
JOURNAL OF MATERIALS SCIENCE 27 (1992) 4120-4124 

Investigation of structural transport and 
magnetic properties of the system 
Lio.25Cuo.5Fe2.25-xAIx04 

A S H F A Q  A H M A D  
Department of Chemistry, The Indian School, PO Box 558, Bahrain 

Experimental data on X-ray electrical conductivity, thermoelectric coefficient, magnetic 
hysteresis and infrared absorption spectra of the system Lio.25Cuo.sFe2.25_xAIxO 4 are 
presented. All the compounds, 0 ~< x ~< 2.25, showed cubic symmetry. Lattice constant values 
progressively decreased on increasing the AI 3+ content. X-ray intensity calculations, magnetic 
hysteresis and infrared spectroscopy studies indicated the presence of Li § Ala+and Fe 3+ at 
tetrahedral and octahedral sites, while Cu 2+ is present only at the octahedral site. The 
activation energy and threshold frequency increased with increasing values of x. The 
compounds with x ~< 1.50 are n-type, and those with x ~> 2.0 are p-type semiconductors. 
Magnetic hysteresis indicated that compounds with x ~< 1.50 are ferrimagnetic, and those with 
x >i 2.0 are antiferrimagnetic. High coercive force, H c, values and remanence ratios (JR/Js) 
showed that all the compounds except x >/2.0 exhibit single-domain behaviour. The probable 
ionic configuration for the system is suggested as Li o.1 + 5 TMAI3+ ~--3+0.5,~0.35 [L~o 1Cuo 5Feo 4A I . + .  2+. 3+. 3+ ]042- 

1. Introduction 
The transition-metal oxides with a spinel structure 
have attracted widespread attention because of their 
remarkable electrical and magnetic properties [1, 2]. 
These properties are controlled by the oxidation state 
and distribution of the cations at the tetrahedral and 
octahedral sites in the lattice. The cation distribution 
depends on temperature, stoichiometric composition 
and the method of preparation of the compounds. 

The system Lio.5Fe2.s_xAlxO 4 was studied by Raj 
and Kulshreshtha [3] using Mossbauer spectroscopy. 
They found that, due to magnetic dilution carried out 
by non-magnetic A13+ ions, compounds showed 
short-range magnetic order and magnetic clusters. 

Kapitanova [43 has investigated the cation dis- 
tribution in lithium galloferrites with varying com- 
positions and firing temperatures. He observed that, 
for the same composition, the fraction of gallium in 
the tetrahedral site increases with an increase in firing 
temperature for the same period of time. 

Compounds of the system Lio.z5Cuo.5Fe2.zs_x 
AlxO 4 were prepared by the standard ceramic tech- 
niques and were studied by X-ray, electrical conduc- 
tivity, thermoelectric power, magnetic hysteresis and 
infrared spectroscopy to arrive at the probable ionic 
configuration. 

2. Mater ia ls  and methods 
The compositions of the system Lio.25Cuo. 5 
Fe2.25 _xAlxO, (where 0 ~< x ~< 2.25) were prepared by 

the ceramic technique: stoichiometric proportions of 
LizCo3,  CuO,  F e 2 0  3 and AI(OH)3 (GR grade) pow- 
der were ground in acetone. The homogeneous mass 
was pelletized using a 2% solution of polyvinyl acetate 
as a binder. The pellets were heated at 700 K in air for 
the removal of binder, and subsequently sintered at 
1173 K for 60 h. X-ray diffractometer (XRD) patterns 
were recorded on a Philips diffractometer using Cu-K~ 
radiation with a Ni filter. Conductivity measurements 
from room temperature to 773 K were carried out by 
two proven techniques. Thermoelectric coefficients 
were calculated by taking measurements from 300 to 
573 K. 

The magnetic hysteresis study was carried out on 
an alternating-current electromagnet-type hysteresis 
loop tracer at 80 and 300 K, at an applied field of 
3000 Oe. The infrared spectra were recorded at room 
temperature on an infrared spectrophotometer 
(Perkin-Elmer 683) from 4000-200 cm- 1. 

3. Results and discussion 
3.1. Structural determination 
XRD patterns of all the compositions indicated 
complete spinel formation, as no lines of individual 
oxides were seen. All the compounds of the system 
in the range 0 ~< x ~< 2.25 crystallized out with cubic 
structure. The lattice parameter values are shown 
in Table I, which shows that the lattice constant 
value, a, progressively decreases on going from 
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Lio.25Cuo.sFe2.250 4 to Lio.25Cuo.sA12.250 4. In order 
to determine the cation distribution, XRD intensities 
were calculated using the formula 

tIhkll = Iglakl[  2 PLp (1) 

where F is the structure factor, P is the multiplicity 
factor and Lp is the Lorentz polarization. The ionic 
configuration based on site-preference energy values 
suggested by Miller [5] for individual cations can be 
written as 

" +  3 +  3 +  ' +  2 +  3 +  3 +  2 -  Lo.15A10.2 Feo.65 [L%,35Cuo.5 Feo.65 Alo.5 ] 0 4  

The results of intensity calculations for various 
possible models of Lio.2sCuo.sFeo.7sAlt.sOr are 
listed in Table II; in Table III, the results for 
Li0.25 C u o . 5 0  Fe2 .25  0 4 a n d  Li0.25 C u o . 5 0  A12. 25 O ,  are 
shown. From these tables, it is observed that copper 
ions occupy the octahedral site and lithium, alumi- 
nium and iron ions occupy both A and B sites. It is 

T A B  L E I Lattice constant activation energy and thermo-electric 
coefficient values for the System Lio.zsCuo.sFe2.zs-:Al,,O,,, 

Compound Lattice Activation Thermo 
constants energy electric 
a (nm) AE (eV) coefficient 

(~tV K - t )  

Lio.zsCuo.sFez.2sO 4 0.8365 0.397 - 100 
Lio.zsCuo.sFel.75Alo.50 4 0.8298 0.456 - 150 
Lio.25Cuo.sFeLzsA10 4 0.8222 0.496 - 350 
Lio.25Cuo.sFeo.75 A1L50 4 0.8220 0.515 - 212.5 
Lio.zsCuo.sFeo.25A120 4 0.8160 0.536 + 342 
Lio.zsCuo.~Al2.zsO , 0,8150 0.675 + 250 

also observed that as the value of x increases, Li + 
migrates from the octahedral to the tetrahedral site on 
replacing Fe 3 +. The ionic configuration of the system 
can be written as 

'+ 3+ 3+ "+ 2+ 3+ 3+ 2- L%.15 Alo.5 Feo.35 I-Lxo.1Cuo.5 Feo.4A1 ] 0 4  

3.2.  Transport properties  
The d.c. resistivity of the system Lio.25Cuo.50 
Fe2.25-XAlxO4, when measured as a function of tem- 
perature, varied between 103 and 106 f2 cm. A plot of 
log p against 103/T are shown in Fig. 1. All the 
compositions of the system were semiconductors, and 
exhibited a linear nature obeying Wilson's law 

9 = 19o e x p ( -  AE/KT) (2) 

where 19 is resistivity. 
The activation energy, AE, values for different com- 

positions varied between 0.397 and 0.675 eV (Table I). 
It is further observed that AE increases with an 
increase in aluminium content, indicating a difficulty 
in charge transfer in aluminium-rich compounds. 

The electrical conductivity, ~, is related to the 
number of charge carriers, n, and their mobility, It, at 
room temperature by the equation 

cr = n e ~ t  (3) 

Taking the unit cell volume as (0.8236 rim) 3, the value 
of the hole concentration comes out to be 1022 cm-3.  
Mobility, g, values calculated from the above equa- 
tion are found to be of the order of 10- 7 cm 2 V-  t s -  
The mobility of charge carriers can also be calculated 

T A B L E  II Comparison of intensity ratios for Lio.25Cuo.sFeo.75AlLsO,, 

Cations at I22o/I,,o 1400/I422 

A-site B-site Observed Calculated Observed Calculated 

' +  2 +  3-" 3 +  3 +  L1o.25 , Cuo.5, Feo.zs Feo.s, A1 t.s 0.303 
3 +  3 +  2 +  ' +  3 +  3 +  Alo.4, Feo. 6 Cuo.s, L1o.25, Feo.15, All. 1 2.439 

�9 + 3+ A13+ Lio+.l, 2+ a+ 3+ Cuo 5, Feo 4, All 0.514 0.518 Llo.~5,Feo.35, 1o.5 . . 
2 +  3 +  " +  3 +  3 +  Cuo.~, Feo.s, L%.zs, Feo.25, AI 1.5 0.295 
3 +  " +  2 +  3 +  Feo~75, L10.25 Cuo.5, A1 t ,5 0.208 

AI3+ Li+.25, 2+ 3+ 3+ 0.494 CUo.5, Feo.75, Alo,5 

1.640 

4.103 

1.049 

1.641 

4.375 

4.103 

4.978 

T A B L E  I I I  Comparison of intensity ratios for Lio.25Cuo.sFe2.250 4 and Lio.25Cuo.sA12.250 4 

Cations at 1220/14,0 1,00/1422 

A-site B~site :' Observed Calculated Observed Calculated 

Lio.25Cuo.sEe2.250* 

Fe3* Li~.25 ' 2+ 3+ Cuo.5, Fe 1.25 
3 +  2 +  3 +  Li0.25, Feo.75 Cuo.5, Feo.s 

2+ 3+ Li~.25 ' Fe1.75 Cuo.5, Feo. 5 3+ 

Lio.25Cuo.sA12.2504 

Li~.zs ' 3+ 2+ Alo.-Ts CUo.s, AI 3+ 
2 +  3 +  " +  3 +  Cuo.s, Alo. 5 L1o.25, A1 t.75 

AI3+ "z+ 2+ 3+ L%.25 , Cuo.5, AI 1.25 

0.761 

0.288 

0.760 

0.598 

0.435 

0.287 

0.488 

0.189 

1.223 

6.588 

1.221 

1.731 

1.072 

6.490 

1.106 

12.511 
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using the equation 

ed2v exp( -  A E / K T )  
tx = K T  (4) 

comes out to be 10 -7 cmZ'V -x s -1. Low values for 
oxidic spinels have also been reported by Jain and 
Darshane [6] and Khan et al. I-7]. 

In the case of low-mobility semiconductors, the 
influence of temperature on the number of charge 
carriers is very small, and activation energy is associ- 
ated with mobility of charge carriers rather than with 
their concentration. The charge carriers can be con- 
sidered as localized at the ions or the vacant sites, and 
conduction takes place by hopping of charge carriers 
between occupied and unoccupied sites. Due to lattice 
vibrations, the ions occasionally come close enough 
for the transfer of charge carriers. The conduction is, 
therefore, induced by lattice vibrations and as a result, 
the carrier mobility shows an exponential temperature 
dependence with activation energy. 

In the present system, electrical conduction can take 
place by the hopping of charge carriers (Fe and/or Cu) 
at the octahedral sites. The electrical conduction in 
Lio.25 Cuo.5o Fe2.2 5 04 can be explained as follows: 

F e  z+ + Fe 3+ ~ Fe 3+ + F e  z+ (5) 

It is quite likely that a small amount of Fe z + must 
have been formed during heating [81 which could not 
be detected by X-ray intensity studies. In the last 
compound of the series, i.e. Lio.25 Cuo.5o A12.25 0 4 ,  it is 
observed from intensity data that the copper is present 
only in the +2 oxidation state; if this had been the 

case, then Lio,25Cuo.5oA12.250 4 would have shown 
insulating behaviour. However, it is a semiconductor 
with AE -- 0.675 eV. It is possible that a small amount 
of Cu + must have been formed due to thermal fluc- 
tuation which can be represented by the following 
equation: 

Cu + + Cu z+ ~ Cu z+ + Cu + (6) 

This kind of mechanism has been suggested by 
Kushnerev et aL [9] in lithium substituted cobalt 
manganite. 

From Table I, it is observed that activation energy 
increases (x = 0, AE = 0.397 eV) with increase in con- 
centration of aluminium ions at the octahedral site 
(x =2.25, AE =0.675eV). Increase in activation 
energy may be due to exchange of electron transfer. 

The plot of thermoelectric power, A V, developed 
across the compounds against temperature difference, 
AT, for all the compositions of the system is shown in 
Fig. 2. The thermoelectric coefficient, ct, determined 
from the slopes of the plot are given in Table I. The 
sign of ct is designated as positive indicating p-type 
conduction, and negative for n-type conduction. 

From the compositions investigated, it can be seen 
that both types of charge carrier are present (Fig. 2). 
The thermoelectric coefficient, ~, in any given case is 
related to positive and negative charge carriers and 
conductivity by the equation 

0~ h t5 h -k- 0~ e (Ye 
- (7) 

(3" h --[- O" e 

6.. ~ 

6.C 

0.5.'. 

5.0 

4.5 
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10 3 T -  1 

Figure 1 Plot of logp against 103 T-1 for the system 
Lio,25CUo.sFe2.25_~Al~O4. 

41 22 

40 

30 

ZO 

10 

~, 0 

-iO 

-20 

-3o,I \ . "~c'o 

! ! 

353 453 553 
AT  

Figure 2 Plot of A V against AT for the system 
Lio.25Cuo.sFe2.25_xAlxO4. 



where h and e are p- and n-type charge carriers, 
respectively. In the present system, it is observed that 
the compounds 0.0~<x~< 1.5 are n-type semi- 
conductors and compounds with 2.0 ~< x ~< 2.25 are 
p-type semiconductors. Iron-rich compounds are 
n-type semiconductors, whereas aluminium-rich com- 
pounds are p-type semiconductors. 
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Figure3 Hysteresis loops for the compounds of the system 
Lio.zsCu0.sFe2.25_xAlxO4, (0 ~< x ~< 1.5). 

3.3. Magnetic hysteresis studies 
All the compounds of the system except x = 2.0 and 
x = 2.25 show the magnetic hysteresis loops at 300 K 
as well as at 80 K (Fig. 3). This indicates that they are 
all ferrimagnetic in nature. The coercive force, He, 
remanance ratio (JR/Js), saturation magnetization, 
%, and magnetic moment, nB, are listed in Table IV. 
The magnetic moments were calculated from ~ values 
at 80 K by using the relation 

% x molecular weight 
nB = (8) 

5585 

The observed nB values obtained by using the above 
equation were compared with the calculated ns values 
on the basis of spin-only moments (Table IV). 

The compounds with x = 2.0 and 2.25 do not give 
any hysteresis loop at an applied field of 3 KOe even 
at 80 K, indicating that the magnetic ordering temper- 
ature is below 80 K and the compounds are not 
ferrimagnetic. This could be due to strong antiferro- 
magnetic interactions at the B-site, even though A-B 
interactions exist in these compounds. 

It can be seen from Table IV that for 0 ~< x ~< 1.5, as 
the concentration of Fe 3 + decreases and that of A13 + 
increases, the observed n B values are lower than the 
calculated n~ values. The observed low magnetic 
moments can be explained in terms of the non- 
collinear spin arrangement. Such behaviour (lower 
values of n, than expected) have also been observed by 
many others in zinc-containing ferrites. This has been 
explained using various models such as (i) the oc- 
cupation of B-sites by diamagnetic ions; (ii) the devel- 
opment of paramagnetic clusters; and (iii) the occur- 
rence of non-collinear spin structures, [10, 11]. Pettit 
and Forester [12] have indicated that the non- 
collinear magnetic structure plays an important role 
in the explanation of this behaviour in the oxidic 
spinel system Col_=ZnxFe20 4. The canting in this 
system has been interpreted in terms of a uniform 
Yafet-Kittel triangular-type magnetic ordering of 
spins at the B-sublattice. Thus considering the 
Yafet-Kittel model 1-10], we can also explain the 
variation observed in n~ values for the aluminium-rich 
compounds of the present system. 

From the magnetic hysteresis loops (Fig. 3), it is 
seen that all the compounds except x = 2.0 and 
x = 2.25 possess high values of coercive force, He, 
which may be due to the presence of anisotropy in 

T A B L E 1V Saturation magnetization, ors, coercive force, He, magnetic moment, %, and remanence ratio (JR/Js) values for the system 
Lio.25Cuo.~Fe2.25_=A1=O4 

Compound Hc (Oe) cr (emug-1) n, (pB) JR/Js 

300 K 80 K 300 K 80 K Obs. Calc. 300 K 80 K 

Lio.25Cu0.sFe2.250 4 116.7 

Li0.zsCuo.sFel.TsAlo.50 4 101.12 

Lio.zsCuo.sFe 1.2sA104 97.97 

Lio.zsCuo.sFeo.7 sAll.~O 4 95.45 

Lio.25Cuo.sFeo,zsAl20 4 

Lio.25Cuo.sA12.250 4 

112.9 59.3 63.56 2.54 5.75 0.32 0.33 

95.34 30.79 34.16 1.28 4.25 0.42 0.40 

144.58 8.72 9.12 1.26 3.95 0.45 0.50 

125.55 7.9 7.9 1.19 1.25 0.50 0.39 
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these compounds. Further, higher values of Hc ob- 
served at 80 K may be due to increase in thermal 
vibrations. Th is  increase in H~ with decreasing tem- 
perature can also be attributed to a rapid increase in 
the anisotropy constant on cooling [13]. The presence 
of single-domain grains in these compounds are con- 
firmed by the considerable increase in remanance 
ratios (JR/Js) at 80 K (Table IV) [-14]. 

3.4. Infrared spectra 
All the compounds show two bands at about 616 and 
480 cm-  x (Fig. 4). The band positions for all the com- 
pounds are in good agreement with those reported 
earlier by Preudhomme and Tarte [,-15] and White and 
De Angelis [16]. The band positions and threshold 
frequency are listed in Table V. The threshold fre- 
quency for the electronic transition is found to be 
decreasing with increasing Fe 3 + concentration. This is 
in agreement with the trend observed for the activa- 
tion energy (AE) as seen from Table I. 

Tarte and CoUongues [,,17] have observed that in 
normal ferrites, both the absorption bands depend on 
the nature of octahedral cations and do not signifi- 
cantly depend upon the nature of the tetrahedral ions. 
However, Waldron [18] and Hafner [-19] attributed 
the band around 600 cm-  1 to the intrinsic vibrations 
of tetrahedral complexes, and the band around 
400 cm-  1 to those of octahedral complexes. The dif- 
ference in band position is because of the difference in 
the Fe 3 + - 0  2 - distance for octahedral and tetrahedral 
complexes. It is well known that the vibrational fre- 
quencies depend on the cation mass, cation-oxygen 
bonding force, distance and unit cell parameter. 

The presence of Fe 2 + ions in the ferrites causes a 
shoulder or splitting of the absorption band [20]. In 
the case of our investigated compounds, both the 
bands do not show any shoulder or splitting indi- 
cating the absence of Fe 2 + ions. 

| 
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Figure 4 IR spectra of the system Lio.zsCuo.sF%.25_xAl~O 4. 

T A B L E  V Infrared bands and threshold frequencies for 
system Lio,2sCuo.sFe2.25 _ xAlxO4 

Compound  Absorption Threshold 
bands (cm 1) frequency 

(cm 1) 

V 1 V 2 

Lio.25Cuo.sFe2.zsO 4 600 400 720 
Lio.25Cuo.sFe 1.7 sA[o.50 4 616 480 750 
Lio.zsCuo.sFe 1.25A104 616 480 765 
Lio.2sCuo.sFeo.vsAll.50 4 605 495 805 
Lio.25Cuo.sFeo.z 5A120 4 610 500 850 
Lio.2sCuo.sA12.250 4 610 500 910 

the 

4. Conc lus ion  
From the above studies, it can be concluded that the 
system Lio.25Cuo.soFez.z5AlxO 4 is crystallized out 
cubic in the range of 0.0 ~ x ~< 2.25. The compositions 
where x = 0.0, 0.50, 1.0 and 1.50 are n-type, while 
those x = 2.0 and 2.25 are p-type semiconductors. 
From X-ray intensity, magnetic hysteresis and IR 
studies it is observed that as the value of x increases, 
Li + migrates from the octahedral to the tetrahedral 
site replacing Fe 3+ ions. The magnetic hysteresis 
studies indicate that the compounds in the range 
0 ~< x ~< 1.50 are ferrimagnetic in nature, nearly obey- 
ing Neel's collinear model, while for x = 2.0 and 2.25, 
the compounds exhibit antiferromagnetism. The IR 
spectr a show the presence of two strong absorption 
bands around 616 and 480cm -~. Threshold fre- 
quencies decrease with an increase of Fe 3+ ion 
concentrations. 
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