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Substitution of Na, K, Rb, and Sr for La in the perovskite
type structure complex oxide LaMnO; were carried out and
their structure and properties were investigated. Lattice sym-
metry of the samples sintered at 1393 K in O, gas flow was
found to be rhombohedral. Rietveld refinement to X-ray diffrac-
tion data revealed a systematic decrease of the lattice distortion
with substitution. The change of temperature dependence of
resistivity from semiconducting to metallic and the increase of
the ferromagnetic transition temperature with substitution were
recognized and found to be closely related to structural changes.
The anomalies in the Seebeck coefficient at the ferromagnetic
transition temperature suggest a strong correlation between the
electronic state and magnetism. 01996 Academic Press, Inc.

INTRODUCTION

Electric and magnetic properties of oxides of the perov-
skite type structure have been the important subject in solid
state physics and chemistry. Among them, the properties of
the Mn containing perovskite type oxide LaMnO; have
gathered great interest because of its unique properties.
Stoichiometric LaMnQO; oy shows antiferromagnetism and
semiconducting behavior. Alkali-earth metal or Pb substi-
tutions for La induces ferromagnetism and metallic con-
duction. This ferromagnetic transition was first reported by
Jonker and VanSanten (1,2). Ferromagnetism and metallic
conduction appeared when the degree of substitution of
alkali-earth element for La was between about 15 and 50%.
Zener (3) proposed the mechanism of this transition on
double exchange interaction. The origin of the ferromagne-
tism is due to the ordering of spin moment S = 3/2 in the
3de orbital of Mn via transfer of the 3dy electrons through
the 2po orbital of the oxygen ion located at the center of
two Mn ions in the perovskite type structure.

After the discovery of the ferromagnetism and metallic
conduction in La;_,A,MnO; (A = Ca, Sr, Ba, and Pb) a
large number of studies about these materials have been
carried out. Verelst et al. (4) showed that the valence state
of Mn could be controlled by oxygen nonstoichiometry
instead of alkali-earth metal substitution for La. LaMnOs,;

also shows metallic conductivity at low temperature, and
the metal-semiconductor transition temperature increases
with 8. Recently, a negative giant magnetic resistance
(GMR) was discovered in La;_,A MnO; (A = Ca, Sr, and
Ba) (5-7):in bulk La;_,Sr,MnOs, a reduction of resistance
of more than three orders in magnitude is reported.

In this report, electrical and magnetic properties of the
alkali metal substituted LaMnQOj; are reported. Since the
valence state of the alkali metal ions is +1, being half of
+2 for the alkali-earth metal ion, substitution with alkali
metal can induce twice the increase in valence state of Mn
as compared to the alkali-earth substitution. This approach
can provide helpful information about the role of the va-
lence of Mn and also about the role of structural change
with substitution and about the appearance and strength
of the double exchange interaction between Mn>*' and
Mn**. Sr substitution was also carried out for comparison.

EXPERIMENTAL PROCEDURE

La,A,Mn,,O; samples were prepared by a conventional
solid state reaction method. Starting materials were La,Os,
N32CO3 , K2C03 , Rb2C03 , SrCO3 , MHOZ , and
MnCO; - zH,0. z was determined from the weight loss
after thermal treatment of MnCO; - zH,O. Stoichiometric
amounts of starting materials were mixed in an agate mor-
tar with ethanol for A = Na and Sr. For A = K the
stoichiometric amount of the materials were mixed in an
agate mortar without ethanol. For A = Rb about 50%
excess Rb,CO; in weight was added to the stoichiometric
amount and was mixed without ethanol. The starting mate-
rial for Mn was MnO, for A = Na, K, and Sr.
MnCOs; - zH,0O was used for A = Rb. The mixed powders
were calcined at 1273 K for 12 h in air. Furnace cooled
powders were reground and mixed again with ethanol in
an agate mortar and pressed into a pellet shape with a
diameter of 10 mm and thickness of 2 mm. The pellets
were sintered at 1393 K for 12-60 h in an oxygen gas flow
then furnace-cooled to room temperature or quenched into
liquid nitrogen.

The phase characterization and determination of lattice
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parameters were performed with powder X-ray diffraction
analysis using a Mac Science MPX'™HF X-ray diffrac-
tometer. Rietveld refinement (8) to powder diffraction
data were carried out for some samples.

The estimation of cations in the samples was carried out
by ICP analysis except for the samples containing Rb.
The amount of Rb was determined by atomic absorption
spectroscopy analysis. The valence state of Mn was deter-
mined by the redox titration.

Electrical resistivities of La,A,Mn,,O; were measured by
the dc four probe method between 10 and 300 K. Magnetic
susceptibilites were measured with a Quantum Design
MPMS-2 SQUID magnetometer or a Shimazu MB-2 Mag-
netic Balance below 700 K. Seebeck coefficients were mea-
sured between 80 K and room temperature.

RESULTS AND DISCUSSION

Structure Analysis

Single phase samples were obtained for the starting com-
position LaMnOs, La;_,Na,MnO; (x = 0.05, 0.10, 0.15,
and 0.20), La;_,K,MnO; (x = 0.10 and 0.20), and Lagg
Rbg10MnO;. Although 20% substitution of Rb for La was
reported before (9), in this study single phase samples were
obtained when the degree of substitution with Rb exceeds
10%. Three Sr substituted samples were prepared. The
starting compositions were LaggoStg10MnOs, LaggeSrg2g
MnO;, and Lag70S1930MnO;. The lattice symmetry of all
the samples sintered at 1393 K in O, gas flow was found
to be rhombohedral. This sintering temperature 1393 K is
the lowest temperature at which the single phase sample
of LaggsNagosMnO; (initial composition) was obtained.
Detailed structural information about the LaMnO;.,
rhombohedral phase determined from powder neutron dif-
fraction analysis was reported by Tofield and Scott (10)
and Roosmalen et al. (11). According to these reports,
excess oxygen ¢ in the formula is not present as interstitial
oxygen in the thombohedral LaMnOs, ; structure. So, the
accurate formula taking into account the cationic defect,
must be written as (LaMn);_,O5. In this study, the formula
(La;— A Mn),_sO; was used along with previous reports. In
particular, the vaporization of alkali metal and Mn during
sintering cannot be neglected, so that the sum of La and
alkali metal determined by ICP analysis is not equal to
the amount of Mn in most samples. Taking into account
these problems, the formula of sintered samples should be
expressed as La,A,Mn, O;.

Table 1 shows the accurate compositions and valence
state of Mn in La,A,Mn, O; determined by ICP analysis
and redox titration. Vaporization loss of alkali metal and
Mn is apparent especially for the K and Rb systems. Only
in the case of Lag g, K 14Mn; 4,03, LaggsKy14MnO, o is an
accurate formula, because the oxygen deficiency can be
more easily formed than interstitial Mn. However, the
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TABLE 1
Composition and Valence State of Mn
in La,A,Mn,0O;

Compositions Average valence of Mn
Lao.qs(l)Mﬂ0.93(1)O3 3.36(3)
Lao,qs(l)Nao.m(1)Mno.%(1)03 331(3)
Lag gz(1)Nao.0o1yMng.962)03 3.40(3)
Lag g4(1)Nao.120yMng.97(1)O03 3.45(3)
Lag g2(1)Nag.16yMny.00(1)O03 3.38(3)
Lag g7(1)Ko.0601)Mno.97(1)O3 3.40(3)
LaOA82(1)K0.14(1)Mn1.02(1)03 3.33(3)
LaOSl(l)RbO.O()(l)Mn(JA%(l)O} 3.41(3)
Lag g6(1yST0.09(1)Mng.951)O3 3.42(3)
Lag 75(1)ST0.18(1yMn.972)O03 3.37(3)
Lag 70(1)Nao281yMng.991)O03 3.37(3)
L30A90(1)Nao.09(1)Mn0.97(2)03a 329(2)
Lag.00(1)Ko.06(1yMng.99(1)O3* 3.26(2)
Laoszx(1)Rbo.06(1)MﬂoA96(2)03" 3.24(2)

“ Quenched sample.

amount of alkali metal determined by analysis increases
with the initial amount of alkali metal. On the other hand,
the ratio x/y for Sr substitution is almost identical with the
initial value.

Apparently, there is no systematic increase in the va-
lence of Mn with y. The valence state of Mn takes values
between 3.31 and 3.45, independent of x, in the furnace
cooled Samples. Lao'goNao'OgMn0.9703, Lao'goKovoéMn0'9903,
and Lag g4Rbg0sMng 9603 are quenched samples with initial
composition LagggAg10MnOs. In three quenched samples
the valence of manganese ion takes only slightly smaller
values, between 3.24 and 3.29. The decrease of positive
charge at the (La, A) site with substitution is reflected not
by an increase of the valence state of Mn but by an increase
of w. A similar result was reported before by Takeda
etal. for the La;_,MnO;_; system (12). In that case, the
valence state of Mn is affected only by the sintering temper-
ature.

Table 2 shows the lattice parameters and unit cell volume
of La,A.Mn, O5. For thombohedral LaMnOs., the space
group R3c was deduced from powder neutron diffraction
studies (10, 11). Values of ay, ¢, and V), express the lattice
parameters and unit cell volume in the hexagonal R3c
space group and a, and « express the lattice parameter
and angle in the rhombohedral R3¢ space group. The unit
cell volume in the rhombohedral setting is equal to V},/3.
The most remarkable change with substitution appears in
«, which approaches 60.0° with an increase in x. It decreases
rapidly with Rb substitution, although the solubility limit
for Rb substitution is smaller than for other alkali metals.
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TABLE 2
Lattice Parameters and Unit Cell Volume of La,A,Mn,O;

Composition ey, (NM) Chex, (NM) Vhex, (nm) Grhomb, (M) a(degree)
LagosMng 9303 0.55265(1) 1.33345(2) 0.35279(2) 0.54716(3) 60.667(3)
Lago3Nag 0sMng 9603 0.55238(3) 1.33398(8) 0.35250(2) 0.54720(9) 60.627(6)
Lag gsNag goMng 9503 0.55142(1) 1.33347(1) 0.35164(2) 0.54674(2) 60.566(1)
LaggsNag 1,Mng 9705 0.55108(4) 1.3335(1) 0.35078(8) 0.5466(1) 60.54(1)
Lagg,Nag 1sMny 0903 0.54903(1) 1.33186(2) 0.34830(2) 0.54550(3) 60.428(1)
Lag /K¢ 0sMng 9705 0.55235(3) 1.33642(6) 0.35311(5) 0.54785(8) 60.544(4)
Lagg,Kg14Mny 203 0.55055(4) 1.3377(1) 0.35116(9) 0.5479(1) 60.36(1)
Lago;Rbg0sMng 0405 0.55271(2) 1.33381(2) 0.35325(6) 0.54893(3) 60.529(4)
Lag g6S10.00Mng 9503 0.55242(1) 1.33481(1) 0.35312(2) 0.54738(1) 60.613(2)
Lag 75St)15Mng 0705 0.55172(1) 1.33592(2) 0.35217(2) 0.54751(3) 60.510(2)
Lag 70S19,8Mng 9903 0.55058(2) 1.33547(4) 0.35059(4) 0.5470(1) 60.433(3)
Lag 9oNag goMng 9705* 0.55267(1) 1.33510(3) 0.35316(3) 0.54760(1) 60.613(2)
Lag.90Ko.06Mng 9903* 0.55372(4) 1.33839(2) 0.35538(2) 0.54885(3) 60.583(2)
Lag 4Rbg0sMng 060" 0.55406(1) 1.33969(2) 0.35616(2) 0.54931(1) 60.572(2)

“ Quenched sample.

As a approaches 60.0° the lattice distortion vanishes. The
remarkable effect of substitution bringing about the disap-
pearance of the dissolution of lattice distortion is notewor-
thy. This effect becomes more pronounced as the ionic
radii of the A ion becomes larger. The changes in ay, ¢y,
V4, and a, with substitution are not monotonic. We cannot
find out a simple rule which applies to all substitutions.

Comparing the furnace-cooled samples with the
quenched samples having the same initial composition, all
values for ay, ¢, Vi, a;, and « are larger for quenched
samples than for furnace-cooled samples. The origin of
these changes is thought to be due to the increase of the
ionic radius of Mn, because the decrease of the lattice
defect is hardly thought to arise from the lattice expansion.
Similar decreases of unit cell volume with a decrease of
defects were reported for layered calcium titanates (13).

Tables 3, 4, and 5 show the results of Rietveld analysis
for La,Na,Mn,,O; (x = 0, 0.09, and 0.16), La,Sr,Mn,,O3,
and La,Rb,Mn,, O3, respectively, with the hexagonal set-
ting. The refinement using the space group R3c yielded
the smallest R factors. Figure 1 shows observed, calculated,
and the difference of the X-ray diffraction pattern for
LagyosMn9305. The inset shows the result of the Rietveld
refinement between 30° and 35° in 2 6. This type of splitting
of the main peak indicates the rhombohedral distortion
of lattice.

Figure 2a shows the relation between the Mn—O distance
and aomp and Fig. 2b shows the relation between « and
the Mn—-O—-Mn angles. In the space group R3c the Mn-O
distance is unique. A clear relation is seen between the
Mn-O-Mn angles and «. The Mn—-O-Mn angle becomes
closer to 180° with an increase of x for A = Na. In the
case of A = Sr, a slight increase of the Mn—-O-Mn angle
with x is seen. For A = Rb, the quenched samples (Lagg,

Rbg0sMnjos03) have larger o and smaller Mn—-O-Mn
angles. The deviations of the O—Mn-O bond angle from
90° are small in all samples; the distortion of lattice is
mainly reflected in the rotation angle of the octahedron.

Electrical Resistivity

The temperature dependence of resistivity for Laggs
Mng 9305 is shown in Fig. 3. LaggsMnj 9305 shows a semi-
conducting temperature dependence of the resistivity. On
the other hand, the temperature dependence of resistivities
in alkali substituted samples is apparently different from
that of Lay9sMng 9305 . Figures 4, 5, and 6 show the temper-
ature dependence of resistivities for La,Na,Mn,, O3, La,A,
Mn,,O; (A = K and Rb), and La,Sr,Mn,,Os, respectively.
In the substituted samples, there is a transition from semi-
conductor to metal in the resistivity; below this transition
temperature dependence of resistivity becomes metal-like.

Except for A = Na, the magnitude of resistivities and
the transition temperature change monotonically with the
increase of x. For A = K and Sr, the samples having the
largest x shows the smallest absolute values of resistivities
and the highest transition temperature.

The origin of this reduction of resistivities should be
attributed to the systematic change in structure, because
there is no systematic change in the valence state of Mn
with alkali substitution. From spectroscopic studies (14),
LaMnOs; is reported to be the charge transfer type (CT)
semiconductor. The energy gap reflects the energy differ-
ence between the empty upper-Hubbard band and filled
O 2p band. The increase of Mn—O-Mn angles indicates
an increase of band width; thus, the energy gap must de-
crease as the Mn—-O-Mn angle increases and metallic con-
ductivity appears when the energy gap disappears.
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TABLE 3
Crystallographic Information for La,Na,Mn,O,

Lag9sMng93053

Lag ggNag 0oMng.0603

Lagg;Nag.16Mny 003

a(nm)
c(nm)

0.55266(1)
1.33345(1)

0.55142(1)
1.33347(1)

0.54903(1)
1.33186(2)

Occupation factor(G), atomic positions, and isotropic thermal parameters

(La, Na)(6a)

G 0.953 0.975 0.980
Beq (nm?) 0.0080(7) 0.0076(7) 0.0047(6)
Mn(6b)
G 0.935 0.955 1.00
Beq (nm?) 0.002(1) 0.003(1) 0.001(1)
O(18¢)
x 0.551(3) 0.549(3) 0.546(3)
Beq (nm?) 0.005(4) 0.010(4) 0.007(3)
Bond length(nm)
La, Na-Mn (X8) 0.3379(1) 0.3372(1) 0.3359(1)
La, Na-O (X3) 0.248(1) 0.249(2) 0.249(1)
La, Na-O (X6) 0.2750(1) 0.2747(2) 0.2739(1)
La, Na—O (X3) 0.304(1) 0.303(2) 0.302(1)
Mn-O (X6) 0.1964(2) 0.1960(2) 0.1951(2)
0-0 (x4) 0.2750(2) 0.2747(2) 0.2739(1)
0-0 (x4) 0.2805(4) 0.2796(5) 0.2779(3)
Bond angle/degree
Mn-O-Mn 163.7(8) 164.2(9) 165.2(7)
O-Mn-O 91.14(6) 91.02(6) 90.84(5)
O-Mn-O 88.86(6) 89.98(6) 89.16(5)
La, Na-O-La, Na 84.2(3) 84.4(4) 84.8(3)
La, Na—O-La,Na  168.4(6) 168.8(7) 169.5(5)
La, Na-O-Mn 81.8(4) 82.1(5) 82.6(4)
La, Na—-O-Mn 88.37(8) 88.55(9) 88.81(7)
R values(%)
Ryp 8.55 9.45 8.94
R, 5.97 6.89 6.88
R, 8.42 9.31 9.47
R, 4.44 4.42 6.09
R; 2.69 2.75 1.85
R;¢ 1.62 1.65 1.43
(Chisqgr.) (3.706) (4.5765) (2.1537)

Note. The three unique atoms in space group R3c have the following positions:
Mn(0, 0, 0); (La, Na)(0, 0, 0.25); O(x, 0, 0.25).

There are two peaks in resistivity in Lag ggNag goMng 9603,
Lag 7K. 0sMng o703, and Lag 9;Rbg 0sMng 9405 whose initial
composition are LagygAy;MnO;. These two peaks in resis-
tivities suggest the possibility of coexistence of two phases,
although from powder X-ray diffraction for these samples
the existence of secondary phase was not confirmed. To
confirm the existence of the secondary phase, quenching
from 1393 K into liquid nitrogen was carried out for three
samples of LaggsNagooMngosO3, Lagg7KoosMngo;O3, and

Lag o1 RbggsMngo403. If two peaks in resistivities are due
to the phase separation, the change of valence state in
Mn should be reflected in the temperature dependence of
resistivities. The composition and valence state of Mn in
quenched samples are listed in Table 1 for furnace-cooled
samples. There is a certain decrease of valence state of
Mn for quenched samples and thus w approaches unity.
The lattice parameters and unit cell volume of quenched
samples are listed in Table 2, and the results of the Rietveld
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TABLE 4
Crystallographic Information for La,Sr,Mn,O;

Lay g6S10.00Mny 9503 Lag 78S10.18Mng 9703

Lag70S1928Mng 9903

a(nm)
c(nm)

0.55242(1)
1.33481(1)

0.55172(1)
1.33590(2)

0.55058(1)
1.33547(2)

Occupation factor(G), atomic positions, and isotropic thermal parameters

(La, Sr)(6a)

G 0.946 0.964 0.980
Beq (nm?) 0.0054(7) 0.0043(7) 0.003(1)
Mn(6b)
G 0.946 0.974 0.990
Beq (nm?) 0.000(1) 0.000(1) 0.001(2)
O(18¢)
x 0.549(3) 0.545(2) 0.545(4)
Beq (nm?) 0.005(4) 0.007(4) 0.005(6)
Bond length(nm)
La, Sr—Mn (X8) 0.3378(1) 0.3374(1) 0.3368(1)
La, Sr-O (X3) 0.250(2) 0.251(1) 0.251(2)
La, Sr-O (X6) 0.2750(2) 0.2749(1) 0.2746(2)
La, Sr-O (X3) 0.302(2) 0.301(1) 0.300(2)
Mn-O (X6) 0.1962(2) 0.1959(2) 0.1956(3)
0-0 (x4) 0.2750(2) 0.2749(2) 0.2746(2)
0-0 (x4) 0.2799(5) 0.2792(2) 0.2786(7)
Bond angle(degree)
Mn-O-Mn 165.3(10) 165.4(8) 165.5(13)
O-Mn-O 91.02(6) 90.90(5) 90.82(8)
O-Mn-O 88.91(6) 89.10(5) 89.18(5)
La, Sr—O-La, Sr 84.5(3) 84.8(3) 84.83(3)
La, Sr-O-La, Sr 169.0(7) 169.6(6) 169.7(9)
La, Sr-O-Mn 82.3(5) 82.7(4) 82.7(7)
La, Sr—-O-Mn 88.54(9) 88.7(4) 88.8(1)
R values(%)
Ryp 9.35 9.24 14.08
R, 6.51 6.82 11.12
R, 8.41 8.58 13.61
R, 4.81 4.72 4.66
R; 2.73 1.91 2.82
R; 1.70 1.18 1.58
(Chisqgr.) (3.7753) (3.8289) (9.1293)

Note. The three unique atoms in space group R3c have the following positions:
Mn(0, 0, 0); (La, Sr)(0, 0, 0.25); O(x, 0, 0.25).

refinement to Lago;RbgpsMnge4O3 (furnace-cooled sam-
ple) and La o4Rbg 0sMng 9605 (quenched sample) are sum-
marized in Table 5. Quenched samples have larger lattice
parameters and unit cell volumes. The « values are also
larger in the quenched samples, thus, the rhombohedral
distortion increases with quenching. Rietveld refinement
for two Rb substituted samples using the space group
R3c gave the smallest R factors: there is no change in
lattice symmetry with quenching.

Figure 7 shows the temperature dependence of resistivi-
ties for Lag gsNag goMng 9605 (furnace cooled) and for Lag o
Nag 0oMng 705 (quenched) samples. The absolute value of
resistivity increases after quenching but two peaks still
remain. The resistivity of quenched LaggoKsMnggeO3
showed behavior similar to Lag ;K 0sMng 705. The results
in Na and K substituted systems suggest that there are no
secondary phases in these systems. If there are secondary
phases in these samples, the amount of secondary phase



PROPERTIES OF La,AMn,,O; (A = Na, K, Rb, AND Sr)

TABLE 5
Crystallographic Information for Layg;RbyoMnge,0;
(Furnace-Cooled) and Lag,Rb,sMng40; (quenched)

Lag 91 Rbg0sMng 9403 Lag 94Rbg 0sMng 9603
a(nm) 0.55270(1) 0.55406(1)
¢(nm) 1.33385(2) 1.33969(2)

Occupation factor (G ), atomic positions, and isotropic
thermal parameters
(La, Rb)(6a)
G 0.969 1.00
Bleq. (nm?) 0.0063(7) 0.0053(7)
Mn(6b)
G 0.940 0.962
Bleq. (nm?) 0.002(1) 0.001(1)
O(18¢)
X 0.543(3) 0.547(3)
Bleq. (nm?) 0.010(4) 0.010(3)
Bond length (nm)

La, Rb—Mn (Xx8) 0.3380(1) 0.3388(1)
La, Rb-O (X3) 0.252(2) 0.251(2)
La, Rb—O (Xx6) 0.2753(1) 0.2759(2)
La, Rb-O (X3) 0.301(2) 0.303(1)
Mn-O (X6) 0.1962(2) 0.1968(2)
0-0 (x4) 0.2754(1) 0.2759(2)
0-0 (x4) 0.2796(4) 0.2807(5)

Bond angle (degree)
Mn-O-Mn 165.7(9) 164.7(10)
O-Mn-O 90.87(5) 90.99(7)
O-Mn-0O 89.13(5) 89.01(7)
La, Rb—-O-La, Rb 84.9(3) 84.6(4)
La, Rb—O-La, Rb 169.8(6) 169.1(7)
La, Rb—-O-Mn 82.9(5) 82.4(5)
La, Rb—O-Mn 88.76(8) 88.59(9)

R values (%)

Ryp 9.61 10.71
R, 6.78 7.45
R, 8.58 9.29
R, 5.14 513
R; 4.26 3.94
Ry 213 1.99
(Chisqr.) (3.4988) (4.3521)

Note. The three unique atoms in space group R3e have the following
positions: Mn (0, 0, 0); (La, Rb) (0, 0, 0.25); O (x, 0, 0.25).

compared to that of main phase must change with quench-
ing since the valence state of Mn clearly changes with
substitution. In such a case, change in the profile of temper-
ature dependence of resistivities, such as alternation of the
relative height of the resistivity peaks, should appear with
quenching. The experiment of quenching revealed that
both two peaks are originating from the main phase.
Figure 8 shows the temperature dependence of resistivi-
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ties for Lagg;RbgoesMnge,O; (furnace cooled) and for
LagosRbg0sMng o053 (quenched). In these Rb substituted
systems there are clear changes with quenching in the pro-
files of the temperature dependence of resistivities: the
peak at the lower temperature side disappears and temper-
ature dependence of resistivity becomes semiconducting
down to 10 K. Since the coexistence of secondary phase is
hardly considered from the results of Na and K substituted
samples, this change of resistivity is thought to be intrinsic.
This semiconducting behavior may be due to the large
Mn-O-Mn bond length which for Lag 9,Rbg0sMng 9603 and
LaggsMng 9305 are 0.1968(2) nm and 0.1964(2) nm, respec-
tively; they are the two largest Mn—O-Mn bond lengths
in the samples synthesized in this study. A more detailed
analysis is needed about the behavior of resistivities of
LaoAgsMno.gg,O:; and La0A94Rb0.06Mn0,%O3 , because these two
samples also show a ferromagnetic transition at lower tem-
perature as ascribed below.

Magnetic Susceptibility

Figures 9, 10, and 11 show the reciprocal magnetic sus-
Ceptlblhtles for Lao_gsMn0.9303, LayNaanWO3, LayAx
Mn,,O; (A = K and Rb), and La,Sr,Mn,,Os, respectively.
All samples including LaygsMng ;05 exhibit a ferromag-
netic transition. The transition temperature 7., paramag-
netic Curie temperature O, and Curie constant C are sum-
marized in Table 6. © was determined from the least square
fit of susceptibilities to Curie—Weiss law,

x=CI(T - 0), (1]

between 500 and 700 K. T., defined as the temperature at
which extrapolated reciprocal susceptibilities vanishes, was
determined from the extrapolation of reciprocal suscepti-
bility to the low temperature region. 7. determined in
this manner is in a good agreement with the transition
determined by the SQUID at low temperature for samples
having transition temperature lower than 300 K. Thus, the
transition temperature determined by the extrapolation
can be regarded as accurate even for 7. higher than
300 K. T, increases monotonically as x increases, except
for x = 0.16 with A = Na. O also increases as x increases;
O values are about 40-80 K higher than 7., except for
three samples. The samples in which O is equal to T, are
LaggsNag1,Mng 9903, LaggKg14Mn; ;MnO3, and Lagz
Sro28Mn9905. It is apparent that all samples show a ferro-
magnetic transition.

The Curie temperature of ferromagnet are given by the
well known formula

T. = 22JS(S + 1)/3ks, 2]
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FIG. 1. Plot of observed (+) and calculated intensities, peak positions (I) of Lag9sMng¢;O5. Calculation was carried out supposing space group
R3c. The residuals appears below the intensities.
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TABLE 6
C, 0, T, and © — T, for La,A,Mn,O;

Composition C(emu - K - mol™) 6(K) T.(K) 6 — T(K)
La()_gSMl'l“_n):;O:; 2.74 279 185 94
Lag 93Nag.0aMng.9603 2.98 281 219 62
Lao_ggNao_(,gMno,%O\; 2.56 363 286 77
LaOA34Nao_12Mn0‘97O3 2.99 336 336 0
LaggNag 1sMn 00O 2.38 352 308 42
Lag g7K0.06Mng 9703 2.73 316 270 46
Lay 8K 14Mny 0,03 2.86 330 330 0
Lao_gle0_06Mno'9403 2.58 316 234 82
Lag gsSro,00Mng 9505 2.58 328 246 72
Lao_7gsr0_1gMno_9703 2.49 372 326 46
Lag 7Srg.8Mng 9903 2.53 376 376 0
Lao_goNao_QgMn0_9703 2.93 340 274 66
Lag.90Ko.06Mng 9903" 260
Lag 04Rbg 0sMng 9603* 222

“ For these samples only SQUID measurement below 300 K was carried out.

where z, J, and S are the numbers of nearest magnetic
neighbors, the strength of magnetic interaction, and the
size of spin momentum, respectively. The increases in 7,
and © with x are not due to the increase of J with the
increase of Mn** population because there is no systematic
increase of the valence state of Mn with the substitution.
The reason for this increase must come from the structural
change. We have measured the saturation magnetization
down to 5 K for some samples. Saturation moments, ng , for
Lag.9sMng 9303, Lagg3sNag 04Mng 0503, Lag gsNag goMng 9603,
LaggsNag12Mng 9703,  LagsNag1sMny 003,  LaggKois
Mn1_0203 s and Lao'gle0_06MH0'94O3 are 319, 367, 364, 376,
3.46,3.42, and 3.74, respectively. Figure 12 shows the rela-
tion between 7. and the valence state of Mn of La,A,
Mn,,O5. There is no clear relation between 7. and the
valence of Mn. For example, T, of LajosMng ;03 is 185
K, the lowest value in this La,A,Mn,O; system, but the
valence 3.36(3) is not the lowest in the La,A,Mn,,O; sys-
tem. Similarly, the valence 3.37(3) for Lag7Srg2sMng 9903
is also not the highest value in the La,A,Mn,O5 system.
Moreover, in comparing the 7T, of three furnace-cooled
samples and three quenched samples having the same ini-
tial compositions, the 7. of quenched samples are lower
by only about 10 or 20 K. As shown in Table 1, the valence
of quenched samples are always smaller than the furnace
cooled samples by at least 0.11. These results suggest that
the valence state of Mn plays a minor role in the increase
of T, and O. As shown in Table 1, w increases with x. Since
z is equal to 6w except for Lag g, K¢ 14Mn; 203, z increases
with substitution. The smallest z is 5.58 in LagosMng 303
and the largest z is 6.00 in LagygyNag sMny ¢9O3. Thus, the
increase in z contributes to the increase of 7. or © with
substitution, although this increase of z is too small to
explain the entire increase of 7. or O. In La,A ,Mn,,O3,

four types of magnetic interactions are considered. They
are the Mn*'—O?> —Mn*" superexchange interaction, the
Mn?*"'-O? -Mn*" superexchange interaction, the Mn>"—
O? —Mn** superexchange interaction, and the Mn**-0O? —
Mn** double exchange. The dominant interaction between
Mn**-0O% —Mn** seems to be the double exchange interac-
tion. Since the superexchange interaction does not accom-
pany the transfer of conductive carriers even when the
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FIG. 12. Magnetic transition temperature expressed as a function of
valence state of Mn in La,A,Mn,O;.
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Mn**-O?—-Mn*" interaction dominates no metallic con-
duction should be obtained. The large difference between
T. and O also suggests the existence of double exchange
interactions. This difference may come from the strength-
ening of the magnetic interaction in the paramagnetic high
temperature region. The possible reason for this strength-
ening is increase of conductivity with the increase of carrier
concentration by thermal activation in the semiconducting
region. For Mn*"~O? -Mn*" bonding, only weak antiferro-
magnetic interaction is predicted (15). Since the average
valence of Mn is always lower than 3.5 the antiferromag-
netic Mn*'—O?* -Mn*" interaction is thought to be
unimportant. The antiferromagnetic transitions is really
not observed in this study. On the other hand, the Mn3*—
O -Mn*" superexchange interaction is important (15). It
is relatively strong compared to Mn*"—~O?"-Mn*" interac-
tion, and it becomes both ferromagnetic or antiferromag-
netic, along with the change in bond distance and bond
angle. In particular, the magnetic structure of antiferro-
magnetic LaMnO; is so-called A-type, which leads to ferro-
magnetic order of nearest neighbor of Mn. If the Mn**—
O>-Mn*" superexchange were only antiferromagnetic,
the magnetic structure of LaMnO; should become G-type
like LaFeO; and LaCoOs;. Previous reports by Havinga
(16) and Watanabe (17) showed that the sign of the Mn3*—
O?> —Mn>" superexchange interaction becomes negative
(= antiferromagnetic) when the Mn**-O?" distance is

SHIMURA ET AL.

short and the deviation of the Mn**~0O? —Mn** angle from
180° is large, as predicted by Goodenough (15). According
to their reports, in La,A,Mn, O3 the Mn—-O bond length
and the Mn—O-Mn angle determined by Rietveld analysis
always remain in the ferromagnetic range of the Mn>'—
O* -Mn?" superexchange. Figures 13a and 13b show the
plot of T, as a function of the Mn-O bond length and also
as a function of the Mn—-O-Mn angle. Apparently, there
is a significant dependence in 7, on structure. As the Mn—-O
distance decreases or Mn-O-Mn angle increases T,
sharply increases. However, the previously reported bond
distance and angle dependence of the superexchange inter-
action strength is relatively small in the ferromagnetic re-
gion (16). For example, when the Mn—O-Mn bond angle
increases from 160° to 180° the T increase should be only
20% (16, 17). According to these reports, 7. changes very
slightly with the changes of Mn—O bond distance and Mn—
O-Mn bond angle in the region exhibited in Figs. 13a and
13b. These results mean that the increase of 7. or O in
La,A,Mn, O; is not due to the Mn**~O* —~Mn** ferromag-
netic superexchange. Figure 14 shows the relation between
o and T in all La,A,Mn, O3 compounds. Certainly, there
is a clear increase of T, with a decrease in «. As a result,
the increase of 7, and © must originate from the structural
dependence of the strength of the Mn**—~0O?"—Mn** double
exchange interaction. The reduction of rhombohedral dis-
tortion of lattice and resistivity with substitution also sup-
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FIG. 14. Magnetic transition temperature expressed as a function of
a in La,A,Mn,O;.
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FIG. 15. Temperature dependence of Seebeck coefficients for
La,Na,Mn,,O5.

port this result, although the semiconducting—metallic
transition temperature in resistivities do not always coin-
cide with 7.. Only in six samples, LaggsNaggMng O3,
Lag7NagsMng o703, Lage1aRbgosMngosO3, LaggoNag g
Mng 9703, LagKo0sMnoOs, and LagosRbgosMng 603
which have initial composition LayeA4q;MnO; (A = Na,
K, and Rb), does T, agree with the peak temperatures in
resistivity; in other samples 7. is higher.

Seebeck Coefficient

As shown above, T, determined by extrapolations of
the magnetic susceptibility is apparently higher than the
temperatures at which some samples show the resistivity
peak. For example, Lag9sMn;9;MnO; does not exhibit the
semiconducting—metal transition in resistivity measure-
ment but shows semiconducting behavior in resistivity
down to 10 K, even though below 150 K ferromagnetism
appears.

Even when the temperature for the peaks in resistivities
is lower than 7., the existence of a double exchange inter-
action is not in doubt, as judged by the results of Seebeck
coefficient measurements. Figures 15, 16, and 17 show the
temperature dependence of the Seebeck coefficient for
La,Na,Mn,,O;, La,A,Mn, O; (A = K and Rb), and La,Sr,
Mn,,Os;, respectively. A clear anomaly in the Seebeck coef-
ficient is noted at T, for the samples which have T, below
270 K. This anomaly suggests that there is a certain change
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in band structure of these samples at 7,. The temperature
dependence of Seebeck coefficients of three quenched
samples, LaggNaggMnge;O03, LaggoKoosMnggOs, and
Lag04Rbg 0sMny 9603, are also shown in Fig. 18. The anoma-
lies in the Seebeck coefficient appear at the temperature
T, which is also the temperature where the peak appears
in resistivity. Even in LaggsMng930; and LaggsRbg s
Mng 4603, showing the semiconducting behavior down to
10 K, the temperature dependence of Seebeck coefficients
is not remarkably different from the samples which exhibit
metallic conduction at low temperature. In particular, the
temperature dependence of the Seebeck coefficient of
LagosRbg0sMng 9603 (quenched sample) is very similar to
that of LaggRbyesMngesOs (furnace-cooled sample),
showing that LagosRbgosMngesO; (quenched) is not a
gap-type semiconductor. For a gap-type semiconductor a
negative temperature dependence of Seebeck coefficient
(d|Q| <« T7) is predicted. A similar temperature depen-
dence of Seebeck coefficient was reported by Tanaka et al.
for LaygCag,MnOj; (18). In our case, however, the behavior
above T.is apparently different. In their report the temper-
ature dependence above T is that of a typical semiconduc-
tor, as indicated by the T~! dependence of the Seebeck
coefficient above T.. But in the case of La,A,Mn,,Os, the
Seebeck coefficient above T, shows a linear dependence
on temperature, as clearly seen in LagosMngo303, Lago
Rb0_06Mn0,94O3, and L30.94Rb0_06Mn0.9603. As shown in

SHIMURA ET AL.

Figs. 15 to 18, the Seebeck coefficient at the low tempera-
ture region is almost constant, and at temperatures about
30 K higher than 7. it increases sharply. This result suggests
that the change of electronic state starts at this tempera-
ture, although there are no anomalies at this temperature
in resistivity. A clear systematic decrease of Seebeck coef-
ficient with substitution is recognized. Since the statistical
error of the apparatus is less than 1 w VK™, it is certain
that the sign of Seebeck coefficient changes from positive
to negative as the degree of substitution increases. Since
this change is not attributed to the increase of the valence
state of Mn, this change cannot be due to the change of
band filling. The possible reason for this change is the
change in the band structure with substitution. The hole
concentration measurement for Sr;_,La, TiO; suggests that
the sign of mobile carriers in that system is always negative
between 0 =< x = 1 (19). This means that when the conduc-
tion band has a d orbital character the sign of the Seebeck
coefficient becomes negative. On the other hand, in the
CT-type insulator, the conduction band has the character
of the oxygen 2p orbital and the sign of mobile carrier
could become either positive or negative. The change of
the sign in the Seebeck coefficient in La,A,Mn, O; with
substitution, therefore, seems to suggest a change from a
CT-type conductor to the Mott-type conductor with substi-
tution. The reduction of lattice distortion decreases the
energy difference between lower and upper Hubbard
bands. If the oxygen 2p band locates between the upper
and lower Hubbard bands in La,A,Mn,,O;, the decrease
of Hubbard splitting may result in an overlap of the oxygen
2p band and the Hubbard band. This change of band struc-
ture at the Fermi surface may be the cause for the change
of the sign of Seebeck coefficient. The mixed (CT and
Mott) character of LaMnQOj; due to comparable Ugq and
Act values makes the interpretation of the obtained result
fairly complicated.

CONCLUSIONS

The alkali metal or Sr substitution for La in LaMnQOs;
does not result in a systematic variation of valency of man-
ganese ions when the sample was fired at 1393 K in an
oxygen gas flow. By the substitution, the semiconducting
behavior of resistivity for Lag 9sMng 9303 changed to metal-
lic behavior, except for the quenched Rb-substituted sam-
ple. All the samples were found to exhibit a ferromagnetic
transition at low temperatures. The ferromagnetic transi-
tion temperature was found to be correlated with the de-
gree of substitution but not with the valence state of manga-
nese ions. A close relation seems to exist between the
changes of electrical and magnetic properties and struc-
ture, especially the bond angle of Mn—-O-Mn and bond
distance Mn-O. These results imply a strong Mn**-0? -
Mn*" angle dependence of the double exchange interac-
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tion. The semiconducting—metallic transition temperature
was lower than the magnetic transition temperature but the
reason cannot be clarified because polycrystalline samples
were used. The anomalies in the Seebeck coefficient at the
magnetic transition temperature also support the existence
of the double exchange interaction.
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