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A series of LaCr,_ M O; (M = Mg, Cu, Zn, Ni) ceramics was
fabricated by a conventional sintering process in air and Ar gas.
Relative density, electrical conductivity, and magnetic susceptibil-
ity were measured to investigate the electrical conduction mecha-
nism of the doped LaCrQO; ceramic. The apparent density was
improved up to 95% of theoretical density, especially in the cases
of M = Cu?* and Zn**. The electrical conductivity () increased
with increasing quantities of doped divalent cation (x), and log{ &T)
showed a linear relationship to (1/7). Magnetic data and chemical
analysis indicated that the presence of Cr**, rather than oxygen
deficiencies, is preferential for the charge compensation. As a
result, the electrical conduction was substantially governed by the
hopping of small polarons between Cr** and Cr** jons. The substi-
tution of Ni ions resulted in lower than expected unit cell volumes,
somewhat different conductivities, and a different antiferromag-
netic response, all of which pointed to the role of Ni** as of the
source of an additional band conduction mechanism. © 1994 Academic

Press, Inc.

" INTRODUCTION

Lanthanum chromite, LaCrO,, has rccently reccived
much interest as an electrode material or interconnector
for fuel cclls, a heating element for high-tempcrature fur-
naces, ctc. (1-3). However, the clectrical conduction
mechanism of L.aCrO, ceramics is not well understood. In
addition, fully densified LaCrQ, ceramics are frequently

_required for such applications as those mentioned above.
In fact, most practical LaCrQ, ceramics have less than a
75% relative density.

Many investigations have been reported on the sinter-

ability of LaCrQ; ceramics through substitution of Sr**
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and Ca** for La** (4—7), which indicated that low oxygen
activity makes it possible to sinter fully dense LaCrO,
ceramics. Generally, the densification of ceramics is
caused by some structure defect, in particular oxygen
deficiencies in the lattice. On the other hand, Kose et al.
(2) demonstrated that the relative electrical conductivity
of La, ,Ca,Cr0, relatively decreased at low oxygen pres-
sure (Pg,}, but increased at high Py, . This was sufficient
to show that the oxygen vacancies diminished at high
Py, and the electron holes participated positively in elec-
trical conduction according to the formula Cr'* =
Cr’* + hole.

Hayashi et al. indicated that both the electrical conduc-
tivity and the sinterability of 1.aCrQ; ceramic could be
improved by the substitution of a lower-valence ion such
as Cu®*, Mg?*, or Zn?* at the Cr** site (8). As a result,
the formation of oxygen vacancies and Cr** will be en-
hanced to prescrve electroneutrality with cation stoichi-
ometry, and will influence the electrical propertics. As
pointed out by Flandermeyer ef al. (9), Mg?*-substituted
LaCr0, favorcd cither tonic {(oxygen vacancy) or clec-
tronic (Cr**) compensation depending on the sintering
temperature and oxygen pressure, and the formation of
oxygen vacancies scarcely contributed to the improve-
ment of electronic conductivity.

In this paper, sintered LaCr,_ M. O, (M = Mg, Cu, Zn
and Ni) solid solutions were fabricated and their electrical
and magnetic properties were systematically measured
to examine the electrical conduction mechanism of the
LaCrQ; ceramic,

EXPERIMENTAL

According to the formula LaCr,_ M,0,, powders of
La,0,, Cr,0,, MgO, Cu0, ZnO, and NiO were weighed,
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intimately mixed with ethanol for 24 hr, and then dried.
The powder mixtures were uniaxally pressed under 100
MPa and then calcined at 900°C for 12 hr in air. After
regrinding and reforming, the samples were sintered at
temperatures of 1200 to [600°C for 12 hr in air. Occasion-
ally, the same procedure as described above was carried
out in flowing Ar gas in order to examine the electrical
characteristics of samples obtained in a different sin-
tering environment,

The phase of products was identified using a Shimadzu
XD-610 X-ray powder diffractometer system (Ni-filtered
CuKa radiation). The integrated intensities and the posi-
tions of reflections were measured at a scanning rate of
0.25°/min. Silicon powders were used as an internal stan-
dard. Accurate unit cell parameters of the product were
determined using a least-squares method. The bulk den-
sity was measured by Archimedes’ technique.

The chemical compositions of the solid solutions were
determined by the following procedure. After the sample
was dissolved into molten Na,CO, at 1000°C, the mixtures
were dissociated in concentrated HNO, solution. Cation
contents were quantitatively determined by ICP analysis.
(Results were La 58.73 wt% and Cr 21.96 wt%. Calculated
values for LaCrO, were La 58.14 wt% and Cr 21.77 wt%.)

The microstructure of the resulting sample was ob-
served by scanning ¢lectron microscopy (SEM) using an
Akashi Beam Technology ABT-55 scanning microscope.

DC electrical conductivity was measured by means of
the standard four-probe technique in the temperature
range 300-1073 K in air. Magnetic susceptibility was mea-
sured using a Shimadzu MB-11 magnetic torsion balance
in the temperature range 78-873 K in He gas.

RESULTS AND DISCUSSION

According to the X-ray powder diffraction patterns, all
the solid solutions LaCr,_ M O, (M = Mg, Zn, Cu, and
Ni) sintered in air were single phase with orthorhombic
perovskite-like structure. Figure 1 shows the unit cell
volume as a function of M cation content (x) in LaCr _,
M, O;. The unit cell volume of LaCr,_ M, 0, (M = Mg**,
Cu?*, Zn*") is monotonically increased with increasing x.
It was still ambiguous whether the compositional limit of
the solid solution was at x = 0.2 or not. However, the
present results implied that the lattice Cr’* ions were
faithfully replaced in the range x = 0 to 0.2 by divalent
cations (Mg, 0.720 A; Cu, 0.730 A; Zn, 0.745 A) with
larger ionic radii than Cr** (=0.615 A). On the other hand,
no appreciable change was observed in the unit cell vol-
ume of LaCr,_,Ni,O,, despite the ionic radius of Ni2*
being 0.700 A. Since the supplementary phases were not
observed at x < 0.2, it is expected that Cr’” ions were
partially or completely replaced by Ni** ions with ionic
radius 0.600 A (10).
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FIG. 1. Unit cell volume of LaCr,_ ,M,0, synthesized for 12 hr in

airat 1200°C for M = Cu, 1300°C for M = Ni, 1600°C for M = Mgand Zn.

Figure 2 shows the relative density of the sintered La
Cr,_.M,0, sample at varicus temperatures in air. The
relative densities of LaCr,_ M, 0; (M = Mg, Ni) samples
are insensitive to the value of x. On the other hand, the
densities of LaCr,_,Cu,0; sampies obviously increased
with increasing Cu®* content. In the case of Zn** substitu-
tion, the relative density is practically dependent on the
sintering temperature, as seen from the results of sintering
samples at 1350°C and 1600°C. The sample sintered at
1600°C has about 95% of the theoretical density. Ac-
cording to the results of the chemical and thermogravime-
tric analyses, the chemical compositions of the resulting
samples corresponded well to the composition of the start-
ing materials within experimental error.

The sinterability of LaCr,_ M0, samples was substan-
tially increased by the formation of the oxygen vacancy,
which was accelerated by the thermal diffusion of oxygen.
However, the vacancy concentration was related not only
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FIG. 2. Relative densities of LaCr,_ M O, (M = Cu, Mg, Zn, Ni)
samples sintered at various temperature in air.
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(a) LaCrO,(1600°C)

FIG. 3.
LaCry3Cuy 505 (1350°C).

to the sintering temperature and oxygen activity, but also
to the kind of substituent cations. This complexity has
made the sintering process of LaCr(Q; difficult to under-
stand.

Figure 3 shows the SEM photographs of the fracture
surfaces of (a) LaCrQ; (sintered at 1600°C), (b)
LaCrg 4,20, 505 (sintered at 1600°C), (¢) LaCry ,Cu,,0;,
and (d) LaCr, ¢Cu,,0; (sintered at 1350°C) ceramics, re-
spectively. All the samples described above were sintered
in air. The fracture surface of the LaCrO; ceramic consists
of individual grains with irregular shapes as shown in Fig.
3a. In the case of Zn®" substitution, remarkable grain
growth is observed as shown in Fig. 3b. The grain size
of LaCry g:Zn, <05 is estimated to be about five times as
large as that of LaCrO,. The SEM photographs show
that the major fracture occurred at the grain boundaries,
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(b) LaCr,o.Zn, ;0,(1600°C) §

T E—

SEM photographs of the fracture surfaces of (a) LaCr(; (1600°C). (b) LaCrygsZny 505 (1600°C), (¢) LaCryoCuy O (1350°C), and (d)

except for the LaCr, ;Cu, ,0O; ceramic shown in Fig. 3d.
In the case of Cu’* substitution, no grain growth is ob-
served in the range of a few micrometers. In addition,
the fracture propagates across the intragrains of densified
ceramics at high concentrations of Cu??.

Some samples sintered in Ar gas showed different SEM
profiles with large pores, since they were less dense
(70-85% relative density) and partially hydrolyzed in hu-
mid air. Furthermore, the samples sintered in Ar gas
showed dispersive and smaller changes in the unit cell
volume than the samples sintered in air with the substi-
tution of M?**. Among them, LaCry,Cu,,Q; and
LaCr¢Zn,,0; sintered in Ar gas were regarded as being
substantially stable in air.

Figures 4 and 5 show the temperature dependence of
the electrical conductivities of LaCr,_,Cu,0O; and La
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FIG. 4. Temperature dependence of electrical conductivities of La
Cry-,Cu,0; sintered at 1200°C for 12 hr in air.

Cr,_,Ni O, respectively. The variation of dc condugctivi-
ties was not fitted by the line between log(e) and (1/7)
which was applicable for a conventional band model. The
relationship o = (C/T)exp(— E/kT}, which was generally
used for the hopping model was satisfied in the figures,
and for the other solid solutions in the studied temperature
region. In LaCr,_ Cu,O;, the slopes of the Arrhenius plot,
corresponding to the activation energy (E), are indepen-
dent of the compositional changes. On the other hand,
the slopes of LaCr,  Ni,O; become small as the value of
x increases as shown in Fig. 5.

Figures 6 and 7 show the variations of log(aT) against
(1/T) for the LaCr, 4Cuy,0, and LaCr, 4Zn, ,0, ceramics
sintered in air and Ar gas, respectively. Note that the
measurements of dc conductivity are performed in air.
As shown in this figure, the variations of dc conductivity
with heating and cooling are essentially due the successive
oxidation of samples in air during the measurement of
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FIG. 5. Temperature dependence of electrical conductivities of La
Cr_,Ni,O; sintered at 1300°C for 12 hr in air.
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FIG. 6. Temperature dependence of electrical conductivities of
LaCrygCug 0, sintered at 1200°C for 12 hr in air and Ar.

electrical conductivity. Probably some oxygen vacancies
of the sample sintered in Ar gas are reduced on heating
in air. On cooling, the conductivities of the samples sin-
tered in Ar gas are fairly close to that of the sample
sintered in air. Also, the slope of the Arrhenius plot be-
comes somewhat smaller. Accordingly, the electrical con-
duction of the samples sintered in air was not intrinsically
induced by ionic compensation based on the oxygen va-
cancy.

The dc conductivity at 300 K and the activation energy
(E) of all samples calculated from the slopes of the least-
squares fit of log(oT) against (1/T) are listed in Table 1.
The conductivities of LaCr,_ M O, (M = Cu, Mg, Zn)
are two to three orders of magnitude higher than that of
LaCrO;,, and the values of activation energies reduce from
25 to 15 kJ/mol with divalent cation substitution. Bansal
et al. (11) suggested that the activation energies of La,_,
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FIG. 7. Temperature dependence of electrical conductivities of
LaCryeZng (O sintered at 1350°C for 12 hr in air and Ar,
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TABLE 1 3.0
Electrical Conductivity (at 300 K), Activition Energy LaCry. Ni, O3
for LaCr,_ .M. O; T, 51
=]
() em™) E Lol
Sample x at 300 K E(k)/mol) E *
Sintered in air f‘,iu st
LaCr0, 0 2.1 x 1073 24.1 =
LaCr,_,Cu,0; 0.1 0.018 25.2
0.2 0.037 25.1 R 10
LaCr,_ Mg 0, 0.1 0.118 18.1
0.2 0.132 183 0.5 i i . J
LaCr,_,Zn,0; 0.1 0.167 17.6 0 200 400 600 800 1000
0.2 0.104 15.4
LaCr,_Ni,O, 0.1 0.069 10.8 T/K
0.2 1.27 74 FIG. 9. Magnetic susceptibilities vs temperature for LaCr,_ Ni O
sintered at 1300°C for 12 hr mn air.
Sintered in a stream of Ar
LaCr,_ Cu,0;_; 0.1 3.29 % 107 33.0
0.2 0.029 19.4

Sr,CrO, were in the range of 13 to 22 kG/mol, and the
electrical conduction was controlled by the presence of
Cr** due to Sr** substitution (12). In this context, the
hopping conduction between Cr3* and Cr** is essentially
determined by the number of hopping sites and the activa-
tion energy for the mobility of small polarons by the sub-
stitution of divalent cation M in the solid solution La
Crlf:MxOT

Incidentally, the value of the activation energy for La
Cr_,Ni,O, is the lowest, and decreases with increasing
substituent content (x). Perhaps such a change is not
sufficient to account for the conduction mechanism pro-
posed above, but the detailed reason is to be discussed
below.

%/10-3emuemol-!

FIG. 8. Magnetic susceptibilities vs temperature for LaCr,_ Cu, 0y
sintered at 1200°C for 12 hr in air.

Figures 8 and 9 show the temperature dependences of
the magnetic susceptibilities for LaCr,_ M, 0; (M = Cu,
Ni) sintered in air. Rapid changes of the x—T slopes are
observed in the temperature range from 160 to 270 K. All
samples did not prove to be typical antiferromagnetic, as
reported by Bansal et af. (11) for La,_Sr,CrO,. For all
samples sintered in air except for LaCr,_ Ni O;, the mag-
netic susceptibility in the paramagnetic region decreased
and the Néel temperature became lower with increasing
substitution content (x). The increased distance between
Cr** and Cr**, described as the swelling of the unit cell
volume, might participate in the reduction of the Néel tem-
perature.

Figure 10 shows the temperature dependence of mag-
netic susceptibility for LaCr,_,Cu, O, sintered in Ar gas.
As seen in this figure, the magnetic susceptibility de-
creased with increasing Cu®* concentration, but the Néel
temperature hardly changed.
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FIG. 10. Magnetic susceptibilities vs temperature for LaCr,_,Cu,
O, sintered at 1200°C for 12 br in Ar.
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FIG. 11. Reciprocal magnetic susceptibilities vs temperature for La

Cr,_,Cu,0; sintered at 1200°C for 12 hr in air.

Figures 11 and 12 show the temperature dependences
of inverse paramagnetic susceptibilities for LaCr,_ M. O;
(M = Cu, Ni) samples sintered in air. From the value of
the paramagnetic Curie temperature, Ty, it was estimated
that the antiferromagnetic Cr**-Cr** interaction was suc-
cessively weakened by substituting Cu?*, but it was inde-
pendent of the substitution of Ni ions due te the formation
of the trivalent state of the Ni ions.

Table 2 shows the Néel temperatures and the effective
magnetic moments of LaCr,_ M,0,. The spin-only mag-
netic moment of LaCr*tQ, is calculated to be about
3.873uy. The observed magnetic moments of the LaCr,_,
M, O; sintered in air decreased with increasing content of
the nonmagnetic divalent cations, i.e., Mg?*(2p®) and Zn**
(34"). This is due to the decrease in the Cr** concentra-
tion by the substitution of nonmagnetic cations. On the
other hand, the magnetic moments of LaCr,_ Ni O, are
quite independent of the substitution of Ni ion for Cr**.
The observation was plausible that Ni**(3d"), having the
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FIG. 12. Reciprocal magnetic susceptibilities vs temperature for La
Cr,_,Ni, O, sintered at 1300°C for 12 hr in air.
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TABLE 2
Néel Temperature and Effect Bohr Magneton Number
for Lacl'l_xMIO;
Néel

Sample x temperature P

Sintered in air
LaCrO, 0 275 3.63
LaCr,_,Cu,0, 0.1 230 3.02
0.2 160 2.7
LaCr_ Mp.0O, 0.1 225 3.11
0.2 160 2.76
LaCr_;Zn,0, 0.1 240 3.23
0.2 200 2.9
LaCr,_,Ni O, 0.1 250 3.02
0.2 270 3.01

Sintered in a stream of Ar

LaCrl,ICUx03,§ 0.1 267 3.18
0.2 256 3.07

same net spins as Cr’*(34%), was formed. The observed
magnetic moments of LaCr;_,Cu,O; sintered in air are
somewhat lower than that of LaCr;_,Cu,O, sintered in
Ar gas. This result indicated that the oxygen vacancies
were dominantly formed without the formation of Cr** in
LaCr,_,Cu,O; sintered at low-oxygen activity. When the
sintering procedure was performed at high oxygen activ-
ity, the oxygen vacancies shouid diminish and the forma-
tion of Cr'* should be partially enhanced, as shown in
the following relation:

reduction
]_.B.CI'?:,-CUEAr O3—x.’2 _ La(Cr%iz,Crf)Cuﬁ* 03.

oxidation

From the shifts of the Néel temperature and the para-
magnetic Curie temperature, it was found that the interac-
tions between Cr** ions were more or less affected by
the presence of Cr*'.

CONCLUSION

The solid selutions with the formula LaCr,__ M. 0, (M =
Cu, Mg, Zn, Ni} were sintered in air. The sinterability of
LaCrQ, ceramics was improved by substituting divalent
cations such as Cu** and Zn?* for Ce%*. In addition, the
electrical conductivities of the sintering samples were ob-
viously increased by substituting divalent cations (M**)
for Cr**. Magnetic data showed that the substitution of
divalent cations with net spins of <3/2 decreased the
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effective Bohr magneton number, and ¢ ventually changed
the antiferromagnetic contribution of Cr’**-Cr’* cou-
plings. Such observations implied that the electroneu-
trality of doped L.aCrO, in air was not balanced by oxygen
deficiency but by the presence of Cr**. Consequently,
hopping conduction between Cr** and Cr** by the mecha-
nism of small polarons was proposed.

In LaCr,_,Ni,0; ceramics, the unit cell volume hardly
changed with the Ni concentration. Therefore, the substi-
tuted Ni ion seemed to be in the trivalent state with close
to the ionic radius of Cr’*. The interpretation was also
supported by the results that magnetic susceptibilities and
Néel temperatures of LaCr,_ Ni,O, were almost insensi-
tive to the contents of Ni ion, because Ni** (3d7) has the
same net spins as Cr** (34%. In LaCr, gNi, ,O; ceramics,
Ni’* fulfilled a significant role as the second electrical
carrier which significantly increased the electrical conduc-
tivities and lowered the activation energy.
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