il (intermediate-temperature
regionwhichliesbetweenT andT,) andthethirdre-
gionlll forT>T,..
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Figurel: Temperaturedependenceof dcand ac conductivitiesfor x=0.0,0.1,0.5and 1.0.

Theconductivity a low temperature T < T, (region
[, for x=0.0and 0.1), isduetoimpurity and interstitial
defectsand it seemsto beindependent of temperature.
Thissuggeststhat theimpurity conduction playsadomi-
nant rolein thisregion (extrinsicregion). The energy
below kT, ~0.03 eV isnot sufficient for conduction
mechanism. So that the conductivity seemsto beinde-
pendent of temperature.

In the second region Il (where T < T <T ), the
conductivity increaseswithincreasng temperature con-
tinuously with changing theslope. Just above T, where
T, = (1/2)0,, “Debye temperature” (which was calcu-
lated from the IR spectra) thefrequency dispersion of

theac conductivity ismore pronounced. Inthisdisper-
sion range of region Il, the activation energy E_de-
ceaseswithincreasing the frequency asshownin Fig-
ure2forthesamplesof x=0.1,0.3,0.5and 0.9; asan
example. Thisbehaviour can be attributed to the ac
hopping conduction of thelocalized carriers proposed
by Pike*®., Thismode has analyzed theac conductiv-
ity for many oxides and amorphous materials. The
present resultsare ana ogousto those observed by many
researcherd®?%, Also, it can be noticed that the acti-
vation energiesassoci ated with ac conductivity arebit
lower than that the corresponding energy involvedin
thedc conductivity asshownin TABLE 1. For dc con-
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ductivity the charge carriers choose the easiest path
between ions, but these pathswill beincluded some
hopsfor which R “the distance between ions” is large.
Thesearenotimportant in ac conductivity. Thusrather
lower activation energiesmay beinvolved intheac con-
ductivity thaninthedc conduction.

asacuspintheconductivity ¢ at the same temperature.
Thisbehaviour may be dueto theeffect of eddy current
at high frequency inthe metallic behaviour only. The
eddy current increases at high frequency and conse-
quently increasestheresigtivity. But inthesemiconduct-
ing region, theferriteis characterized by low eddy cur-
rent anditisnot effective.
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Figure2: Thevariation of theactivation energy inregion I
with frequency.

In region I11, a strange behaviour (asametalic
behaviour) hasbeen seen at high temperatureand high
frequency. Thismetallic behaviour isshownininsetsof
Figure 1. According to thisbehaviour, theMatthiessen’s
rulecanbeapplied for thetotd resistivity (p,):

Pr=p,+ P, (T) @)
wherep_representstheimpurity defectsanditispre-
dominantintherangeof T <T . Whilep ph(T) repre-
sentstheresigtivity by phonon scattering, thelarger the
amplitudeof vibration at hightemperature(T>T, ), the
greater will bep " wherep_ can beneglected. In gen-
erd, theconductivity above T,, may suffer fromtheelec-
tron-phonon interaction and decreasing in mobility.
Inregion Il (T>T,), it wasnoticed that the Curie
point transition becomes moreclear at high frequency
especialy a 500KHzand 1MHz. At T, inthemetal -
licbehaviour region|n o shows a maximum value in the
relationInc vs Tt asshownin Figure 3. Thisphenom-
enagppeared only for x =0.5 (inthemetallic behaviour
region) and disappeared for x > 0.5, wherethemetdlic
behaviour isnot exist. To confirm thisphenomenon, the
conductivity () and intial permeability (u,) have been
plotted with temperatureasshownin Figure4. T_was
determined from themaximum peak inu, and appeared
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Figure 3: Theinfluence of frequency on thetransition at
Curietemperature.
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The conduction mechanisminferritesisquitedif-
ferent fromthat in semiconductors. Inferritesthetem-
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perature dependence of mobility affectsthe conductiv-
ity andthecarrier concentrationisa most unaffected by
temperature variation (wherenisof theorder 102 cmr
321, Inferritesthe charge carriersarelocalized at the
magneticions. Conduction isdueto exchange of the
3d-electrons (localized at the metd ions) from Fe* to
Fe*12, The compositional dependence of the electri-
ca conductivity (Inc vs. x) a room temperature at dif-
ferent frequenciesisshownin Figure5. Itisobserved
that In o increases up to x=0.5 then deceases with fur-
ther addition of Mn content. In the present series of
ferrites, thecation distribution could beassumed to be:

(Feffo n§+ IL I 2)—.5—0.5>< Fei’;+0.5x :I()i_ ; fOf X= 05 (3)
and

(Fefjx+y M n ity lL I 3.5—0.5x M n y Fe::L),E+O.5x—y ]O 4_ ;

for x>0.5 4

whereyisasmall fraction of Mn?* ionsnot exceed than
20907, Accordingtothisdistribution, theironionsFe*
and Li** arereplaced with Mn?* ionsaccording to:
Fe* +Li%* «> 2Mn*

Firstly for x = 0.5, hopping of e ectron can occur be-
tween multiplevaanceironions.

Feto Fe*+e

locdized at B-sites. Theformation of Fe* ionsmay be
dueto partia evaporation of Li** ionsduring sintering
at high temperature and they preferably occupy the B
sited?!. Therefore, theincrease of the cation param-
eter x isassociated with theincrease of Fe* content.
Asaconsequencethe probability for hopping conduc-
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Figure5: Dependenceof (In 6) on composition x at 320K at
different frequencies.
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tion between Fe** «<» Fe** increases. Consequently, the
conductivity increasesfor x=0.5.

Thenfor x> 0.5, according to the proposed cation
distribution the substitution of Mn?* in place of Fe** on
the B-sitereducesthe Fe?* concentration, and may be
explained by thefollowing reaction:

Mn®* + Fe?* o Fe* + Mn?

Theectron hopping energy between Mn** < Mn?* is
larger than that between Fe* < Fe*1?1, By increasing
thereplacement of Fe** with Mn?* ions, the numbers of
ferrousandferricionsat B-stesdecrease. Asthe con-
centration of Fe** ionsat B-sitesare reduced, thereby
thedectron exchangeissuppressedintermsof amode
of electron hopping. Therefore, theelectrical conduc-
tivity decreasesfor x > 0.5.

Figure 6 representsthe variation of the activation
energy inregion Il (ferrimagnetic region), asafunction
of composition x at F=0 Hz, 100 Hz, 1 KHz and 10
KHz for the studied ferrite system. From thisfigure,
substituting Mn?* in place of F€** inthelatticeleadsto
decreaseE_from0.68€eV at x=0.0t00.41eV a x=0.5,
and after that the activation energy becomes approxi-
mately constant. Thevalueof E_forx=0.0(0.68eV)is
dueto aformation of small polaron hopping?. While
theactivationenergy of Li-Mnferritefor x =0.3inthe
range of 0.40+0.01 eV. This value is due to electron
hopping. Thehigh valuesof the activation energy (for
x=0.0and 0.1) areduetothe half filled Mn?* (d-orbit-
a's) which having much lower energy and being more
contracted than the Fe** orbitals. The overlapping of

0.75
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Figure6: Thevariation of theactivation energy E_with com-
position x at different frequencies.
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d-orbitalsof Mn?* and Fe** with the 2p of the oxygen
has an indirect effect on the hopping process at B-
sited?. When theinteraction between el ectrons and
phononsisstrong, asmal polaronwill beformed. Fur-
ther, in oxidesof theiron group metas, especialyin
ferrites, the overlap of 3d-wave functions between
neighbouring metd ionsisrdatively smal?l. Assuchit
maly be assumed that the conduction mechanismfor x
= 0.0 and 0.1 may be due to hopping of small po-
larons. Whileby substituting Mn?* in place of Fe** (x >
0.1) leadsto reducing the formation of small polaron
hopping until the conduction mechanism becomesdue
to eectron hopping at high concentration of Mnions.
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Thevariation of thelosstangent tan d and didectric
constant ¢’ with temperatureat different frequenciesin
therangefrom100Hz upto 1 MHz arerepresentedin
Figure 7 a-bfor theaboveinvestigated composition of
Li-Mnferrite(x=0.0, 0.5 and 1.0 are presented as ex-
amples). Itisobserved that thetan 6 curvesshow an
abnormal didectric behaviour (i.e. peaks) at elevated
temperature. By increasing temperature, tan 4 begins
toincreasedowly until it atainsamaximum vaueand
then decreasewithincreasing thetemperature. Thetem-
peraturecorresponding tothe pesks(T, ) wasfoundto
be shifted to lower temperature with increasing the
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Figure7: Temperaturedependenceof (a) dielectriclosstangent tan (8) and (b) dielectric constant ¢’ for x =0.0, 0.5and 1.0.
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Figure8: Thevariationof T _with frequency for thesamples
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frequenciesasshown Figure 8. Fromtherelationship
of &” versustemperature, Figure 7b, it can be noticed
that morethan oneinverse peak isobtained. Thein-
verse peak iscorresponding to the maximumintan 6
wheretan 6 =¢”/¢’, where €” is the imaginary part of
the complex dielectric constant, which describesthe
dissipation energy, and €’ is the real part, which de-
scribesthestored energy. Themaximumintan o is due
totherapid decreasein €’ as the frequency increases
through the dispersion. These behavioursof thedid ec-
tric propertiesof theinvestigated compoundsof Li-Mn
ferrite depend on the polarization of the system. Con-
sequently, the el ectron exchange between Fe?* and Fe**
ions, and holetransfer (Mn?* <> Mn*") at octahedral
sitesareresponsiblefor the eectric conductioninthis
ferrite, wherethelocal displacementsof locdized elec-
tric charge carriersinclude dielectric polarizationin
ferrites. Onincreasing thetemperature, the electrica
conductivity increasesdueto theincreaseinthermally
activated drift mobility of electric charge carriersac-
cording to the hoping conduction mechanism. There-
fore, the dielectric polarization increases causing a
marked increaseintan é as the temperature increase
up to the peak values. At the resonance, wherethe ap-
plied frequency becomes equal to that of theions, a
relaxation peak appears, varying in position and shape
depending onthe Mn?* concentration for the composi-
tions. After therelaxation peak and by increasing the
temperature, tand deceases until it reaches a flat region
which observed clearly at high frequency. Inthefirst
region (beforethe peaks) thelow frequency and low
temperature hel psinthedigning thedipolesinthefield

= Fyl] Peper

directionwiththeresult of anincreasein polarizationas
well astan 6. Also, as the temperature increases the
thermd energy liberatesmorelocalized dipolesand the
fieldtriesto digntheminitsdirection either by rota-
tiond or orientationa contributing to anincreaseintan
0 up to a peak value. In the second region (after the
peaks) thetemperature becomesre aively highandthe
diploesweredistributed with theresult of deceasein
tan 6%, Asthe temperature increases (in theflat re-
gion) thedisorder becomes maximum. Moreover, the
mobility of holesissmaller than that of electronsand
thereplacement of Fe** withMn?* inLi-Mnferritede-
creasesthenumber of charge carrierswhich meansthe
more contribution of p-carriersto polarizationwill ap-
pear at high concentration of Mn?* ionsand high tem-
peratures. Also the shift of relaxation did ectric peak
towardslower temperaturewith increas ng frequency
for the studied composition may be dueto the decease
inthe hopping frequency for both typesof charge car-
rierswithincreasing temperature.

CONCLUSION

1 Theconduction mechanismwasdiscussed through
small polaron hopping model for x=0.0and 0.1 but
for x=0.3, the conduction mechanismisduetothe
electron hopping.

2 Athightemperature, high frequency intheac con-
ductivity, an abnormal behavior (as a metallic
behaviour) isappeared. Thisresult may berelated
to the effect of eddy current.

3 Thedidectric behaviour can beexplainedinterms
of thed ectron exchange between Fe** and Fe**, and
the hopping of ahole between Mn?* and Mn** ions
at B sites, suggesting that the polarizationin these
compoundsissimilar to that of the conduction pro-
cessinferrites.

4 Abnormal behaviour (peaks) was observedin the
tan d curves at relatively high temperatures. Such
relaxation peaks occur when thejumping frequency
of localized dectrons between Fe** and Fe** equals
that of theapplied AC dectricfield.
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