
Stoichiometry Effects on the Electrical Conductivity of 
Lithium-Manganese Spinels 

C. B. Azzoni , M. C. Mozzat i , A. Paleari3 , M . Bini b , D. Capsoni b , G. Chiodel l i b , and 
V. Massarot t i b 

INFM-Department of Physics "A. Volta" of the University, via Bassi 6,1-27100 Pavia 
a INFM-Department of Materials Science of the University, via Cozzi 53,1-20125 Milano 
b Department of Physical Chemistry of the University and CSTE-CNR, 

via Taramelli 16,1-27100 Pavia 

Reprint requests to Prof. V. M.; Fax: +39 0382 507575, E-mail: vimas@chifis.unipv.it 

Z. Naturforsch. 54 a, 579-584 (1999); received May 15, 1999 

The electrical conductivity of lithium-manganese spinels is analyzed in samples with different 
starting Li cationic fraction x. Li-rich spinels, resulting from Li-Mn substitution around the stoi-
chiometric value (x= 0.333), show conductivity values higher than that observed in stoichiometric 
LiMn 20 4 . Besides, a conductivity drop, associated with a structural phase transition at about 290 K 
in LiMn 20 4 , progressively disappears by decreasing x, while it is absent in Li-rich samples. Stoi-
chiometry effects on the concentration of charge carriers and on the available sites for the hopping 
transport process are evaluated, as well as the effects due to coexisting insulating phases. The role 
of the Jahn-Teller effect on the conductivity behaviour of stoichiometric and Li-poor spinels is also 
considered. 
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1. Introduction 

L i [ M n 3 + , M n 4 + ] 0 4 - t y p e spinel compounds , hence-
for th written as L i M n 2 0 4 compounds , show electrical 
proper t ies which depend on electron hopping owing 
to the coexis tence of different oxidat ion states of Mn 
ions, one of which is a Jahn-Teller ion (the 3d 4 M n 3 + 

ion). A linear dependence of log ( o T ) on MT was ob-
served in L i M n 2 0 4 , as expected f rom a thermally acti-
vated hopping process, and a negative Seebeck coeffi-
cient conf i rmed the electronic character of the charge 
carriers [1]. A n anomaly of o(T) at about 290 K in 
the l inear Arrhenius plot, in form of a hysteresis loop 
[1, 2], was associated to a structural phase transition 
resul t ing f r o m the onset of a cooperat ive Jahn-Teller 
(J-T) ef fec t [1 - 6]. This transition disappears on in-
creas ing the Li content , even for a very small excess 
of Li with respect to the L i M n 2 0 4 s toichiometry [4]. 

C o m p o u n d s deviat ing f rom the L i M n 2 0 4 stoi-
ch iomet ry can useful ly be employed to inf luence the 
conduct ivi ty and to avoid the occurrence of struc-
tural phase transit ions [3, 7, 8]. In this work w e 
investigated the conductivi ty of samples containing 
L i 1 + v M n 2 _ v 0 4 spinel phases with a wide range of 

Li s toichiometric deviation ( - 0 . 3 6 < y < 0 .16) [9] 
together with sui table amounts of other insulat ing 
M n oxides with the role of s toichiometry compen-
sators. 

A mode l relating the conductivi ty to variations of 
y and to the amount of insulating phases is proposed. 
T h e role of the J -T ef fec t on the conduct ivi ty of Li-
poor and s toichiometr ic spinels will also be discussed. 

2. Experimental Procedure 

Samples were prepared f rom the reactive sys tem 
M n 0 / L i 2 C 0 3 (Al fa 99 .9% and Car lo Erba R.P., re-
spectively), the l i thium cationic fract ion, x, in the 
starting mixtures ranging between 0 .10 and 0.53. Each 
mix ture was fired in air fo r 8 h at 1073 K and 8 h at 
1173 K. Both heat ing and cool ing rates were 5 K/min . 
X-Ray diffract ion (XRD) measurements were per-
fo rmed to detect the coexist ing phases, and Rietveld 
profile ref inement [10] was carried out to analyze the 
diffract ion patterns, fo l lowing a procedure previously 
described [11], Samples in form of disks and bars 
were then obtained by sintering the pressed powders 
for 12 h a t 1173 K i n air. 
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Table 1. Weight % (s) and stoichiometry deviation (y) of the 
spinel phase in samples with different Li cation fraction (x) 
[9] and conductivity (a) at room temperature. 

X s y c r l O V f i - ' c m " 1 

0.10 42.4 -0.36 0.47 
0.20 69.5 -0.19 2.1 
0.25 81.0 -O. l l 2.7 
0.31 89.0 -0.02 2.5 
0.325 98.5 ~0 4.2 
0.333 100 0 5.0 
0.35 100 0.04 5.6 
0.38 92.9 0.06 3.5 
0.40 91.5 0.09 2.15 
0.44 78.0 0.09 0.40 
0.53 44.3 0.16 <0.01 

Four-electrode dc conductivi ty measuremen t s were 
per formed by means of a S O L A R T R O N 1286 gal-
vanostat /e lectrometer apparatus. Impedance spec-
troscopy measurements were also carried out, using a 
S O L A R T R O N 1255 or 1260 f requency response an-
alyzer in the 10~3 - 107 Hz f requency range with a 
h o m e m a d e h igh- impedance adapter (101 2 £2, 3 pF). 
A L E Y B O L D R O K I O cryostat was used for the low-
tempera ture measurements . 

3. Results 
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Fig. 1. Arrhenius plot of log ( o T ) vs. \/T of the samples 
with x: a) 0.10, b) 0.20, c) 0.25, d) 0.325, e) 0.333, 0 0.35, 
g) 0.38, h) 0.40 and i) 0.53. 
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In Fig. 1 the Arrhenius plot log ( o T ) vs. 1 /7 of 9 
samples is shown. The a values at room temperature 
of these and two more samples are reported in Ta-
ble 1 together with the spinel percentage, s, and the 
l i thium stoichiometry deviation of the spinel phase, y, 
as previously determined [9] by X R D , E P R and static 
magnet ic susceptibili ty measurements . Samples with 
composi t ion near that of the L i M n 2 0 4 and obtained 
with x < 0 .333 show a small step at about 290 K. 

In Fig. 2 this behaviour near the transition temper-
ature is shown in enlarged scale. An anomaly with a 
hysteresis loop (see inset for JC = 0.325) is noted in the 
samples with 0 .25 < JC < 0.333. Such an effect is not 
detectable in the samples with JC > 0.333. 

Figure 3 shows the dependence of a on the l i thium 
content JC at a few representative temperatures . Near 
the s toichiometr ic composi t ion (x = 0 .333) a clear 
drop of a is observed for JC < 0.33 whi le a large de-
crease of a appears at pronounced increases of JC f rom 
0.333. This behaviour is c o m m o n to all temperatures . 
In particular, for T > 290 K, the drop of a ( compare 
samples with JC = 0.35 and JC = 0.333) is qui te constant 
in the semilogar i thmic plot. 

l o V / K " 1 

Fig. 2. Temperature dependence of the conductivity of rep-
resentative samples with 0.25 < JC < 0.35 near the temper-
ature of the structural transition observed at about 290 K 
in stoichiometric spinel. A hysteresis loop for x = 0.325 is 
shown in the inset. 

Impedance spectroscopy measurements , showing 
a single half circle covering the entire f requency 
range, indicate that the resistivity values obtained 
by the four-probe dc technique must be attributed to 
bulk properties, so excluding grain-boundary contri-
bution [1]. 
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Fig. 3. Dependence of a on the Li content x at a few repre-
sentative temperatures. 

4. Discussion and Conclusions 

Three facts are worth to be noted: 
(i) the occur rence of the step-wise a(T) anomaly 

at 2 9 0 K has an "asymmet r ic" composi t ional depen-
dence a round x = 0 .333, since the anomaly is not 
observed fo r JC > 0 .333 (Figure 2); 

(ii) <r(x) for JC < 0 .333 shows a decrease in samples 
near the s to ichiometr ic spinel composi t ion (Figure 3); 

(iii) for T > 2 9 0 K the ratios be tween a(x) values 
with JC = 0 .35 and JC = 0 .333 are independent of the 
tempera ture (Figure 3). 

It will be shown how these facts can be interpreted 
within a compos i t iona l model of L i /Mn spinels where 
Li subst i tutes for M n when JC > 0.333, and vice versa 
when JC < 0 .333 [9]. In other words, the composit ion 
of the gener ic spinel L i ] + M n 2 _ v 0 4 may be regarded 
as arising f r o m the fol lowing detailed formulae, pre-
viously d iscussed [9] 

Li1 + vMn?+_3 > ,Mn?;2 v04 , 

L i . ^ M n f + M n ^ M n 4 * 

-3 / 

w h e n y > 0 (Li-rich spinels), 
0 4 , 

w h e n y < 0 (Li-poor spinels). 

(1) 

(2) 

It mus t be remarked that this mode l describes the 
spinels p roduced by high temperature solid state re-
action, whi le samples f rom electrochemical prepara-
tion usually possess a non-stoichiometry stabilized by 
cat ion or oxygen vacancies [7 - 9, 12]. 

Conce rn ing point (i), the occurrence of the a(T) 
anomaly at 2 9 0 K reflects the presence of a structural 

transition induced by cooperat ive J -T distortion of 
the oxygen octahedra around M n 3 + (3d 4 ) ions [1 - 6]. 
Thus, the "asymmet r i c" composi t iona l dependence of 
the anomaly indicates that the Li-poor spinel lattice 
is quite compat ib le with the cooperat ive distortion, 
whereas Li -enr ichment quickly inhibits this struc-
tural phase transition. This fact can be consistent ly 
explained within the substi tutional mode l of the spinel 
structure applied to these samples . In this model , Li + 

ions in tetrahedral sites are substi tuted by M n 2 + ions 
when JC < 0 .333, and the charge compensa t ion is 
achieved by the increase of the M n 3 + / M n 4 + ratio in 
octahedral sites. T h e lattice distort ions expec ted f rom 
this substi tution are very small because the ionic radii 
of Li+ and M n 2 + in tetrahedral sites are rather similar 
(0.059 and < 0 .067 nm [13], respectively). Thus the 
cubic symmetry of the coordinat ion oc tahedra around 
the M n 3 + sites should be qui te preserved, and a coop-
erative J -T static effect should still occur. In contrast , 
Li-rich samples do not show any trace of the 290 K 
anomaly. In fact, according to the same approach, 
a substantial modif icat ion of the lattice is expected 
f rom Li-enr ichment of the spinel structure if this is 
achieved by substi tuting M n 3 + ions in octahedral sites 
by Li+ ions, since their ionic radii are qui te different 
(0.058 and 0 .076 nm, respectively [13]). Moreover , 
Li-enr ichment results in a dilution of the J -T ions 
in the lattice. Both effects are indeed strongly com-
petitive to the occurrence of cooperat ive static J -T 
distortion, consistently with the exper iment . 

As now regards the conduct ivi ty drop observed in 
nearly s toichiometr ic samples with JC < 0 .333 (point 
(ii) and Fig. 3), the evaluat ion of the dependence of 
conductivi ty for the spinel phase only on the stoi-
chiometry deviation y (Table 1), can be considered 
first. 

For a hopping process, 

a = ~ exp(-EH/kT) ( 3 ) 

with A = c ( l — c) • NPe2a2vo/k, where e and k have 
the usual mean ing , EH is the activation energy for 
the hopping mechan i sm, v0 and a are the hopping 
f requency and the distance be tween sites for the hop-
ping, P i s a numerical factor equal to 1 in the adiabatic 
limit [14]. Nc(l — c) is the only factor sensibly de-
pendent on the M n stoichiometry, s ince c is the ratio 
between the number of charge carriers (corresponding 
to the M n 3 + sites) and the n u m b e r N of available sites 
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for the hopping process (all octahedral ly equivalent 
M n sites), that is 

c = 

c = 

1 - 3 y 
2-y 

1 + 12/1 

, when y > 0, 

, when y < 0. 
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0.4 

0.2 

0 . 0 

- 0 . 2 

( 4 ) 

( 5 ) 

Therefore the dependence of a on y for the spinel 
phase can be writ ten in the fo rm 

' spine i (y) = 
00 

NoCo(\ - co) 
N(y)c(y)( 1 - c(y)), (6) 

where the subscript 0 refers to the s toichiometr ic 
spinel with y = 0. T h e y dependence can be m a d e 
explicit by substi tut ing (4) and (5) in (6) and taking 
into account that N = 2 — y for y > 0 and N = 2 for 
y < 0, according to (1) and (2): 

( 1—3 y\ 
^ s p i n e l ( y > 0 ) = 2 < 7 o ( 1 - 3 y ) ( J - — — — J , 

^ s p i n e l ( y < 0 ) = 2 < J 0 ( 1 + 1 -

2-y 

1 + M 

( 7 ) 

(8) 

A first indicat ion of the anomalous behaviour 
of the s toichiometr ic spinel appears by compar-
ing the exper imenta l (Fig. 3) and expected con-
ductivity values of the x = 0 .35 (y = 0 .04) and 
x = 0 .333 ( y = 0) samples , both f ree f rom spuri-
ous phases (see Table 1). F rom (7) the ratio crspinel 

(x = 0.35)/cr s p i n e l(x = 0 .333) should be 0.96. Conse-
quently, the exper imenta l a value of the x = 0 .35 
sample being 5.6 x 1 0 _ 4 n _ 1 c m _ 1 , the expected 
(T0 value for the s toichiometr ic sample should be 
5 . 8 3 x 1 0 - 4 £ 2 ~ 1 c m - 1 , to be compared with the exper-
imental value 5 . 0 x 1 0 ~ 4 Q - 1 c m _ 1 . This difference, 
which reflects the drop of cr(x) for x = 0 .333 in 
Fig. 3, is about 16%, well above the exper imental 
uncertainty. 

The expected contr ibut ion to a f rom the only spinel 
phase in the samples may also be expressed as a func-
tion of the spinel percentage , s, because a correlat ion 
be tween the y and s values in samples with different 
Li content can be found . In particular, the smaller the 
amount of spinel phase , the larger the Li-enr ichment 
or Li-deficiency of the spinel phase itself (Table 1). 
This correlation is shown in Fig. 4: the behaviour fol-
lowed by the exper imenta l data is also consistent with 
the limit y values (y = 0 .33 in Li-rich and y = - 1 in 

-0 .4 

• 0 . 6 -

1 .0 
100 

Fig. 4. Experimental correlation between y values and spinel 
percentage s in samples with different Li content. The 
curves are obtained by fitting the data with polynomials 
at the limit y values of the compositional model. 

Li-poor spinels) in the composi t ional express ions (1) 
and (2). Empirical y(s) relations obtained by fit t ing 
the data of Fig. 4 and inserting in (7) and (8) al low 
one to report in Fig. 5, together with the exper imenta l 
a values, the expected c s p i n e i fa) behaviour of the only 
spinel phase. 

Another effect on a comes f rom the insulat ing 
phases that block the conduct ion path. A percola-
tion regime is expected proportional to (5 - s c ) 2 for 
spinel concentrat ions s c lose to a critical value s c ~ 
25% [15, 16] whereas a linear behaviour should be 
fol lowed at larger 5 values. In Fig. 5 curves are shown 
for the two expected regimes: 

a ( s ) OC 0 - s p i n e l ( s ) [ s - 5 C ] 2 , a ( s ) OC c r s p i n e l O ) s . ( 9 ) 

The linear regime is well-verified in Li-r ich samples 
with s > 85%. For Li-poor samples, the deviat ion of 
a(s) f r o m the linear trend for high spinel concent ra -
tions conf i rms that other mechan isms inf luence the 
conductivi ty in this composi t ional region. 

Since the spinel s toichiometry deviat ion af fec ts 
only the pre-exponential term of a in (3), the dif-
ference between the experimental a values and the 
general trend in Fig. 5, related to the conduct iv i ty 
drop for 0.31 < x < 0.333, may depend on the ac-
tivation energy for the hopping process. So, it can 
be supposed that the behaviour of samples subjec ted 
to the J -T effect arises f rom a di f ference A in the 
hopping energy: 
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Fig. 5. (A) Expected crspinel(s) behaviour (solid line) at room 
temperature of the only spinel phase, from (7) and (8) and 
from data in Fig. 4, together with the percolative and linear 
conductivity regimes (dashed lines) according to (7), (8), 
and (9). (B) Experimental a values (filled symbols for the 
Li-rich samples) at room temperature. 

A = - e x p ( ~ ( E H + A)/KT). (10) 

Figure 6 reports the temperature dependence of A 
obta ined by analyzing the conductivi ty drop near 
x = 0 .333. A l inear behaviour A oc kT, as a conse-
q u e n c e of po in t (iii), is fol lowed above the tempera-
ture of the onset of a static cooperat ive J -T effect . This 
is jus t wha t can be expected f r o m a process controlled 
by the statistics of vibrational modes at sufficiently 
h igh tempera ture . Then , a thermally activated process 
is c lear ly sugges ted as responsible for the lowering of 
conduct iv i ty in s toichiometr ic or quasi-stoichiometric 
samples with small Li-deficiency. Moreover, an en-
ergy gap of about 0 .02 eV is deduced f rom the con-
ductivi ty da ta be low room temperature (Figure 3). 
Th is energy gap, within the same approach, should be 
consis tent with the energy splitting between the states 

0 . 0 
200 400 600 800 1000 

T/K 

Fig. 6. Temperature dependence of A obtained by analyzing 
the conductivity drop near x = 0.333 at different tempera-
tures above the onset of the static J-T effect. 

involved in the static J -T effect , which should result 
in an increase of the energy barrier for the electron 
hopping. W h e n carrying out crystal field calculat ions 
of the energy levels of the M n 3 + d-mult iplet , and sup-
posing a tetragonal e longat ion of the coordinat ion oc-
tahedra consistent with the unit cell distortion at the 
structural transition (about 1.01 [4, 6]), a lowering of 
the 3z2 - r2 energy level of the eg double t of about 
0 .03 e V was obtained. 

In conclusion, it was shown that the conduct ivi ty 
behaviour of the investigated samples depends on the 
stoichiometric deviat ion y of the spinel phase and on 
the relative amount of the insulat ing phases, strictly 
related to the Li -enr ichment and Li-def ic iency of 
the spinel phase. In s toichiometr ic or quasi-s toichio-
metr ic samples with small Li-deficiency, the static 
(below 290 K) and dynamic (above 290 K) J -T ef fec t 
appears to be compet i t ive to the hopping transport 
mechan i sm by affect ing the value of the activation 
energy £ H . 
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