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ELECTRICAL CONDUCTIVITY IN UNDOPED AND 
Ni-DOPED LITHIUM FERRITE 

J. J. Dih and R. M. Fulrath 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
.and Department of Materials Science and Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

The electrical conduction in polycrystalline lithium ferrite was 

investigated. DC resistivity was m~asured by using a guard ring method. 

Thermoelectric power measurements were also conducted to characterize 

the type ,of charge carriers contributing to the conduction process. 

Data are presented to show the influence of stoichiometry which affects 

the concentration of charge carrier, and temperature which affects the 

mobility of charge carrier on the electrical conduction of lithium 

ferrites. The exponential temperature dependence of the mobility is in 

agreement with the electron hopping model. The effect of processing 
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INTRODUCTION 

Because of its square loop magnetic properties coupled with 

superior temperature stability, lithium ferrite is a very promising 

1-3 magnetic material for use in core memories. Previous studies on 

polycrystalline lithium ferrite have been primarily concerned with the 

improvement of its B-H hysteresis loop and loss factor. It was found 

+2 that doping with a small amount of Ni can improve the hysteresis loop 

- 4 5 squareness.' Electrical ~onductivity, which directly relates to the 

power loss of the system during use, is an important physical parameter. 

The higher the conductivity, the larger the eddy currents induced and 

thus the power loss. The electrical conduction of lithium ferrite 

ceramics, especially doped compOSitions, has not been fully investigated. 

Reported resistivity data vary from a few ohm-em to values many orders 

of magnitude higher. l ,3,6,7 The major problem in studying the physical 

properties of lithium ferrite is due to the difficulty in controlling 

the sample stoichiometry during processing. S,9 It is well known that 

lithium ferrite loses both oxygen and lithium at high temperature. Re-

10 cently, Bandyopadhyay and Fulrath performed extensive studies to char-

acterize the material loss during heat treatment. A packing powder 

technique, as has been used successfully for the processing of lead 

zirconate-titanate ceramics, was d~veloped to control the stoichiometry 

1 during sintering of lithium ferrite in this laboratory. The purpose 

of the present study was to investigate the DC conduction of poly-

crystalline lithium ferrites with better defined compositions, the 

dependence of this property on temperature, dopants, stoichiometry and 
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microstructure. The charge carrier concentration and the mobility of 

charge carriers~ill be discussed separately. 
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EXPERIMENTAL PROCEDURE 

Sample Preparation 

The preparation of lithium ferrites and Ni-doped lithium ferrite 

has been previously described.l,S In order to make a series of samples 

with known deviation from the stoichiometric composition (LiFeSOS)' 

LiFeSOS powder was mixed with proper proportions of LiFe02 or Fe203 

powder. They were pressed into disks and sintered at 11SO°C for 2 

hours in 1 atm oxygen while using LiFeSOS as a stoichiometric packing 

powder to control the material loss. 

In order to study the influence of the dopailts on the electrical 

conductivity of lithium ferrite, controlled amounts of NiO or NiFe204 

were added to the LiFeSOS powder. The powder preparation and sintering 

conditions were the same as described above. In order to study the 

effect of processing parameters on electrical resistivity, isothermal 

sintering runs for LiFeSOS in 1 atm oxygen and using the stoichiometric 

packing powder were carried out at two different temperatures (llSO°C 

and 12S0°C) for various times. 

Sample Characterization 

Density of the sintered samples were measured by water displacement 

and also by geometric measurements. Theoretical density for LiFeSOS 

was taken as 4.7S2 gm/cc. Density of all samples with various composi

tions and dopants was above 9S% theoretical density and those in the 

isothermal sintering run were above 9S%. X-ray diffraction was used to 

identify various phases. All samples showed typical peaks of a spinel 

phase after surface grinding. For the microstructure investigation, 

thermally etched surfaces were observed by using scanning electron 
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microscopy. It was found that NiO and LiFe02 favored discontinuous grain 

growth in lithium ferrite, whereas Fe 203 and NiFe204 suppressed it. This 

11 is in agreement with the observation by Bandyopadhyay, Lacy and Fulrath . 

Property Measurements 

12 DC bulk resistivity was measured by using a guard ring method. 

Sputtered gold electrodes were used to provide ohmic contacts. The sur-

faces of all the sintered samples were ground to a depth sufficient to 

eliminate inhomogeneity, due to any surface affects before electrodes 

were applied. All measurements were conducted in the temperature range 

of 2D-300°C. Bidirectional measurements were made and the results from 

each polarity were averaged to eliminate the thermoelectric contribution 

" 12 
to the measured Signal. 

Thermoelectric power meas'urements were made to determine the type 

of charge carrier contributing to the conduction process. The measure-

ment system was calibrated by nand p type Si wafers. f 
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RESULTS AND DISCUSSION 

The temperature dependence of the resistivity for various 

compositions is shown in Figs. 1 and 2. Resistivity drops while moving 

from the LiFe02 doped region into the Fe20
3 

region. This has been ex

plained by Bandyopadhyay and Fulrathl based on the hopping model. 13- lS 

Lithium ferrite has an inverse spinel structure with the chemical 

+3 r . +1 +31 -2 +2 +3 
formula Fel •O LL1

0
• S Fel.SJo4 . As both Fe and Fe locate on the 

d l · 1 f +2 F +3 ·b h octahe ra sltes, e ectron hopping rom Fe to e contrl ute to t e 

conduction process. Moving away from the Fe deficient region 

(LiFe0
2 

doped) into the Fe excess (Fe
2

0
3 

doped), more and more Fe+2 

wou.ld be active in charge transport and thus resistivity drops. Measure-

ments of the thermoelectric power showed that n-type conduction dominates 

in all the samples. This is consistent with the picture of electrons 

+2 as charge carriers contributed by the Fe ions. 

For a single type of charge carrier, the resistivity (p) can be 

expressed as 

1 
p = nelJ 

where n is the concentration of charge carrier, e is the electronic 

charge, and lJ is the mobility of the charge carrier. The mobility of 

(1) 

the charge carrier hopping along like ions is given by a diffusion type 

16 of expression 

(2) 

where lJ is a constant, k is the Boltzman constant, and q is the hopping o 
+2 activation energy. It is presumed that each Fe ion contributes one 

conduction electron. The charge carrier concentration should be a 
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constant for a fixed composition in the temperature range of measurement. 

Combining equations (1) and (2) 

[(::) /(~:~= K exp(~) (3) 

where P
b 

is the bulk resistivity at temperature T
b

, Po is the resistivity 

at room temperature (T ), and K is a constant. . The temperature-compensa
o 

ted normalized resistivity [ ], follows an exponential relationship with 

temperature as shown in Fig. 3. The hopping activation energy for each 

composition shown in Fig. 4 can be calculated from the slopes of the 

straight 1irie segments in Fig. 3. It is found that the activation ener-

gy is 0.06 eV and does not change significantly through the near-stoi-

chiometric region. 

The resistivity increases while moving away from the near-stoichi-

ometd.c region on the Fe20
3 

rich side. 1 Bandyopadhyay suggested that 

this is probably due to a disorder effect. As proposed by Austin and 

Matt,13 this disorder may increase, the hopping activation energy in the 

mobility expression. Therefore, the mobility of the charge carrier de-

creas~s and the resistivity increases. The data indicate that the acti-

vation energy,sti11 decreases while the resistivity goes up. Therefore, 

increasing resistivity is unlikely to be due to the disorder effect but 

probably due to a second phase. The decreasing activation energy may be 

caused by the increasing Fe
3

0
4 

content in the system. Excess Fe20
3 

in 

This results in a shorter jump dis-
\ 

tance for the charge carrier and an increase in the number of overlapping 

electronic orbitals. It ~as also found that the hopping activation en

ergy decreases with increasing Fe
3
04 content in the NiFe204-Fe304 system. 
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The influence of the processing parameters on the electrical 

conduction of polycrystalline lithium ferrite has been investigated us-

ing the samples from isothermal sintering runs. The density, average 

grain size and the bulk resistivity at room temperature as a function of 

sintering time and temperatures are shown in Fig. 5. There is no evi-

dence that the resistivity is grain size or density dependent. Thermo-

electric power measurement~ showed that the major charge carrier is 

n-type. The hopping activation energy calculated from the temperature-

compensated normalized resistivity vs. inverse absolute temperature 

curve is shown in Fig. 6. There is a tendency fo~ the activation energy 

to decrease with prolonged sintering time. The resistivity and hopping 

activation energy for the l250°C sintering temperature are lower than 

that of l150°C series. This lower activation energy and decrease with 

sintering ~ime can be explained as follows. The higher the sintering 

+2 temperature or the longer the sintering time, the more Fe is generated 

in the system owing to oxygen loss. As the charge carrier concentration 

increases, the hopping activation energy decreases similar to the behav

ior observed when increasing the Fe+2 by addition Fe
3

0
4

• 

The influence of the amount of dopants (NiO, NiFe
2
0

4
) on the elec

trical resistivity of lithium ferrite at room temperature is shown in 

Fig. 7. The resistivity drops with increasing amount of NiFe
2

0
4

• In 

NiO-doped material, the resistivity drops sharply with the initial 1 

mole % addition followed by an increase with increasing amounts of NiO. 

Measurements of the thermoelectric power showed that electron conduction -(n-type) dominated in all of the samples. This is consistent with the 

. f 1 h' . f F +2 F +3 h h p1cture 0 e ectron opp1ng rom e to e as t e primary c arge 
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transport process in these ferrites. From the temperature dependence on 

the resistivety, the hopping activation energy can be calculated and is 

shown in Fig. S as a function of~amount of dopants. 

NiFe
2
0

4 
has the same inverse spinel structure as LiFe

5
0S ' and com

plete solid solution is expected as lithium ferrite is doped with 

NiFe
2
0

4
• The NiFe

2
0

4 
doped samples have the same hopping activation 

energy as that for stoichiometric lithium ferrite (i.e., O.06eV). There-

fore, the decrease in resistivity with increasing NiFe204 content is 

, 1 d t th' 'h i concentration Fe+2 ;n the ma~n y ue 0 e ~ncreas~ng c arge carr er • 

sample. It is well known that NiFe20
4 

will lose oxygen at high tempera

ture and lithium ferrite loses both oxygen and lithium during heat treat

ment. Oxygen loss from the system will reduce Fe +3 ions to Fe +2 ions 

to maintain charge neutrality and thus increase the charge carrier con-

centration. The lithium loss has a tendency to retard this reaction due 

to the necessity to maintain charge neutrality. Adding NiFe204 to the 

lithium ferrite system may increase the charge carrier concentration and 

decrease the resistivity. 

In the case of a 1 mole % NiO doped sample, its hopping activation 

energy is the same as that for undoped LiFe
5

0
S

• This also indicates that 

the initial drop of resistivity is mainly due to the increasing charge 

carrier concentration. Small amounts of NiO can go into the solid solu-

t ' i lith' 'f 't N;+2 ;on 1 L,+l, , th t 10n n 1um err~ e. ~ • rep ace some ~ ~ons ~n. e oc a-

hedral sites. The larger Ni+2 ions would distort the spinel lattice and 

increase the degree of overlapping of the 3d electron orbits. This leads 

to the initial drops in the resistivity. The subsequent increase in 

resistivity with further addition of NiO is undoubtedly lin~ed to the 

:':,',: , Ii 
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appearance of a second phase. It has been reported that only about 2 mole 

% of excess NiO is soluble in the inverse spinel structure. 17 
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FIGURE CAPTIONS 

Fig. 1. The influence of composition on the resistivity of LiFe50B at 

various temperature~. 

Fig. 2. The resistivity as a function of temperature for various 

compositions. 

Fig. 3. The temperature-compensated normalized resistivity v.s. absolute 

inverse temperature. Ph is the bulk resistivity at temperature 

T
b

, Po is the resistivity at room temperature To· 
I 

Fig. 4. Hopping activation energy v.s. composition of lithium ferrite. 

Fig. 5. Density, grain size and bulk resistivity at room temperature 

from isothermal sintering runs. 

Fig. 6. Hopping activation energy v.s. sintering temperature and time 

for stoichiometric LiFe~OB' 

Fig. 7. Resistivity of NiO and NiFe20
4 

doped LiFe
5
0

B 
at room temperature 

as a function of dopant concentration. 

Fig. B. Hopping activation energy as a function of dopant concentration. 
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