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Strontium-doped lanthanum chromites, La l_,.SrxCrO3, have been synthesised to investigate the effect 
of strontium doping on the stability and physico-chemical characteristics of the perovskite LaCrO 3 . 
Both microscopic and X-ray examinations show that the materials exist as single phase perovskite 
structure for all compositions up to 50 mole% strontium substitution. The materials have been further 
characterized by infrared and electron paramagnetic resonance spectra. These materials show a good 
sinterability even in air at 1773 K. Electrical conductivity of these perovskites has been measured as 
a function of temperature. Electrical conductivity has been found to be a maximum at x = 0,2. The 
observed electrical and magnetic properties are consistent with activated polaron transport as the 
mechanism for electrical conduction in these materials. �9 1992 Academic Press, Inc. 

Introduction 

M a t e r i a l s  wi th  high e l ec t r i ca l  c o n d u c t i v -  
i ty  and  c h e m i c a l  s t ab i l i ty  w h i c h  can  be  used  
in c o r r o s i v e  e n v i r o n m e n t s  as  wel l  as at  e le-  
v a t e d  t e m p e r a t u r e s  h a v e  been  in g rea t  de-  
m a n d  o v e r  the  pa s t  s eve r a l  d e c a d e s .  Pu re  
l a n t h a n u m  c h r o m i t e  is e x t r e m e l y  r e f r a c t o r y  
(MP 2673 K) ,  c o r r o s i o n  r e s i s t an t ,  and  has  a 
high e l ec t r i ca l  c o n d u c t i v i t y .  H o w e v e r ,  vo la -  
t i l i za t ion  and  p o s s i b l y  c o r r o s i o n  i m p o s e  cer-  
ta in  l imi t a t ions  on  the  use  o f  pu re  LaCrO~.  
The  h e t e r o v a l e n t  a l loy ing  ab i l i ty  o f  L a C r O 3 ,  
w h e r e  a f r ac t i on  o f  M 3 + ion  ( L a  3 + o r  Cr  3 +) 
is s u b s t i t u t e d  b y  an  ion o f  d i f fe ren t  v a l e n c e ,  
has  b e e n  e x p l o i t e d  to i m p r o v e  the  p r o p e r t i e s  
o f  L a C r O  3 . 

M u c h  o f  the  ea r ly  l i t e r a tu re  on  subs t i t u t ed  
l a n t h a n u m  c h r o m i t e  a p p e a r s  to be conf ined  
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to ob ta in ing  d e n s e  s p e c i m e n s .  S u b s t i t u e n t s  
such  as  St ,  Mg,  Ti, and  Ca  h a v e  b e e n  em-  
p l o y e d  for  this  p u r p o s e  (1-7). 

In  a p e r o v s k i t e  such  as L a C r O 3 ,  the  e lec-  
t r ica l  p r o p e r t i e s  m a y  be  a l t e r e d  e i the r  b y  
subs t i t u t ion  at the  A la t t i ce  s i te  (La - s i t e )  o r  
the  B site (Cr-s i te) .  A large  b o d y  o f  i n fo rma-  
t ion is ava i l ab le  on  the  e l ec t r i ca l  p r o p e r t i e s  
o f  s t r o n t i u m - s u b s t i t u t e d  l a n t h a n u m  chro-  
mi te ,  La l_xSrxCrO3,  w h e r e  x has  b e e n  var -  
ied f rom 0.0 to 0.25 (8-11). D e s p i t e  the  ex-  
t en s ive  l i t e r a tu re  on  s t r o n t i u m - s u b s t i t u t e d  
l an thanum c h romi t e s ,  a d e t a i l e d  and  sys-  
t ema t i c  inves t iga t ion  to  de l i nea t e  the  s tabi l -  
i ty  r eg ion  of  the  h o m o g e n e o u s  p e r o v s k i t e  
p h a s e  in the  s y s t e m  Lal_~SrxCrO3 is still  
lacking.  Wi th  a few e x c e p t i o n s  (12-14) the  
s tud ies  ca r r i ed  out  so far  p r o v i d e  l i t t le  infor-  
ma t ion  on  the p h y s i c o - c h e m i c a l  p r o p e r t i e s  
o f  s t r o n t i u m - s u b s t i t u t e d  l a n t h a n u m  ch ro -  
mi tes .  The  p r e se n t  s tudy  has  b e e n  t a k e n  up  
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to exploit the citrate method for the prepara- 
tion of strontium-substituted lanthanum 
chromites with a view to determining the 
stability range of  the perovskite phase on 
Sr-substitution and physico-chemical char- 
acterization of these perovskite composi- 
tions. 

Experimental Details 

Preparation 

Lanthanum biscitrato chromium com- 
plexes of  the formula Lal xSI~,Cr(C6HsO7) 2 
�9 nH~O, where x varied from 0 to 1, have 
been synthesized following the procedure 
for the preparation of  lanthanum biscitrato 
chromium (III) dihydrate reported earlier 
(15). These precursor  complexes were cal- 
cined in air at appropriate temperatures to 
obtain the corresponding substituted lantha- 
num chromites (III). All the reagents used 
were either analar or of  higher purity. 

Physical Methods 

Electron micrographs were obtained us- 
ing a Cambridge Stereoscan 150 scanning 
electron microscope (SEM). X-ray diffrac- 
tograms (XRD) were recorded on a Philips 
PW 1050/70 diffractometer with a vertical 
goniometer,  using CuK~ radiation and a 
scan rate of  2 ~ min-  i. Cell dimensions were 
obtained from a least-squares refinement of 
the observed interplanar spacings. Infrared 
spectra (IR) were recorded on nujol mulls 
using a Perk in -Elmer  597 spectrometer.  
Electron paramagnetic resonance (EPR) 
spectra were recorded on a Varian X-band 
EPR spectrometerl  Model E-109. Magnetic 
susceptibilities were measured using an EG 
and G Princeton Applied Research Vibrat- 
ing Sample Magnetometer ,  Model 155. Dif- 
ferential Scanning Calorimetry (DSC) mea- 
surements were carried out using a Dupont 
990 thermal analyser titled with a 910 DSC 
accessory module. Densities of the sintered 
samples were obtained by determining the 

TABLE I 

PHASE IDENTIFICATION OF 

Lal_xSrxCrO 3 COMPOUNDS 

Minimum calcination 
Nominal composition temperature (K) Phases present 

LaCrO 3 873 P 
Lao,95Sro osCrO ~ 1023 P 
Lao 9oSro. 10CrO~ 1073 P 
Lao.s0Sro ~oCrO 3 1073 P 
La0 75Sr0 25CrO 3 1173 P 
Lao.70Sr 0 3oCrO3 1223 P 
La0.eoSr0.40CrO ~ 1373 P 
Lao.50Sr0 s0CrO x 1573 P 
Lao4oSro.6oCrO 3 1473 LaCrO 3 + SrCrO 4 
La03oSroToCrO ~ 1273 LaCrO 3 + SrCrO~ 
Lao2oSrosoCrO 3 1073 LaCrO 3 + SrCrO4 
La 0 toSro.goCrO 3 1023 S r C r Q  

volume and mass of  the samples directly 
by dimensional measurements and accurate 
weight and also by pyknometr ic  methods.  
Conducting silver paint was applied to both 
the polished faces of sintered pellets. The 
resistivity was measured using a Gen Rad 
RLC Digibridge, at applied ac signal fre- 
quency of 1 K H z  in the temperature  range 
300-500 K. The electrical resistivity was 
calculated using the equation 

R A- (1) 
P =  l '  

where R is the measured resistance of a sam- 
ple of  thickness l and area of cross sec- 
tion A. 

Results and Discussion 

Structural Characterization 

The compositions Lal_,.Sr,.CrO3, where 
x = 0 to 1, were prepared by calcining the 
corresponding citrate precursors in air for 6 
hr, and the phases identified based on XRD 
results are summarized in Table I. 

Unlike unsubstituted LaCrO 3 , all the Sr- 
substituted materials were black in color, 
possibly owing to the presence of chromium 
in both trivalent and tetravalent states. 
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FIG. 2. Characteristic part of the X-ray diffraction 
showing the structural transition in Lai_,Sr,.CrO3. 

AND SUBBA RAO 

Infi'ared Spectra of La l_XSrXCr03 

The IR spectra of  a few representa t ive  
Sr-substi tuted samples are shown in Fig. 3, 
along with the spect rum of pure LaCrO3. 
With increasing Sr-substitution, a sys tem- 
atic shift in the C r - O  stretching (635 c m -  
for LaCrO3) and O - C r - O  deformat ion (430 
cm ~ for LaCrO3) vibrations toward lower  
frequencies is noted, u C r - O  shifts f rom 635 
c m -  1 for x = 0 to 610 cm-1 for x = 0.5. This 
shift possibly arises due to the changes in the 
force constant  caused by the deformat ion of  
c h r o m i u m - o x y g e n  polyhedra.  The IR spec- 
tra of  composi t ions up to x = 0.2 is nearly 
similar to that of  pure LaCrO 3 . Beyond  x = 
0.2, significant differences are noted in the 
IR spectra,  namely,  the absence  of  the 

XRD pat tern could be fully indexed on the 
basis of  a rhombohedra l  lattice. Refined 
lattice pa ramete r s  for the rhombohedra l  
s tructure agree with the values reported 
by Khat tak  and Cox for La0.75Sr0.25CrO 3 
(14). Relevant  portions of  the powder  
X-ray diffractograms which reveal  the 
change of structure f rom or thorhombic  
to rhombohedra l  phase are shown in 
Fig. 2. 

The phase  transition or thorhombic  to 
rhombohedra l  to cubic has been reported 
for pure  LaCrO3 (16). In order  to investi- 
gate the effect of  strontium substitution on 
the phase  transition of  LaCrO 3 , differential 
the rmograms  of LaCrO3, La0.ssSr0.~sCrO3, 
and La0.65Sr0.35CrO3 have been recorded on 
a DSC in the tempera ture  range 273-773 
K. For  pure LaCrO 3 and La0.85Sr0.15CrO3, 
which are shown to be cubic by XRD, no 
phase  transition is observed  in DSC. For  
La0.65Sr0.35CrO 3 a transition around 588 K 
is indicated, which could be attributed to 
the rhombohedra l  --~ cubic phase  tran- 
sition. 

o 

E 

800 600 400 200 
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FIG. 3. IR spectra of Sr-substituted lanthanum chro- 
mites, Lal_xSr~CrO 3 . 
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FIG.  1. S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f L a  I _ . ,SrxCrO3 : (a) x = 0,  ( b ) x  = 0 . 2 5 ,  ( c ) x  = 0 . 4 5 ,  a n d  (d)  
x = 0 . 5 0 .  

Structure and Morphology of 
Lal _rSrxCrO 3 

Scanning electron micrographs (Fig. 
la -d)  reveal that morphology of  the stron- 
tium-substituted samples up to x = 0.35 is 
more or less similar to that of  unsubstituted 
LaCrO 3. Beyond x - 0.35, an increase in 
particle size is noted and the particles also 
acquire a more regular geometry. This mor- 
phological change is essentially due to the 
increased extent of  substitution of  
strontium. 

Structural changes accompanying the 
substitution of  La with Sr are recorded in 
Table II. Up to a strontium content x = 
0.2, the pseudocubic structure of  LaCrO3 
is retained. For x = 0.25 to 0.5 the powder 

T A B L E  II 

REFINED UNIT  CELL PARAMETERS OF THE 

PEROVSKITE PHASE IN THE SYSTEM La~_,Sr.~CrO3 

Lanice 
parameters 

Composition Distortion a (nm) fi C) 

Unit cell 
volume 
(rim) 3 

LaCrO 3 Cubic 0.3888 90.00 0.5877 
La{i.9~Srr~ o,C rO3 Cubic 0.3879 90.(~ 0,5836 
La0 ~Srlb mCrO; Cubic 0.3874 90.00 0,5814 
La o ,~SI o I~CrO3 Cubic 0.3868 90.00 0.5787 
La~l g(iSlo >CrO~ Cubic 0.3860 90.00 0.5751 
Lao .sSro 2,CrO 3 RhombohedraI 0 .5447 6 0 . 5 1  (t.8262 
Lao ~oSro 4oCrO~ RhombohedraI 0 .5430 60.50 0.8124 
La0,,Sr04~C[O~ RhombohedraI 0 .5416 60f,0 0.8124 
Lao.:~I~SJl) soC rO~ Rhombobedral 0 ,5415 60.48 0.8112 
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FIG. 4. E P R  spec t ra  of  La  I xSr.~CrO 3 at 300 K (a, b, 
c) and at 77 K (d, e, f). 

shoulder at 675 cm 1 (which may be as- 
signed to a combination band of O - C r - O  
bending vibrations) and broadening of the 
bands. These differences could be attributed 
to the change in the crystal structure which 
have been inferred from XRD. 

EPR Spectra o f  La 1 xS(,Cr03 

All the Sr-substituted materials give rise 
to a broad EPR signal at room temperature 
with a g value of  1.98. For  values o fx  < 0.35, 
EPR signals were not observed at liquid- 
nitrogen temperature.  On increasing the Sr- 
concentrat ion to x = 0.35, two well defined 
signals could be observed in the spectrum, 
one at g = 1.87 and another  at 1.95. In 
addition, a weak signal with g = 3.8 is also 
observed (Fig. 4). The signals at 1.95 and 
1.87 are due to the anisotropy probably re- 
sulting from a distortion of the "CrO6" octa- 
hedra. The IR data is also indicative of this 
structural distortion. 

The intensity of the signal at g = 3.8 
though small was found to increase clearly 
with increase in the Sr-substitution. This 

signal can be attributed to a Cr 3 +-V o defect 
center  similar to the defect center  Fe3+-Vo 
observed in Fe 3--doped PbTiO 3 at g = 5.985 
(17). It has been reported (11) that at higher 
St-substitution, the charge compensat ion is 
mainly through the formation of  oxygen va- 
cancies V o in Lal xSl~rCrO3. Our observa- 
tion based on EPR study is also consistent 
with the above report. A few typical EPR 
spectra of Sr-substituted LaCrO 3 at 300 K 
are shown in Fig. 4 along with those at 77 K. 

EPR spectra of one of the substituted 
samples, La0.sSr0.2CrO3 was recorded at var- 
ious temperatures from 77 K upward. While 
the samples gave no EPR signal at 77 K, 
they showed signals at and beyond 133 K. 
For  the unsubstituted sample it may be re- 
called that EPR signals could be observed 
at and above 287 K (15). This has been at- 
tributed to a transition from antiferromag- 
netic to paramagnetic state at this tempera- 
ture. Thus Sr-substitution has lowered the 
magnetic transition temperature  signifi- 
cantly. 

Properties of  Lal_.,Sr.~CrO 3 

Sinterability. Electrical properties of 
polycrystalline materials generally require 
sintered pellets and hence it is considered 
appropriate to investigate the sinterability 
of pure as well as substituted lanthanum 
chromite. Pure LaCrO 3 sintered in nitrogen 
at 1723 K for 10 hr produced pellets of  only 
70% theoretical density, whereas all the Sr- 
substituted lanthanum chromite pellets 
could be sintered to 85% or more of  the 
theoretical density under the same tempera-  
ture- t ime regions in air. We have found that 
doping of  strontium enhanced the densifica- 
tion of lanthanum chromites considerably.  
It is pertinent here to point out that such an 
effect has been observed earlier by 
Meadowcroft  in heavily Sr-doped LaCrO3 
(5). 

Electrical conductivity. Figure 5 shows 
the temperature dependence of  electrical 
conductivity of  Lal ,.Sr~CrO 3 in a plot of  
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FIG. 5. Plot of log crT versus T -1 for La,_,Sr,  CrO 3. 

log (o-T) against 1/T. Several  authors have 
repor ted  that linear dependence  in this plot 
is characterist ic  of  the polaron hopping 
t ransport  mechanism (8, 11). For  the most  
part  conduct ivi ty is well represented by the 
function 

cr = ~ e x p  . (2) 

For  composi t ions  with x = 0.05 and 0.2, 
two breaks ,  one at 353 K and another  at 413 
K,  are noted, similar to those observed  for 
pure LaCrO 3 . With an increase in Sr-substi- 
tution the activation energy for electrical 
conduct ivi ty  is found to decrease  linearly. 
The electrical conductivi ty data on Sr-sub- 
stituted LaCrO 3 are given in Table I l l .  At 
room tempera ture  the conductivi ty de- 
creases  f rom x = 0 to 0.05 and then shows 
a linear increase with increasing St-content  
up to x = 0.2. Beyond x = 0.35 a consider- 
able decrease  in conduct ivi ty is observed.  

The composi t ion with x = 0.2 shows the 
max imum conduct ivi ty  among the La~_ x 
Sl~rCrO 3 compounds  studied. 

Lan thanum chromite is reported to be a 
p- type  semiconductor  (8, 18, 19), and the 
conductivi ty is essentially due to the hole 
motion in the d-electron energy levels of  
the chromium. When LaCrO 3 is acceptor  
doped,  the dopant  can be electronically ac- 
commodated  by the structure in two ways:  

(a) For  every acceptor  ion added, the tran- 
sition metal ion Cr increases its oxidation 
state to maintain electrical neutrality. This 
enhances the electrical conductivity.  

(b) For  every acceptor  ion added,  to main- 
tain electrical neutrality an oxygen vacancy  
occurs.  This defect does not contr ibute to 
electrical conductivity.  In fact conduct ivi ty  
will decrease in this case. 

Extensive literature is available on the 
electrical t ransport  propert ies  of  pure 
(20-23) as well as Sr-doped LaCrO3 (8-11). 
Intrinsic conductivity in lanthanide chro- 
mites is ruled out (20), as it requires a much 
higher activation energy (1 to 2 eV) than the 
experimental ly observed  values for these 
compounds .  It has been reported that both 
pure and St-doped LaCrO 3 (8, 11) exhibit 
thermally activated conductivi ty behavior ,  
with doped material having a smaller activa- 
tion energy for conductivity.  A polaronic 
conduction mechanism has been suggested 
by a number  of  investigators (8-11, 23) for 
pure as well as substi tuted lanthanum chro- 
mites, which in turn can give rise to ther- 
mally activated conductivity.  

In La~_,Sr ,CrO 3, Sr  2- ions are distrib- 
uted randomly on the La  3+ lattice sites. In- 
creases in the conductivi ty up to the Sr- 
doping level o f x  -< 0.3 have been attr ibuted 
to the formation of Cr 4- ions as a result of  
charge compensat ion and conduct ion being 
caused by the hopping of polarons be tween  
Cr 3- and Cr 4" ions. However ,  a further  in- 
crease in the strontium content ,  i.e., x be- 
yond 0.35, gives rise to a decrease  in con- 
ductivity. For heavily doped materials,  i.e., 
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T A B L E  III 

SUMMARIZED RESULTS OF ELECTRICAL CONDUCTIVITY MEASUREMENTS OF La~ ,.Sr~CrO 3 COMPOUNDS 

Electrical 
Composi t ion  Break conduct ivi ty  at 300 K 

(LaI_,.Sr, CrO3) (x) tempera ture  (K) Activation energy (eV) (O- i  cm i) 

0.00 365 0.145 (+-0.002) 8.6412 • 10 .3 
0.05 328 0.182 (+-0.001) 3.9570 • 10 -3 
0.15 9.9824 • 10 -3 
0.20 353 0.134 (-+0.002) 6.3150 • 10 -2 
0.25 353 0.118 (_+0.003) 1.0821 x 10 z 
0.30 353 0.113 (+-0.001) 9.8752 • 10 3 
0.35 341 0.127 (+-0.002) 6.3143 • 10 -3 
0.45 380 0.284 (_+0.001) 3.6821 • 10 3 
0.50 377 0.351 (_+0.001) 2.0012 • 10 -3 

x -> 0.35, charge compensat ion may take 
place by the creation of oxygen vacancies,  
which causes an effective decrease in con- 
ductivity. EPR results on these materials 
lend support to this change in charge com- 
pensation mechanism. 

The decrease in activation energy, though 
very  small with increasing carrier concen- 
tration, is significant and is also consistent 
with polaron hopping (Table Ill) (24). This 
is because as the polarons approach each 
other,  their polarization clouds start to over- 
lap and the energy required for hopping will 
be reduced (25). The activation energies for 
the La  I xSr~.CrO3 samples though lower 
than those reported by Bansal et  al. (10) are 
in agreement with those reported by Karim 
and Aired (11) and Weber  et  al. (9). 

M a g n e  tic Suscep t ib i l i t y  o f  L a  ~ _ ,. $1~,~ CrO 3 

The effective magnetic moments  of  some 
of the Mr-substituted LaCrO 3 samples are 
given in Table IV. The paramagnetic effec- 
tive moments  obtained for pure LaCrO 3 
(3.85/zB/Cr atom) is in good agreement with 
the anticipated spin only moment  of 3.87 
/XB/Cr atom. If the effect of  introducing Sr 2 + 
ions into the lattice is to produce a corre- 
sponding number  of  Cr 4+ ions, as previously 
postulated, we would anticipate a decrease 

in the effective moment with an increase in 
the Mr-concentration. Such an effect is born 
out from the data in Table IV. A similar 
observation has also been reported by other  
investigators (lO, 11). Since our results give 
a clear indication of the small but systemati- 
cally linear decrease in the effective moment  
with an increase in the St-concentrat ion up 
to x = 0.35, they are consistent with the 
argument that the electronic transport  in St- 
doped LaCrO 3 (x -< 0.3) is associated with 
the presence of Cr 4"- ions in the lattice. For  
compositions beyond x = 0.35, a slight in- 
crease in the effective magnetic moment  is 

T A B L E  IV 

EFFECTIVE MAGNETIC MOMENTS AT ROOM 
TEMPERATURE FOR La I xSr.rCrO 3 

Compounds  Effective magnet ic  momen t  

LaCrO~ 3.85 
La0.9~Sr0.05CrO~ 2.85 
La0 ~lSr0.10CrO~ 2.41 
La0.s~Sr 0 i~CrOa 2.27 
La0.s0Sr020CrO~ 2.11 
La075Sr025CrO~ 2.04 
La~j 70Sr0.~0CrO~ 1.93 
La0.s0Sr0.40CrO~ 2.07 
La0.y~Sr0.4~CrO~ 2.10 
La0.50Sr0.5~CrO3 2.36 
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observed, consistent with a change in the 
charge compensation mechanism. EPR and 
conductivity results also strongly support 
this mechanism. 

Conclusions 

The amorphous citrate process has been 
exploited to produce strontium-doped lan- 
thanum chromite at relatively low tempera- 
ture compared to the conventional ceramic 
methods. Both microscopic and X-ray ex- 
aminations show that in the system Lal_~Sr x 
CrO3 an extensive region (up to 50 mole% 
strontium) occurs in which the perovskite 
structure exists as a single phase. A struc- 
tural transition has been observed from or- 
thorhombic to rhombohedral as a result of 
strontium substitution. Substitution also 
modifies the morphological and spectral 
characteristics of the perovskite LaCrO3. 
Materials with composition up to x = 0.30 
showed an order of magnitude increase in 
conductivity compared to pure LaCrO3. 
However, a slight decrease is registered for 
compositions beyond x = 0.35. The ob- 
served conductivity and magnetic suscepti- 
bility results are consistent with the existing 
model proposed to explain the transport 
properties of Lal_xSrxCrO3. 
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