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Abstract

Some of the electrical properties of chromium-substituted spingldriFe s ,O4 with 0.15 < x < 1.85, synthesized at 120C for
12 h, are examined through impedance measurements and analysis. The electrical resistivity, relaxation frequencies and dielectric constant
of LigsCr.Fe s O, have been investigated versus the compositiofihe behavior of these can be satisfactorily described by a hopping
mechanism of charge carriers betweeftFand F&" ions on octahedral sites of the spinel lattice.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction the contribution to the overall response of a possibly present

phenomenon. The impedancé) @ssociated with a single
Lithium and metal-substituted lithium ferrites are of R-C cellis

considerable interest for their potential technological ap-

plications as, for example, cathode materials in lithium Z=Z7r —jZx = ——
ion batteries[1,2] and microwave frequency applications 1+)RCw

[3,4]. The study of electrical conductivity in these materials  _ R i R(RCw) (1)

is important since the associated physical properties like ~ 14 (RC»)? "1+ (RCw)?

piezoelectricity, pyroelectricity and thermoelectricity are resulting in the reIatiorZ>2<+(ZR—R/2)2 — (R/2)?, which
dependent on the nature and the magnitude of conductivityig the equation of a circle. Similarly, using the electric mod-

in Itheszmaterials. t el i to ch ulus M = jwCoZ, one obtains
mpedance measurements are routinely used to charac-
b y —RCow(RCw) . RCow

terize the dielectric behavior of materials and have proved M = Mg +jMy = 5+ 5 2)
to be a particularly powerful tool for depicting the elec- 1+ (RCw) 1+ (RCw)

trical conductivity of ionic, electronic, or mixed ceramic which also leads to the equation of a Cirdﬁ}( + (Mg —
materials. Using impedance analysis, it has been possiblec,/2¢)2 = (cy/2C)2, whereCy is the capacitance of the
to resolve, in the frequency domain, the contributions and empty cell.

relative importance to electrical conduction and/or polar-  The electrical data is routinely presented under forms that
ization of different phenomena taking place in the sample can be exploited to get useful information from samples
under study. The response of the sample is usually manifestynder study such as the complex impedance fa@gnmersus

as capacitive and resistive behaviors attributed predomi- zz) or loss spectras( M or Z versus frequency). These are
nantly to the bulk grains, the grain boundaries or the defects re|ated to each other by the equations

present at sample—electrode interface.

The ac impedance response of a material can be modelec{w =JoCoZ 3
by a number ofR-C parallel cells, each cell representin 1 .
y P P I o= =ertisx (4)
* Corresponding author. Tel+968-515-486; fax+968-514-228. Y = 1 = jwCoe (5)
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oY r ©6) temperature and for different fractional Cr contends The
~Ra dependence of the ac resistivity and the dielectric constant
onx are reported and explained on the basis of hopping be-

wheret and A are the thickness and area of the sample, . ; :
tween trivalent and divalent Fe ions.

respectively.
The plots in theZ plane are dominated by the resistance
element while the plots in th& plane Mx versusMg) 2. Experimental
are dominated by the capacitance. When relative contri-
butions from bulk and grain boundaries are comparable, Cr-substituted spinel lithium ferrite of the composition
two semicircular plots appear in both and M planes. LigsCriFe 5,04 (0.15 < x < 1.85) were prepared with
One single semicircular plot, however, might indicate the conventional double sintering ceramic technique using
the dominance of one phenomenon. Bulk responses arehigh purity reagents GO3, a-Fe0s, and LpCOsz. The
generally characterized by a low capacitance (in the pF- pre-sintering of the samples was carried at 10Dq12 h)
range) while grain boundaries give rise to larger (nF-range) and the final sintering at 120€@ (12h). X-ray powder
capacitances. diffraction (XRD) analysis has shown all samples to be
We report in this work the impedance data and analy- single-phased. Rietveld refinement of the XRD data gave
sis related to a lgisCrFep 25_Oa spinel structure prepared  results that are consistent with those of similar studies
using conventional ceramic methods. The electric modulus for LigsCr,Fe5_.04 [5]. The lattice parameters were
(M) and impedanceZ) plots in the complex plane are em- found to slightly decrease with increasing3€Crsubstitu-
ployed to study the dielectric behavior of the sample at room tion. This unit cell size variation could be attributed to the
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Fig. 1. ImpedanceZx—Zg) plots for three different Cr contents (a)= 0.65, (b) x = 1.25, and (c)x = 0.45.
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ionic radius of six-fold-coordinated €¥ (75.5pm) being and

smaller than that of six-fold-coordinated ¥e (78.5 pm) CT — Cuwires
[6]. Cr3* ions preferentially replace Ré ones at octa- R~ ¢m — ¢ -
hedral sites due to favorable crystal field effefds Ac- ar

cording to our preliminary structural analysis, it appears Where tard is the measure®-loss.
that the cationic distribution in our samples is similar
to that given in[5], namely (Fe)[LysCrFers5_,]O4 for

0 < x < 15, (Lip.2sFen.7s)[Li0.25Cr1.75]04 for x = 1.75,
and (Lb35FQ)_75)[Li 0.15CI‘1_85]O4 for x = 1.85 where round

brackets denote tetrahedral sites and square brackets denote-bDe.pendlng on the amount of the substituted Cr, the
octahedral ones. obtainedZx—Zr plots are of three types. Nearly perfect

In order to carry out the two-terminal impedance mea- semicircles Fig. 19 are obtained for Cr contents corre-

surements using the Impedance Analysers HP-4192 andspondlng to_x ':to;jG?’ 0.95 a_md 1'15| reveatllng thgtttr:je
HP-4285A, pellets were cut into small pieces of regular response originated from a singReC element associate

shapes then silver paint and gold-plated contact probes WereWlth the bulk of the sample. The low capacitance values

used to make electrical contacts on both sides of the peIIets:.delr|'(Ved in this 'c:aseh,_ Orf thg ordetr ?\IspF’l 2r5e tt%pm?l IOf a
Prior to measurements, the impedance, capacitance an(%)lg. rigponse. or '? er { rr]p%nfe A ¥ )f l? podsb
resistance of the empty cell were measured over the entire ig. 1 are semicircles at high frequencies followed by

frequency range considered (50 Hz to 30 MHz) so that they what appears to be an arc of a second semicircle that is

are automatically subtracted from subsequently measuredsr'lvere?Iy depres_sed Imp lying a non—homp geneous electrical
data. behavior of grains. This, we could not investigate further

To obtain the dielectric functions from capacitance and dCue to tthetfreqlier(;cZ/SHmtlLatlor;]s of th? tehqument. Ftc))r Iowedr
D-loss measurements, first the capacitaGfeof the sam- r contents £ = 0.45), the shape of the curves observe

ple was measured over the entire frequency range. The meagF'g' 19 COL_”(_]' be due JFO t_he pverlappmg of tW.O or more
suredC™ includesCs of the sample and that of connect- arcs of semicircles, an indication of a non-dominant single
S

ing wires Cuiress C = Cs + Cuires. The capacitanc€ai contrlbuulon. The oyerlappmg sermcwcles, at high and low
o L frequencies, could in fact be attributed to charge transport

of the empty cell was similarly measuredli = Cajr + thin th in interi q in bound Hects. Th

Cuires, a8s Well as the capacitanc€y| of a known mate- within the grain interior and grain bounaary €flects. The

: : high capacitance values, of the order of nF, are in fact
rial C" = Cx + Cuwiress Knowing thatCj = ¢ A/t we can . _ ’ N : '
k k+ Cwires g | = eid/ typical of a grain boundary response. Similar behavior was

, &x =¢Rrtand (8)

3. Results and discussion

deduce
m m also shown by the (not shown hefdx—MRg plots.
GG — G 7 The values oR andC are derived from both th&-plots,
wires — ( ) . ..
Ck—1 dominated by the resistive part, and thdplots more
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Fig. 2. Imaginary part of electrical moduluMy) vs. logf for different Cr contentsx).
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sensitive to the capacitive behavior. The second interceptloss Eq. (3)above), relaxation frequencies can be obtained.
on the real axis in th&x—Zr (Mx—MR) plot corresponds  The maximum inMx is a normal behavior observed by
to the resistance (capacitance) due to bulk grain behavior.several author$7—9] and it is believed to be due to the
An increase in x shifts the intercept towards higher values hopping of electrons between &eand Fé* sites, which
indicating an increase in the resistance. The extracted ca-is considered to be responsible for the conduction mecha-
pacitances, however, fall in two regions: a pF region, typical nism in these ferrite§10,11] When the frequency of the
of bulk response, fox > 0.65 and a nF region, typical of externally applied ac signal matches the hopping frequency,
grain boundary response, for< 0.45. a maximum loss might result leading to a maximum in
The relaxation frequency is an intrinsic characteristic My. Fig. 2showsMy versus log-frequency plots with peak
property that can be used to yield information on the dielec- positions shifting to higher frequency asis decreased.
tric behavior of the material. Through the imaginary part of Relaxation frequencies obtained from these plots are given
the electric modulusMy), directly related to the dielectric  in Table 1for all the values ok, except forx < 0.45 where
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Fig. 3. (a and b) Variations of ac resistivity with the frequency for different Cr conteduts (
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Table 1 as used in the preparing the Cr-substitutegsEie, 504 sam-
Relaxation frequency for various Cr conten ( ples studied here, result in the volatility of0 [4,13] lead-

X (Cr) fpeak (kHZ) ing, in turn, to reduction of some Fe to FE&T. This has
0.65 180 been explained in detail in R¢f.3] and here we only briefly
0.95 92 discuss it. When L is removed from a region in the crystal
1.15 75 (e.g. a selected unit cell in the bulk) and assuming that unit
125 128 cell retains its full complement of 3290 ions, the positive
1.85 :

charge of the departed timust be compensated. This is
accomplished by diffusion of B& from the surface as the
O?~ on the surface is removed. Each vacated site is re-
the peaks happen to be outside the frequency range conoccupied, in effect, by an Fe ion diffusing from the surface.
sidered. These results suggest a decrease in the relaxatiorlowever, charge neutrality is maintained by the concurrent
times as the fraction of Cr is decreased. reduction of that ion from F& to F€*. The composition
Furthermore, fronfrig. 3a and bthe ac resistivity ac) in of the non-substituted lithium ferrite can now be represented
all samples decreases as the frequency increases and tends Lb_5_yFe2+2yFe3+2_5_yO4. The same can be assumed to
to a constant value at high frequencies, beyond 1 MHz in take place for the present Cr-substituteg 4fe, 504.
general. On the other hand, the ac resistivity drops mono- Therefore, a partial substitution of the¥eon either the
lithically asx decreases from 1.85 to 0.15. We believe that octahedral or tetrahedral site by other ions is expected to re-
this behavior could be explained by electron hopping which sult in a change in both the magnetic and conduction prop-
involves exchange of electrons between ions of the sameerties of the compound. Since the increase in conductivity
element present in different valence states, and distributedis related to electron exchange between divalent and triva-
randomly over crystallographically equivalent lattice sites. lent Fe ions, the gradual substitution offFe(increasingx)
In the inverse-spinel isFe 2504, it is known that all Li by Cr might result in less Fé ions available for the hop-
ions and most of the Fé ions are randomly distributed over  ping mechanism leading to a decrease in conductivity (in-
the octahedral sites while the tetrahedral sites are occupiedcrease inosc). The tendency towards a constant resistivity
by the remaining F&, with the oxygen ions in the octa- at higher frequencies is also a consequence of hopping car-

hedral sites forming a cubic array in the struct{tg]. A riers no longer able to follow beyond a certain frequency,
high concentration of F¢ is usually seen as responsible for the changes imposed by the externally applied ac signal.
a low resistivity in the material. B¢ ions could originate A strong correlation is believed to exist between the con-

from the conversion of a small amount of*feions during duction mechanism and the dielectric behavior of ferrites
the sintering process at very high temperatures. Ideally, in [10,14] Fig. 4is a plot of g, obtained followingEq. (8)
LiosFe 504 all iron ions are F&". However, the high sinter-  versus log for x = 0.15, 0,45, 0.65, 1.25. It shows that
ing temperatures (1000-1200) for prolonged times (12h), &g increases as decreases which is the opposite behavior
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Fig. 4. Dielectric constantsR) vs. logf for different Cr contentsx).
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of pac. Knowing that electron exchange betweersFand [2] Y. Sakurai, H. Arai, J. Yamaki, Solid State lonics 113-115 (1998)
e ) : e 29.

Fe also results in local displacements aﬁectmg directly (313" r pann, U. Vom Sacken, C.A. Michal, Solid State lonics 44

the polarization of the ferrite. Lower & Fe&#+ exchanges (1990) 87.

due to a lack of substituted #e should lead to the least  [4] G. M Argentina, P.D. Baba, IEEE Trans. Microwave Theory Tech.
possible polarizations, which can explain the variations of MTT-22 (1974) 652.
er With x. [5] M.V. Kuznetsov, Q.A. Pankhurst, I.P. Parkin, J. Phys. D: Appl. Phys.

L : 31 (1998) 2886.
In conclusion, impedance measurements and analysis per [6] M. Winter, http://www.webelement.conThe University of Sheffield

formed.on Lb_scere2_25__xO4 ferrites reveal aresponse that and WebElements Ltd., UK.
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