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Abstract

Spinel-related titanium-substituted Lio.5Fe230 4 has been synthesised by heating a mixture of titanium-

doped corundumn-related a-Fe2 03 with Li2CO 3 at 8500C which is ca. 250-350'C lower than temperatures

at which the material is normally prepared conventionally. Mossabuer and magnetic measurements imply

that the Ti4' ions substitute for octahedral Fe 3 1 ions. Interatomidc potential calculations support this

substitution with the charge balance being maintained by Li+ vacancies. This structural model leads to a

compositional formula of the type Li' 5 _X) Ti4 Fe31,_,) 04 which is shown to be more appropriate than the

one generally used in the literature, namely Li+.5 Tix4X Fe53 .5x04 Some implications of the

suggested formula are discussed including the possibility of the existence of a thermodynamically stable

titanium ferrite of the form Ti0 5Fe20 4.

1. Introduction

The lithium ferrite Lio.5 Fe2.504 adopts an inverse spinel structure in which all the Li+ ions and 3/5

of all Fe 3 1 ions occupy the octahedral B sites whilst the remaining Fe3 + ions occupy tetrahedral A sites [1].

The material is extensively studied due to its desirable electric and magnetic properties that render it

attractive in microwave and memory-core applications [1-41. These properties can be modified by

introducing different ionic substitutes for Fe 3, into either of the A and B sublattices thus allowing the

material to be tailored for a specific application [ 1, 5]

Common routes for synthesizing metal-substituted Lio.5Fe15 04 generally involve the use of high

temperature and include methods such as high temperature sintering of oxides or precursors for prolonged

times [1,6,71, self-propagating high-temperature synthesis [8] and synthesis from melts [9]. The high

sintering temperatures (>l0O00 C) used in these methods limnit their use from an applied view point as

discussed elsewhere [10]. It has been pointed out that such drawbacks could be avoided by synthesizing

these materials at or below 8500C [7]. Motivated by that, we have recently reported on combining

hydrothermal and solid-state methods to synthesize Mg21 substituted Lio.5Fe2.504 at 6000C [ 101.

In the present paper, we report on the synthesis of Ti41-substituted Lio.5Fe2.504 at a substantially

lower temperature relative to those at which it is normally prepared. The material is characterised

structurally and magnetically with X-ray powder diffraction, Mossabuer spectroscopy and magnetic

measurements. Interatomic potential calculations are used to rationalize the defect structure and test the

appropriateness of the generally used compositional formula Li(O.54 0 .sx)TixFe( 2.5 -1 .5x)04 for titanium-

substituted Lio.5F7e2 504.



2. Experimental

Titanium substituted a-Fe20 3 of composition Fel.68Tio.240 3 was prepared hydrothermally as

previously described [ 1 1]. A 7: 1 molar mixture of the titanium-substituted a-Fe203 and Li2CO3 was

ground in agate mortar for 30 mmi and then calcined in air at temperatures between 300 and 8500C for 12h

with the product been quenched in air after each run.

X-ray powder diffraction data were recorded with a Siemens D5000 diffractomneter in reflection

mode using CuKa radiation. 57F Mossabuer spectra were recorded at room temperature in the standard

transmission geometry using a 5mCi 5 7CofRh source. Chemical isomer shifts are given relative to a-Fe.

Elemental analysis was done using the inductively-coupled plasma (ICP) method. The thermal

dependence of the magnetisation was measured using a Faraday balance in a magnetic field of 1 .5T at a

heating rate of 4K/min and a relative accuracy better than 1%. The temperature was stabilised within

0.5K.

3. Computational Procedure

Interatomic potential calculations were carried out using the program GULP [ 12] in which the force

field used consists of a pairwise interaction energy that is composed of a Buckingham potential to model

the short-range Pauli repulsion and the leading term of any dispersion energy and the Coulomb

interaction, such that

E = A exi{ jC ri + q~qj

where E is the interatomic potential, A, p and c are empirical constants, q is the charge of the

particles and rjthe interatomnic spacing. GULP uses the Mott-Littleton approach to point defect calculation

with the crystal surrounding the defect divided into three spherical regions. In the first region, all the ions

are treated exactly and are allowed to relax their positions in response to the defect. The radius of this

region was taken to be 8 A. In a second spherical region, individual ions were displaced, and the ions in a

harmonic potential well were assumed to approximate the response to the electrostatic force of the defect.

The radius of the second region was set to 14 A. In the third region, similar approximation is used except

that only polarisation of sub-lattices is considered. The interatomic potential parameters for Li+-0, Fe3+_O

and 0-0 used are similar to those used by Woodley et al [131 to investigate quaternary Li-Mn-Fe-0

spinels. The 0-0 potential parameters are identical to those in an earlier paper [14] and therefore the Ti4
+_

0 parameters given there are used.
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4. Results and Discussion

4.1 Synthesis

The X-ray powder diffraction patterns recorded from the mixture of Ti-doped a-Fe203 and Li2CO3

following calcinations at different temperatures are shown in Fig. 1.

Ti-doped LioFe230 4

fli-doped ac-UFeO2

_____________________ ~~~~~~~Ti-dopeda-Fe~0,

L. co

d

c

20 30 40 50 60 70 80

20/ degrees

Figure 1: X-ray diffraction patterns recorded form a 1: 7 molar mixture of Li2CO3 and
titanium doped a-Fe203 at a) 25 0C (12) and following calcinations at b) 30 0 C (12h); c)
4000C (12h); d) 5000 C (12h); e) 6000C (12h); f) 7000C; g) 8000 C (12h) and h) 8500 C (12h).

Heating the mixture at 400'C (12h), Fig. b, failed to induce a reaction between the components.

Further heating of the nmixture at 5000C (2h), Fig. c, resulted in the formation of a small amount of the

c-LiFeO2 cation-disordered related phase (whose most intense x-ray diffraction peak is at ca. 43.5' 20)

indicating the onset of the reaction between Ti-doped a-Fe20 3 and Li2CO3 (note the disappearance of the

Li2CO 3 peaks). This is to be contrasted with the cation-ordered y-LiFeO2 phase that develops under sinmilar

experimental conditions from a mixture of pure a-Fe20 3 and Li2 CO3 [15]. It is, therefore, concluded that

the resulting intermediate phase is Ti-doped LiFeO2. This is because the readjustment of the cationic

positions within the LiFeO2 crystal structure by the Ti4 impurity leads to the disordered arrangement of

the Li' and Fe 31 ions characteristic a-LiFeO 2 Phase. When the mixture was heated at 6000C (12h), Fig. d,

low intensity peaks associated with the inverse spinel-related i0.5Fe2304 phase are observed. Heating the

mixture at 7000C (12), Fig. le, resulted in a slight increase in the intensity of those peaks corresponding to
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the spinel-related phase reflecting that even at this temperature the reaction between the components is

weak. This is to be contrasted with the reaction of pure a-Fe20 3 and Li2CO3 to form Lio0 sFe2.504 which is

complete at 70 0C [15]. Further heating of the mixture at 80 0C (12h) resulted, Fig. g, in the nearly

complete formation of the Lio.5F7e2.504 related phase with a very small amount of un-reacted Ti-doped a-

Fe20 3. Heating the mixture at 8500C (12h), Fig. g, resulted in a single Ti-doped Li0.5Fe2.504 phase. This

temperature is -250-350'C lower than those at which the material is formed by traditional sintering

techniques [1,6]. No superlattice structure peaks are seen in the X-ray diffraction pattern recorded from

the compound prepared at 8500C (12h), Fig. g, which well refines to the Fd-3m space group. This shows

that the introduction of the Ti4 ion has lead to random cation distribution over the octahedral sites. The

value of the lattice parameter obtained for the Ti-doped Li0.5Fe2.504 prepared is a = 0.833nmi is nearly the

same as that of pure Li 0.51Fe 2.50 4 (0.832 nmn) and is consistent with values reported by other workers [16]

and reflects similarities in the ionic radii of Li+, Ti4 + and Fe 3+. 1CP analysis of the metal components

showed the lithium content of the material to be 2.14 wt.%, that of titanium to be 7.7Owt.% and that of

iron to be 56.04wt.%. This gives Ti: Fe atomic ratio of 1: 6.25 for the Ti-doped Li 0.5Fe2.50 4 relative to ca

1: 7 in the parent Ti-doped-Fe2 03. The formation process of Ti-doped Lio5Fe2304 , outlined above, might

be represented by following reactions:

Li2 CO3 + (Ti - doped)Fe2O 3 50085O'C (Ti - doped)2LiFeO2 + CO2 ' i

(Ti -doped)LiFO 2 +(Ti -doped)2Fe 2O 3 > 600-500 C (Ti -doped)2Li, 5 Fe2 .5 O 4 (ii)

4.2 MoUssbauer and magnetic measurements

The 57F Mossabuer spectrum recorded at 298K from Ti-doped Lio05Fe2304 prepared at 850 0C

(Fig. 2 and Table 1) showed a well-defined Zeeman pattern. A simple model was adopted to fit the

Mossabuer spectrum with two overlapping sextets, corresponding to Fe 3 + ions in the A and B coordination

sites. The chemical isomer shift values for both sites were found to be typical of Fe 31 in high spin state and

similar to those for pure Li0.5Fe2.504 [8,10,18] indicating negligible influence on the s-electron charge

distribution of the Fe 31ions. This indicates that no reduction of Fe"~ to Fe 2'has taken place during the

reaction and excludes the latter as a possible defect output to maintain charge neutrality. It, also, rules out

the presence of magnetite-related compounds in the material.
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Figure 2: 5 7Fe M~ssabuer spectrum recorded from the titanium-doped L. 5Fe230 4. The solid line is the best fit to
experimental data (solid circles). The bars refer to the subspectra of the A and B sublattices.

Table 1: 5 7Fe Mossbauer parameters for titanium-substituted Li0.5Fe2*504 at 298K

± 0.02 (nun s-1) A ±0.01(mns1) Heff ± 0. 1(T) Area ±2%

Sextet A 0.18 0.04 48.6 47

Sextet B 0.39 -0.01 49.3 53

The quadrupole splitting values for both sextets are similar to those reported in the case of the

pure ferrite [8,10,18]. However, the values of the hyperfine magnetic field Heff on both sites are slightly

smaller than those reported for Lio.51Fe 2.504 which 50.5 T and 5 1.0 T for the A site and B site respectively

[19,20]. This can be attributed to the presence of the non-magnetic Ti4' ion in the neighbourhood of Fe 31

ions at both sites leading to a decrease of the FeA-0-FeB exchange interaction. Assuming the Mossbauer

recoilless fraction to be unaffected by the doping process, then the decrease in the area of the octahedral B

site sextet from 60% in pure Li0.5Fe2.504 to 53% in the titaniumi-doped variant indicates that the Ti4 +

substitutes for octahedral Fe 3 ,. This conclusion agrees well with results obtained by other workers

showing the strong octahedral site preference of Ti4 in Ti-doped Lio.5Fe2.504 prepared by different

methods 1,6,201.

5



60

50

NW

E 40

0

~30

0

10

0
300 400 500 600 700 800 900 1000

Temperature (K)

Figure 3: Temperature dependence of magnetization of titanium-doped Li0 5 Fe2 504 (open squares) and

Li0.5Fe2 504 (solid squares).

Fig. 3 shows the thermal variation of the magnetization of both titanium-substituted i0 .5Fe2.504

and its pure variant. It is seen that for both compounds, the magnetization decreases monotonically with

increasing temperature with that of the Ti-doped Lio.5Fe2.504 to be lower than that of pristine compound

throughout the temperature range studied. This can be explained in terms of Neel' s molecular field theory

of ferromagnetism. [6] according to which the magnetization of both A and B sublattices are oppositely

directed. The dominant contribution to magnetization in Lio.5Fe2.504 comes for the B site owing to the 3: 2

occupancy ratio of the magnetic Fe"~ ion of the B and A sites respectively. The lower magnetization

observed for Ti-doped Lio.5Fe2.504 is, therefore, resulting from the substitution of nonmagnetic Ti4
1 for

Fe 3 , on octahedral B site as suggested by results of the Mossabuer measurements discussed above. This, in

turn, leads to magnetic dilution of the B sublattice and therefore to the observed decrease in the

magnetization. The Curie temperature of the material obtained from steep decrease in the magnetization

VS. temperature curve in Fig. 3 is 775K relative to a. 887K for pure Lio05Fe230 4 [6]. This is, also,

explained in terms of the weakening of the FeA-0-FeB exchange interaction resulting from presence of Ti4
1

ions.
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4.3 Rationalisation of the defect structures using atom istic simulations

Interatomnic potential calculations for titanium in i0.5Fe230 4 considered the following defect

reaction models in which the Ti4
1 ion substitutes for an Fe 3 + ion (models and HI), substitutes for a Li' ion

(model I), substitutes for both Li+ and Fe 3+ ions (model IV), or occupies an interstitial site in the

Lio sFe2.504 structure (model V):

(I) TiO2(s)+Fe +Li ~~j V§+ i0s+ Fe2 0 3(S)

(If) TiO2 (S) + Fe x + Li - Ti7, ' + - L2 (s) + e 0 s

(H) Ti02(s+Fex~ +L>i; -,TF +T + +Fe2 ,3§S+'V02+( i2 ()+Fe0 3

(IV) Ti0 2 (s+ Fex + Lix --> Ti + V', +V 1 i (S + 2 e3(S)

2it Li F 2 2 2 3 2

The Kroger-Vink notation has been used in the above equations. For each of these defect reactions, the

calculation was done twice since Fe 3,ions occupy both tetrahedral A sites and octahedral B sites. The

results of these calculations are given in Table 2.

Table 2: Energies of defect reactions for Ti substituted Li0*5Fe1 504

Model and charge balance requirement Defect energy eV
(I) Substitution of Ti' for Fe3+

oct. Fe 3+ balanced Li+ vacancy -1 12.35
tet. Fe 3+ balanced Li+ vacancy -110.35

(II)Substitution of Ti4+for Fe 3' balanced by reduction of Fe 3, to Fe 2,
oct. Fe 3+ balanced by reduction of Fe 3+ at oct. site -88.16

oct. e 3' alaned byredution f Fe3+atetsie863

oct. Fe 3+ balanced by reduction of Fe 'at tet. site -86.316

tet. Fe 3+ balanced by reduction of Fe 3' at tet. Site -84.30
(III) Substitution of Tt'~ on LW site

balanced by oct. Fe 3, vacancy -105.40
balanced by ½/ oct. Fe 3+vacancy and /2 Li+ vacancy -108.88

(IV) Substitution of Ti' +for both Fe 3' and Li
oct.Fe 3 balncedby V tet Fe3+vancad 2Livcny 188

oct. Fe 3+ balanced by /2 oet. Fe 3+vacancy and ½/ Li+ vacancy -108.88
tet.Fe + baancd b 1/2tet Fe3+vancad 2Livcny 175

oct. Fe 3+ balanced by V/2 oct. Fe +vacancy and V/2 Li+ vacancy -106.57

tet. sie ,balanced by tet. Fe 3 vacancy and ½ Li vacancy -10.52

oct. Site balanced by oct. Fe 3+ vacancy and Li+ vacancy -96.99

tet. site, balanced by tet. Fe 3+ vacancy and Li+ vacancy -92.39
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It is clear that model () in which substitution of Fe 3' by Ti4 on an octahedral B site is balanced by a

lithium vacancy, is energetically more favourable than any other defect model considered. This is

consistent with the experimental results of Mossbauer spectroscopy and magnetic measurement discussed

in the previous section. Additionally, the defect model (I) suggests that the suitable composition formula

for titanium-doped i0 .5Fe2.504 is:

Li(O51X) Xi~ Fe.5X) 04(1

This formula is remarkably different from that used in the literature for tetravalent-ion- substituted

Lio 5Fe2 504 1,3,6,16], which is in the case of Ti4 + is:

L4J+OSTi4+ Fe3jlS) 2

Compositional formula (2) indicates that additional Li+ ions in excess to 0.5 per formula unit are necessary

to maintain charge balance in sharp contrast with formula (1) which shows that an Li' vacancy is a

requirement for the intercalation of Ti4 in the inverse spinel-related lithium ferrite structure. To see which

formula is convenient, we used the program GULP to compare between the energies of the defect

reactions leading to both formulas. The defect reaction leading to formula (2), is:

ILi2 CO 3 +TiO2 (S) +Feex- Ti(c) +2 1 rnLte + VZ+ Li 0 + Fe2 0 3 + C02 1' +~ O '

The corresponding defect energy value calculated for this reaction was found to -94.37 eV relative to -

1 12.35 eV for model (). The lower effect energy of model (I) , therefore, implies that formula (1), namely

Lio 5-,Ti.Fe2.5s.04, to the appropriate one for Ti4+_Substituted Lio.5Fe2.50 4. It, therefore, seems necessary to

repeat similar calculations for other tetravalent-ion-substituted lithium spinel ferrites as a clue for their

actual compositional formulas.

The corresponding cationic distribution of as suggested by model (I) is:

(Fe)A [Li(0.5 OSx)TiXFe (ISx) ] B04 (3)

where A and B refer to coordination sites. Assuming that all the initial titanium content of the doped at-

Fe2O3 has entered the Li0.5Fe230 4 structure and using the Ti : Fe ratio deduced from ICP analysis of the

produced Ti-Lio.5Fe2.504, the compositional. formula of the latter, calculated in line with formula (1) will

£ ~be Lio.16TiO.34Fe2.1604. The Li: Fe ratio in this formula is 1: 13.5 which is almost half their 1: 7 ratio in the

initial reactants. This implies that about half of the initial Li+ input was not used in the reaction that led to

the production of the Ti-substituted Lio.5 F7e230 4 . This is suggestive of the presence of another Lithium-

containing phase. This phase is Li2O which forms due the decomposition at ca 7950C [21] of the

8



additional amount of Li2CO3 that was not used in the reaction leading to the formation of Ti-substituted

Lio.51e2.504. The relatively low X-ray scattering amplitudes of lithium and oxygen hamper the X-ray

powder diffraction detection of Li2O which may exist in the form of very small particles or as an

amorphous phase. It may, also, form a solid solution with the Li0 5Fe2 504- related structure as suggested

elsewhere [22]. Indeed, it has been reported that analysed compositions of Li0.5Fe2.504 were found to

contain large excesses of Li2 O [23, 24]. The initial choice of the Li: Fe ratio is, thus, crucial in minimising

the additional Li2O phase.

The appropriateness of formula Lio..TijFe23sx 4 and the cationic distribution (Fe)A [TixFe2.5xIB 04

to describe the Ti-substituted Lio.5Fe2.50 4 an be tested by comparing structural (or magnetic) properties

based upon them with values obtained experimentally. As an example, theoretically, we note that the

lattice constant a,h for Ti4-doped Lio.sFe23O 4 can be estimated from the ionic radii of the A sites ( rA )B

sites ( rB ) and the oxygen radius ( r) using the following relation[ 16]:

a,, = (8/3-v.3) [(rA + r ) + -ft(rB + ro )I (4)

The recommended cationic distribution given in (3) above, shows that the ionic radii for the A and B sites

are, respectively, given as follows:

rA F3

rB= O.5[(0.5 - x)rD., + xT.4 + (1.5 - x)r Fe+

where r~. , r,. and rFe3. are the ionic radii for Li', Ti4+ and Fe 3 + with values 0.074rn, 0.06Onm and

0.065nm respectively and the value used for r is 0. l4Onm [ 17]. Using these values with x=0.34 as in

Lio., 6Tio.34Fe 2.1604, relation (4) yields for a a value of 0.845nm relative to the experimental value of

0.833 nm. The slight discrepancy may be associated with uncertainties in the ionic radii used.

A special case that merits discussion in connection with the formula Lio.5-Tije 23sx0 4 is when

x=-0.5. With this titanium content, all Li' ions are expelled of the spinel related structure and the

compositional formula becomes Tio.sFe20 4. To our knowledge no reports exist in the literature about such

a material whose iron content is s Fe3 ions only. Using the same space group of Ti-substituted

Lio.5Fe2.50 4, i.e. Fd-3m, we used GULP to successfully optimize a 2x2x2 superstructure of Ti 031Fe 2 04 With

a cationic distribution of the form (Fe) A [Ti 5 FeIB 04 as suggested in (3) above showing the material to

be stable. The lattice constant obtained is 8.28 A and the lattice energy per Ti4Fe16032 unit cell is-

1642.57eV.
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Conclusion:

Spinel-related titanium-substituted Lio.sFe2.504 has been prepared from titanium-doped corundum-related

ax-Fe 20 3 and Li2 CO3 at a lower temperature than those used in conventional sintering methods. 57F

Mt~ssabuer spectrum and magnetic measurements suggest that Ti4 1 substitutes for Fe 3' at an octahedral

site. Interatomic potential calculations are consistent with this substitution, showing the charge balance to

be maintained by a lithium vacancy. This leads to a compositional formula for Ti-substituted Lio0 sFe2.504

of the form Li 5 X)Ti 4+ Fe 3 04j) 2 5-X)O 4 . Calculations of the lattice constant based on this formula agree with

experimental values. The special case with x = 0.5 suggests formation of the unknown compound

Ti .4
+ Fe 3O 4 which has been shown to be thermodynamically stable using atomisitic simulations.
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