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Introduction

A great deal of work has been devoted to the hole-
doped manganites with the perovskite structure these
last years, owing to their spectacular colossal magne-
toresistance (CMR) properties. In contrast, very few
investigations were performed on the electron-doped
manganites, corresponding to Mn(IV)-rich perovskites.
The results obtained for the perovskites Bi;—xCayMnOs3,
with x ranging from 0.75 to 0.90,'~* show that the
magnetic and transport properties of these Mn(1V)-rich
manganites are of great interest. For 0.74 < x < 0.82,
Bao et al.?2 discovered dynamic ferromagnetic spin
correlations at high temperature and showed that the
latter are replaced by antiferromagnetic spin fluctua-
tions at low temperature. Long period structures as-
sociated with charge ordering were evidenced for x ~
0.80 by Murakami et al.3 whereas Chiba et al. discov-
ered ferromagnetism and especially large negative
magnetoresistance for x = 0.875. Nevertheless the
resistance ratio of these materials remains small com-
pared to the hole-doped CMR manganites, i.e., typically,
Ro/R7t ~ 3 at 50 K. The recent study of the manganite
Ca;—xEuyMnOs for x < 0.2 showed also that the electron
doping due to the substitution of the trivalent rare earth
Eu(l11) for calcium induces a magnetoresistance effect.>
Here again the resistivity ratio remained small, i.e., po/
p12T ~ 4 at 30 K.

The recent systematic screening of the manganites
Ca;—xSmyMnOs3 for 0 < x < 0.2 by Ax step of 0.01 has
allowed colossal magnetoresistance properties to be
evidenced for the first time,® as shown for x = 0.15,
which exhibits resistance ratios po/p7t of 102 and 10 at
50 and 100 K, respectively. These results are quite
unexpected if one takes into account the average size
of the interpolated cations a[Jwhich is small compared
to the one required for the appearance of the CMR effect

* To whom correspondence should be addressed. Electronic mail:
maignan@crismat.ismra.fr.

(1) Bokov, V. A.; Grigoryan, N. A.; Bryzhina, M. F. Phys. Stat. Sol.
1967, 20, 745.

(2) Bao, W.; Axe, J. D.; Chen, C. H.; Cheong, S. W. Phys. Rev. Lett.
1997, 78, 543.

(3) Murakami, T.; Shindo, D.; Chiba, H.; Kikuchi, M.; Syono, Y.
Phys. Rev. B 1997, 55, 1.

(4) Chiba, H.; Kikuchi, M.; Kusaba, K.; Muraoka, Y.; Syono, Y. Solid
State Commun. 1996, 99, 499.

(5) Troyanchuk, I. O.; Samsonenko, N. V.; Szymczak, H.; Nabialek,
A. J. Solid State Chem. 1997, 131, 144.

(6) Martin, C.; Maignan, A.; Damay, F.; Hervieu, M.; Raveau, B.
J. Solid State Chem. 1997, 134, 198.

S0897-4756(97)00781-3 CCC: $15.00

in hole-doped manganites (see, for instance, refs 7—11).
Thus, at this stage of the investigations, it is necessary
to determine the chemical and crystallographic factors
that govern the magnetotransport properties of the
electron-doped materials. In the present work, we
investigate systematically the magnetotransport prop-
erties of CaMnOj3 substituted with trivalent lanthanides
(Ln = Pr, Nd, Eu, Gd, Ho) or with tetravalent elements
(M = Ce, Th). From the comparison of the different
properties resulting from these substitutions, including
the results obtained for samarium,® we demonstrate
that the electron concentration is a dominant factor,
whereas size and mismatch effects influence the mag-
netotransport properties to a lesser degree.

Experimental Section

The Ca;—xLnyMnO; oxides were prepared from mixtures of
CaO, Ln;03 or CeO; or Th(CO3),, and MnOy,, prereacted in air
at 1000 °C, pressed in bars form, heated at 1200 °C, and then
sintered at 1500 °C for 12 h. Purity, homogeneity, and
composition of the samples were checked by electronic diffrac-
tion (ED) and EDS analysis. The powder X-ray patterns were
recorded by using a Philips diffractometer with Cu Ka radia-
tion and scanning (0.02° step in 26) over the angular range
10° < 26 < 110° and were analyzed with the Fullprof
program.’? The “O3” oxygen stoichiometry was determined by
iodometric titration in the Sm series and by thermogravimetric
analysis (at 800 °C under Ar—H; flow) for x = 0.

Resistivity measurements (four-probe method) were per-
formed during cooling, the 7 T magnetic field being applied at
300 K. Magnetization curves were registered by means of a
vibrating sample magnetometer. Samples were first zero-field
cooled to 5 K, the temperature at which the magnetic field
was applied, and data were registered during warming.

Results and Discussion

Structural Characterizations. All the samples are
monophasic, as shown from the Smg,CagsMnO3; and
Tho2CapsMnO3 X-ray patterns (Figure 1). No impuri-
ties are detected by ED, and the EDS analysis confirms
the nominal cationic compositions. The X-ray powder
patterns of all these oxides can be indexed in the
orthorhombic system space group Pbnm with a ~ b ~
apv/2 and ¢ ~ 2a, The evolution of the cell volume
versus x (Figure 2) confirms that the doping elements
have entered into the perovskite matrix and shows that
regardless of whether Ln, Ce, or Th is used the volume
increases with x. This effect is easily understood by the
larger difference between Mn(l11) and Mn(IV) (0.645 and
0.53 A, respectively) than between Ca(ll) and Ln(lll)
(1.18 and 1.132 A, respectively, for Ca2* and Sm3* for
instance). Moreover, at a constant x value, the cell
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Figure 1. X-ray patterns for Smo>CagsMnOs3 (top) and Tho2-
CapsMnO; (bottom).
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Figure 2. x dependence of the cell volume on Ca;—xLn,MnO3
(Ln = Th, Ce, Pr, and Sm).

volume decreases as the Ln3* size decreases (from Pr
to Ho), and the volume of the Th phase is definitely
larger than that of the Ln manganites with Ln = Pr or
Sm, despite the size of thorium, and significantly
smaller than those of Pr(lIl) and Sm(lll). Such a
difference is explained by the Th valency: the introduc-
tion of one Th(IV) atom leads to the replacement of two
Mn(1V) species by two Mn(lll) species, whereas the
introduction of one Ln(l11) species corresponds to the
replacement of one Mn(1V) by only one Mn(l11) species.
Thus the larger volume cell of the Th and Ce phases
compared to the Pr phase is due to the increase of the
Mn(I11) content in the structure.

The Trivalent Lanthanide Series Ca;-xLnyMnOa.
The systematic investigation of these compounds with
Ln = Pr, Nd, Eu, Gd, and Ho for x values ranging from
0 to 0.2 by step of 0.01 shows that they all exhibit a
behavior similar to that of the samarium phases
Ca;_SmyMnO3.6
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Figure 3. Temperature (T) dependence of the resistivity (p)
for different compositions of Ca;—xGdxMnO3; samples (x values
are labeled on the graph). Inset: activation energy versus T
for x = 0.18.
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Figure 4. T dependence on the magnetization (M), registered
under 1.45 T, for the same compounds.
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(i) For low x values, 0 < x < 0.14, a ferromagnetic
state is induced at low temperature (Figure 4), i.e., for
T < 100 K. Concomitantly, the resistance is lowered
(Figure 3), tending to a semimetallic behavior (see, for
instance, x = 0.1-0.12). Note, however, that the
maximum value of the magnetic moment remains close
to only 1.3 ug in a magnetic field of 1.45 T and that the
maximum moment Msk increases (Figure 5) as the size
of the lanthanide decreases from 0.8 ug for Pr to 1.5 ug
for Eu and seems to decrease again for Ho (1.2 ug).

(ii) For higher x values, 0.14 < x < 0.2, the magnetic
moment drops abruptly at low temperature (Figure 4,
5), leading to the antiferromagnetic state (Figure 4),
whereas simultaneously the resistance is dramatically
increased (Figure 3). In fact, in this range, the p(T)
curves (Figure 3) show a transition around 100—150 K
from the semimetallic to the insulating state. The
corresponding transition temperature Tg can be defined
as the inflection point of the p(T) curve (see example in
inset of Figure 3). This transition coincides with the
appearance of a rather sharp peak on the M(T) curves
(Figure 4), so that Tpeak = Tr.

The M(T) curves clearly show that there exists a
competition between ferromagnetism and antiferromag-
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Figure 5. Magnetization, measured at 5 K (Msk) versus x for
the different series Ca;—xL.nyMnO;3; (Ln = Th, Ce, Pr, Nd, Sm,
Eu, Gd, Ho).

netism in these systems and that the ferromagnetic
component goes through a maximum as x increases.
Such a behavior can be interpreted on the basis of
electronic delocalization and localization phenomena, in
accordance with the p(T) curves. For low x values,
introduction of electrons on the egy level of manganese
leads to electronic delocalization and consequently
favors the appearance of a ferromagnetic metallic
(FMM) state at low temperature, so that the magnetic
moment at 5 K increases in a first step with x.
However, as x increases beyond a certain electron
concentration (corresponding to x ~ 0.12—0.14), a
localization of electrons appears (charge ordering or
local charge ordering in the form of clusterization), so
that antiferromagnetism is favored at the expense of
ferromagnetism. Consequently, ferromagnetism cannot
fully develop, and the saturation corresponding to a
moment of 3.6 ug cannot be reached. Finally, the
localization predominates for higher x values, and
antiferromagnetism expands rapidly as x increases, so
that the intensity of the peak of the M(T) curves
decreases abruptly (Figure 4). This interpretation
agrees with the neutron diffraction study of Laj;_x-
CayMn0O3,'® which shows charge-ordering phenomena
for x = 0.75. Nevertheless, a complete structural study
of all these oxides has to be performed in order to
determine whether the charge-ordering phenomena that
may appear are completely established or just involve
local clusters.

It is now of interest to determine the factors which
influence the transition temperature Tyeak and the value
of the magnetization. The Tpeax(X) curves (Figure 6) for
the different Ln series show that for a given electron
concentration Tpeax is slightly affected by the size of the
lanthanide. Indeed, one observes that for a fixed
electron concentration x, the transition temperature
Tpeak decreases with the Ln size. In other words, as the
mean ionic radius faof the interpolated cation in-
creases, a higher electron concentration is necessary to
replace the FMM state at the benefit of the antiferro-
magnetic insulating (AFMI) state. Thus, in contrast to
the hole-doped manganites, the stability of the FMM
state increases as the size of the interpolated cation
decreases. This effect is illustrated by the magnetic and
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Figure 7. p(T) curves for the Cag.g7Pro.13-ySmyMnOs series (y
values are labeled on the graph). Inset: corresponding M(T)
curves.

transport properties of the series Cag.g7Pro.13-ySmyMnO3
(Figure 7). The M(T) curves (inset of Figure 7) show
indeed that Tpeak decreases as y increases so that the
ferromagnetic state appears only for the smallest fall
values (0.10 <y < 0.13). Correlatively, the p(T) curves
(Figure 7) show that Tr decreases as y increases and
especially that the resistivity at low temperature, below
Tr, decreases as [falldecreases, the semimetallic state
being reached for the lowest [fa[values corresponding
to 0.10 < y < 0.13. Note, however, that the size effect
alone cannot explain the changes of properties that are
observed since the series Ca;_xPryMnOz—for which a0
is kept constant—exhibit also the transition from a FMM
to an AFMI state as x increases. It must also be
emphasized that the mismatch due to the size difference
between the A site cations may also influence these
properties. The latter, characterized by the variance
o? defined as 02 = Yyiri? — [tald according to Attfield et
al.,** although it increases from Pr to Ho, remains rather
small for x < 0.20, so that its influence cannot be
evaluated easily (Table 1).
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Figure 8. Temperature dependence on p in 0 and 7 T (left
axis) and magnetoresistance ratio po/p7r (right axis) for Cag ss-
EUo_leMn03.

Table 1. raO(According to Shannon?®), ¢2, and
Resistance Ratio po/p7t for Xqpt in Each Series
Ca;—xLnyMnO3

polp7T
Ln  Xept  [@AO(A) 02 (A2) 5K 50K 100K
Th 0.08 1173 596 x 1074 50 4 3

1.88 x 1073 6000 5 4
1.168 x 1077 400 8 4.5
3.37 x 1075 1200 20 5
6.7 x 1073 1000 100 10
4.84 x 1074 3500 110 15
7.16 x 1074 500 40 10
157 x 1073 14 12 5

Ce 0.08 1.167
Pr 0.135 1.18

Nd 0.135 1.178
Sm 0.15 1173
Eu 0.16 1.170
Gd 0.16 1.168
Ho 0.16 1.163

The p(T) curves registered in a magnetic field of 7 T
show that for each lanthanide there exists an optimal
x value for which the CMR effect is maximum. Just
below Xp: the material is ferromagnetic, its magnetic
moment being close to 1 ug, and it exhibits a semime-
tallic behavior so that its negative magnetoresistance
is low. In contrast, at X.,: the competition between
ferromagnetism and antiferromagnetism reaches its
maximum and, as a result, the resistance ratio (RR) is
high. Above X, the increase of antiferromagnetism
tends to suppress the magnetoresistance effect, and
consequently RR decreases rapidly. Thus, the x range
where the material exhibits CMR effects is rather
narrow. This explains why, for the series Ca;_xEuyMnOs,
resistance ratios of only 4 at 30 K under 12 T were
detected.® In fact, for the latter series, resistance ratios
of 110 at 50 K and of 15 at 100 K are observed in a
magnetic field of 7 T (Figure 8) for the value Xt = 0.16.
For each series, the xqp values and the corresponding
RR at three temperatures (T = 5, 50, and 100 K) are
listed in Table 1. One observes that Xep: increases
slightly from 0.135 for Pr to 0.16 for Eu as the size of
the lanthanide decreases and then remains constant
down to Ho. Correlatively, as the size of the interpo-
lated cation decreases, the RR increases from 8 at 50 K
for Pr to 110 for Eu and then decreases down to 40 and
12 for Gd and Ho, respectively.

The Tetravalent-Element-Doped Manganites
Ca;xCexMnO3; and Ca; 4 ThyMnOg;. Tetravalent tho-
rium, owing to its size close to that of the praseody-
mium, is a potential substituting element for mangan-
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Figure 9. M(T) curves for Ca;—xThyMnOs. Inset: correspond-
ing p(T) curves.

ites. Moreover, thanks to its tetravalent character, it
is susceptible to introduce twice more electrons per
substituting atom than lanthanides. For this reason,
we have explored the manganites Ca;—xThyMnO3 on the
Mn(1V)-rich side, i.e., for x < 0.20. The M(T) curves
registered under 1.45 T (Figure 9) and the p(T) curves
(inset of Figure 9) show for the first time that the
substitution of CaMnO3; with thorium leads to the same
effect as that obtained with trivalent lanthanides. For
low x values (x < 0.05), ferromagnetism increases slowly
with x at low temperature (T < 100 K) and reaches a
magnetic moment of 1 ug at x = 0.05 (Figure 9), whereas
for these compositions and temperature ranges the
resistivity decreases slowly as x increases up to x = 0.04
and then increases slightly. For x < 0.07, a peak
appears on the M(T) curves whose intensity decreases
as x increases. This peak broadening occurs for the
larger x values (x ~ 0.10—0.12). As for the trivalent
lanthanides, Tpeak increases with x (Figure 9) and
coincides with the transition temperature Tr deduced
from the p(T) curves which evidence also a transition
from the semimetallic to semiconducting state as T
decreases (inset of Figure 9). Thus, the Ca;—xThyMnOg3
samples exhibit, like the Ca;_xLnyMnO3; samples, a
competition between ferromagnetism and antiferromag-
netism at low temperature. But the most important
feature concerns the evolution of Tpeak VS X (Figure 6).
One indeed observes that the transition corresponding
to Tpeak (Tr) appears for much lower thorium contents
(x ~ 0.07—0.12) compared to trivalent lanthanides (x ~
0.135—0.20). Such a behavior is easily explained by the
tetravalent character of thorium which introduces an
electron concentration twice higher than that introduced
per atom by trivalent lanthanides. Then, the behavior
of Th(lIV) can be better compared to that of trivalent
lanthanides by plotting Tpeak VS 2X, leading to the
dashed line on Figure 6. From this comparison, it can
be seen that, considering the electron concentration (i.e.,
Mn(111) concentration), the thorium-substituted phases
exhibit a behavior similar to that of the trivalent
lanthanides. These results demonstrate that the elec-
tron concentration is a predominant factor for the
magnetic and transport properties of the electron-doped
manganites. This behavior is also confirmed from the
graph of the magnetization at 5 K versus x (Figure 5)
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which shows that the Msk(x) curves for Ln(l11)-doped
phases are shifted by a factor of 2 along x with respect
to the Th-substituted phase.

From this comparison between Th(lIV) and Ln(lll)
dopants, it is possible to know whether cerium can be
introduced in the perovskite matrix in the form of Ce-
(1) or Ce(lV). The study of the cerium-substituted
samples Ca;—xCexMnO3 shows that their crystallo-
graphic cell is similar to those of thorium- and Ln(l11)-
doped calcium manganites. The volume cell increases
with x as for thorium, but remains significantly smaller
than that of the thorium phases and larger than that
of the Ln(lll) phases (Figure 2). Therefore, the struc-
tural evolution does not allow the oxidation state of
cerium—Ce(l11) or Ce(1V)—to be determined. Neverthe-
less, the M(T) curves (Figure 10) and the p(T) curves
(inset of Figure 10) clearly show that the Ce-substituted
phases exhibit magnetic and transport properties close
to those of the Th manganites. At low temperature (T
< 100 K), ferromagnetism indeed increases as x in-
creases up to x = 0.06, and the peak characteristic of
the competition between ferromagnetism and antifer-
romagnetism appears exactly at the x = 0.07 value, as
in case of the Th-substituted phases. Correlatively the
p(T) curves (inset of Figure 10) show a transition from
the semimetallic to the insulating state for the same x
values. Thus, the Tpeak(X) curves (Figure 6), as well as
the Msk(x) curves (Figure 5), are very close to those of
the Th samples, i.e., they are shifted by a factor 1/, along
x with respect to the Ln(lll) samples. These results
demonstrate that cerium is tetravalent in these perov-
skites.

From this investigation, it is then possible to foresee
that the phases Ca;—xThyMnO3; and Ca;—xCexMnO3 will
exhibit CMR properties and that the optimal x value
will be close to Xopt = 0.08 for both series. A systematic
scanning of the magnetoresistance properties versus x
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by step of 0.01 confirms this forecast. The p(T) curves
registered under 7 T for both oxides, with Xq,x = 0.08
(Figure 11), show similar RR.

Conclusion

Among the three important factors governing the
CMR properties of Mn(l11)-rich compounds—hole carrier
density, average size of the interpolated cation [a[J and
A-site cationic size mismatch—the electron carrier den-
sity is found to be the predominant one for the Mn(1V)-
rich compositions Ca;—xL.nyMnO3; and Ca;—xThyMnOg3 (0
< x = 0.2). Asx increases from x = 0, a ferromagnetic
metallic (FMM) state below T¢ ~ 130 K is first induced
regardless of the substituting element (lanthanide or
thorium). Nevertheless, this effect goes faster for Th
and Ce in agreement with their 1V formal oxidation
states. Beyond a critical Xt value, an AFMI state
competes with the FMM one so that the magnetization
curves exhibit a peak, while the magnetoresistance
reaches its maximum amplitude for x.pt. The electron
concentration range around Xgpt, Within which CMR
properties are exhibited, is very narrow, since as soon
as X > Xopt, the AFMI state is strong enough to resist to
the magnetic field application (up to 7 T). Finally, the
most important result of the study is that the same
trend with the electron concentration is observed what-
ever the substituting element (lanthanide or thorium).
This is illustrated by the room-temperature values that
are all around pzpox = 1072 Q cm for the optimum
concentration in each series and by the resistivity ratios
(po/p7T) that can reach several thousands at 5 K for Sm-
(1), Eu(lll), and Ce(1V).
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