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Abstract. Doping of Mn-site by chromium, cobalt and nickel has been investigated in the calcium rich
manganites Prg 4Cao.¢MnOs and Prg3Cao.7MnOs. Whatever the nature of the doping element, a rapid
disappearance of the charge ordered (CO) state is observed, Tco decreasing as the doping rate increases.
But the most important result concerns the Cr-doped compounds Pro.4Cap¢Mni_,Cr,O3 for which a
re-entrant insulator to metal transition at 90-120 K is observed for x = 0.10—0.12, in a zero magnetic
field. The possibility to induce colossal magnetoresistance (CMR) properties for high Mn(IV) contents
(Mn(IV)/Mn(III) > 3/2) for £ = 0.07—0.12 is shown for the first time, the resistance ratios Ro/R7T
reaching 2 x 10° at 30 K. This study also shows differently that the small size of the A-site cation (Pr,
Ca) is not a redhibitory obstacle to the appearance of CMR properties in manganites, in contrast with

previously established phase diagrams.

PACS. 71.30.+h Metal-insulator transitions and other electronic transitions —

75.30.Cr Saturation

moments and magnetic susceptibilities — 75.70.Pa Giant magnetoresistance

Introduction

The numerous studies of the manganites Ln;_,A,MnOs3
performed these last years have shown that several fac-
tors should be taken into consideration for the appear-
ance of colossal magnetoresistance (CMR) properties: av-
erage size of the interpolated cation (Ln, A), mixed va-
lence of manganese (hole carrier density), size mismatch
between the “A, Ln” cations in bulk materials [1-5] and
also substrate-induced lattice distorsion in thin-films [6].
It has indeed been demonstrated by several authors that
a minimum size of the “A, Ln” cations is necessary to
obtain an insulator to metal (I/M) transition that co-
incides with a paramagnetic to ferromagnetic transition,
T. increasing with the size of the “A, Ln” cations [1-4].
Concerning the valence of manganese in these compounds,
no CMR effect was detected for a Mn(IV)/Mn(III) ratio
larger than 1 (x > 0.50). The size difference between the
“A, Ln” cations called mismatch, was also found to be un-
favourable to the I/M transition, leading to a substantial
decrease of T, [5].

Among the different manganites with the perovskite
structure, the compounds Pr;_,Ca,MnOj3 are of great
interest for the study of the magnetotransport mecha-
nisms due to the fact that praseodymium and calcium
exhibit the same size, so that there is no mismatch
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effect. In contrast to many other manganites, these ma-
terials are insulator at low temperature whatever x [7-9].
In fact, the absence of an I/M transition in a zero mag-
netic field in these oxides has been interpreted as the re-
sult of the too small size of the interpolated cations Pr3+
and Ca?t. Nevertheless, such a transition could be in-
duced for z = 0.30 by applying a magnetic field of several
tesla [10,11]. Moreover doping of manganese sites with
various cations (Mg?t, AI¥*) Fe3t, Ti*t or Sn?") was
found to suppress charge ordering in Pr;_,Ca,MnOg3 with
0.4 < z < 0.5 [12]. Although the so doped phases re-
main insulators, they exhibit large magnetoresistance ef-
fects under 7 T, contrary to the undoped manganite. The
most spectacular effect was recently observed by doping
Pro.5Cag.sMnOj3 by cobalt, chromium and nickel [13]. An
insulator to metal transition was indeed induced for the
first time in this phase, and moreover CMR properties
with resistance ratio Ro/Rpg—7T up to 107 were obtained.
These results demonstrate that the size of the “Ln, A”
cation is not a redhibitory parameter for the appearance
or disappearance of CMR properties.

At this point of the investigations, we have to under-
stand the exact role of hole carrier density in the magne-
totransport properties of these oxides. One important is-
sue concerns the possibility to obtain CMR, properties for
Mn(IV)/Mn(III) ratios larger than 1. The present study of
the “Co, Ni, Cr” doped insulators Pr;_,Ca,MnOg3 shows
for the first time that a re-entrant I/M transition, leading
to CMR properties with resistance ratios up to 107, can
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Fig. 1. Experimental X-ray diffractogram and corresponding
Bragg sticks for PI‘O,4C&0,6MIIO_9301‘0_0703.

be induced in calcium rich compositions (z = 0.60—0.70),
i.e. for Mn(IV)/Mn(III) ratios much larger than 1.

Results and discussions
Experimental procedure

The synthesis of the calcium rich doped manganites
Pr0,4Ca0.6Mn1,mM103 and PI‘Q.3Cao,7MIl1,$MIO3
with M = {Co, Ni and Cr} was performed according
to the procedure previously described for other doped
Pr;_,Ca,MnO3; manganites [13]. EDS analyses were per-
formed with a Kevex analyser coupled with the TEM ob-
servations (JEOL 200 CX). X-ray diffraction studies were
carried out with a Philips vertical diffractometer (CuKa
radiation) and the corresponding patterns were collected
by 0.04° step scanning.

The study of the resistance versus temperature R(T')
was performed with the classical four probe technique on
bars with 2 x 2 x 10 mm? dimensions. The magnetore-
sistance measurements were established with a Quantum
Design Physical Property Measurements System. All the
R(T) curves were measured with decreasing temperature
in magnetic field of 0 or 7 T. The magnetic curves versus
temperature M (T") were registered with a vibrating sam-
ple magnetometer in magnetic field of 1072 T or 1.45 T.

Structural characterizations

The purity of the phases was systematically checked by
recording X-ray diffraction patterns. All the samples were
found to crystallize in an orthorhombic structure (space
group Pnma) with no extra diffraction peaks indicative
of impurities. A typical pattern corresponding to sample
Prg.4Cag.6Mng.93Cr.0703 is given in Figure 1. The ob-
tained cell parameters (a = 0.5375 nm, b = 0.7575 nm,
¢ = 0.5369 nm) are found to be very close to that re-
ported by Jirak et al. for Prg 4Cag.sMnO3 [9] from a neu-
tron diffraction study (@ = 0.5375 nm, b = 0.7601 nm, ¢ =
0.5375 nm).
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Fig. 2. Pro4Cag.¢Mn;_;Cr;Os series (z values are labelled
on the graph). (a) Resistance (R) versus temperature (7). (b)
Magnetization (M) versus T registered in a magnetic field of
1072 T. Inset: M(T) curves registered in 1.45 T.

The structural quality of the samples was further con-
firmed by systematic electron microscopy studies. For all
doping elements, M = Cr, Co, Ni, and whatever the dop-
ing level (0 to 12%), the cationic compositions determined
by EDS on more than hundred microcrystals were found
to be similar to the nominal ones. Moreover, homogeneous
cationic distributions were always observed. No traces of
impurity phases have been detected.

The Pr0_4Ca0_6 Mnl_x Mx 03 series

The R(T) and M(T) curves of the three series of samples
Pro.4CapeMn;_M;O3 with M = {Cr, Co and Ni} are
displayed in Figures 2, 3 and 4 respectively. Considering
the undoped phase, Pry 4Cag ¢MnQOg, it can be seen that
the latter exhibits, like other phases Pr;_,Ca,MnOs,
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Fig. 3. Pro.4Cap.6Mni—_-Co;03 series. (a) R(T) curves. (b)
M(T) curves (1072 T). Inset: M(T) curves (1.45 T).

an insulating behaviour with a change of slope for R(T")
at 275 K, characteristic of charge ordering (Fig 2a). This
charge ordering (CO) phenomenon can easily be identified
on the M(T) curve (Fig. 2b) by a peak at Tco = 275 K.
The latter has indeed been shown to correspond to a re-
placement of ferromagnetic spin correlations by antiferro-
magnetic spin fluctuations as T' decreases below the charge
ordering transition in (Bi,Ca)MnOg3 perovskite [14].

A first feature common to all the samples deals with
the rapid disappearance of charge ordering by doping
whatever the nature of the dopant, Cr, Co or Ni. One
indeed observes that Tco deduced from the R(T') curves
(Figs. 2a, 3a and 4a from Cr, Co and Ni respectively) or
from the M (T') curves registered under 10~2 T (Figs. 2b,
3b and 4b) decreases, and vanishes for z ~ 0.07. This be-
haviour is not unexpected: it has previously been observed
for other doped manganites Pr;_,Ca,MnO3 (04 < z <
0.5) [12,13]. But more remarkable is the fact that for a

147
104 =
103 F
102 £
—~
S |
(a4
1 -
10"1 -
102 i AR N SN TN NN SN SN NUNNN SN SR NN NN W]
0 40 80 120 160 200 240 280
T(K)
(a)
-1 =
10 L L d‘zslllllllllllllllllllllE
- oa x=0.12 ]
= ~~ N -
- f 0.15 -
e
102 = ol -
~ 0.05 E
:§ [|||1|||x[1'0|7|||-
N x=0.12 0 60 120 180 240 30q
> x=0.10 T(K)
1073 E
x=0.02 x=0.05 x=0.07
10-4 | | | | | | | l I | | | | |
0 40 80 120 160 200 240 280
T(K)
(b)

Fig. 4. Pro.4Cao.6Mni_;Ni; O3 series. (a) R(T) curves. (b)
M(T) curves (1072 T). Inset: M(T) curves (1.45 T).

same doping rate, one observes the same Tco whatever the
nature of the dopant, as shown for instance for x = 0.05
samples that exhibit a Tco &~ 225 K for all three dopants.
These results show that doping of the Mn-sites destroys
charge ordering, in the same way independently of nature
of the dopants Cr, Co or Ni.

At lower temperature, below 100-110 K, one observes
a bump on the M (T') curves (Figs. 2b, 3b and 4b), which
corresponds to the appearance of a ferromagnetic contri-
bution by doping, in contrast to the undoped phase. This
increase of ferromagnetic correlations coincides with the
disappearance of CO. Note that the Cr-doped phases ex-
hibit a significantly higher magnetization (Fig. 2b) than
the Co and Ni doped phases (Figs. 3b and 4b). This greater
ability of the Cr-doped phase to display ferromagnetism
at low temperature is confirmed by the M (T') curves regis-
tered under 1.45 T (inset Fig. 2b), where one
clearly observes a transition to a ferromagnetic state,
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Fig. 5. Pro.4Cag.¢Mni_;M;Os series. (a) Ro/Rrr(T) curves
for Prg.4Cag.eMni—,CryOs. Inset: Ro/Rrr(T) curves for
Pro.4Cao.6Mnp.88C00.1203. (b) Ro(T'), R7r(T) and Ro/R7r(T)
curves for Prg.4Cag.6Mno.93Cro.0703. (c) Ro(T), Rrr(T) and
Ro/R7T (T) curves fOI‘ PI‘Q_4C&0_6MI]0,9()CI'0,1QO3.

for x = 0.10—0.12, at low temperature with a magnetic
moment of 2.4—2.2up at 5 K. In contrast, for the Co-
doped phase (inset Fig. 3b) and the Ni doped phase (inset
Fig. 4b), the magnetic moment at 5 K is ten times smaller
(0.22 to 0.25up), so that for these two series, one cannot
talk about a transition to a ferromagnetic transition under
1.45 T.
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The particular behaviour of the Cr-doped manganite
with respect to the Co and Ni-doped phases is confirmed
by the R(T') curves. For z = 0.10, the Cr-doped phases
shows clearly an I/M transition at 7' = 100 K followed
by insulating behaviour at lower temperature (Fig. 2a).
A similar tendency is observed for x = 0.12. In contrast,
no anomaly is observed on the R(T) curves of the Co and
Ni-doped samples (Figs. 3a and 4a) that exhibit a semi-
conducting behaviour whatever x. The remarkable coin-
cidence of the re-entrant I/M transition (Fig. 2a) with
the paramagnetic to ferromagnetic transition (Fig. 2b), at
T ~ 90—120 K for z = 0.10—0.12, shows that for this opti-
mum composition, chromium doping induces a paramag-
netic insulating (PMI) to ferromagnetic metallic (FMM)
transition in the calcium rich manganite Pry 4Cag.sMnOs3.
This result is of capital importance since it is the first time
that such an I/M transition is observed in systems with a
so high Mn(IV) content, and a so small size of the interpo-
lated cation. Thus the role of chromium appears as specific
compared to cobalt or nickel for which no I/M transition
has been observed here. Note that for the higher Cr doping
rate (z = 0.12), the saturated magnetization at low tem-
perature slightly decreases and the I/M transition tends
to disappear (Figs. 2a and 2b).

The application of a magnetic field of 7 T shows that
the Cr-doped manganites Prg 4Cag gMn;_,Cr,; O3 exhibit
colossal magnetoresistance properties (Fig. 5a) with the
largest resistance ratio Ro/Ryr, 2 x 108, for the 2 = 0.07
sample (Fig. 5b). Starting from an insulator, an I/M tran-
sition is induced by applying a magnetic field of 7 T. The
latter is characterized by a flat maximum with T, ~ 90 K.
In contrast, for x = 0.10 (Fig. 5¢), the maximum resis-
tance ratio that is obtained is much smaller, i.e. 10 at
125 K. In that sample, the maximum which characterizes
the I/M transition is also flat, and displaced toward higher
temperatures (T &~ 190 K) with respect to the zero field
R(T) (T ~ 110 K). Note also that this sample is insulating
at low temperature (T' < 120 K) under 7 T, in agreement
with the re-entrant character of the transition observed in
a zero magnetic field. A very similar behaviour is observed
for £ = 0.12. In contrast, no I/M transition is induced by
nickel or cobalt doping in the Prg 4CagsMnO3; mangan-
ite. In these two series, the samples remain insulating in
a magnetic field whatever x and the magnetoresistance
ratio remains much smaller than 10, as shown for the
Co-doped phase Prg 4Cag.6Mng g5C00.1203 (inset Fig. 5),
which seems to be one of the best samples of these two
series, and exhibits a resistance ratio close to 10 at 45 K.

The Prg.3Cag.7Mny_,M, O3 series

In order to test the possibility of inducing CMR prop-
erties for still higher Mn(IV) contents, we have investi-
gated the doping of Pry 3Cag7MnO3 with Ni, Co and Cr.
Whatever the nature of the dopant, no I/M transition can
be induced in this manganite. The R(T) (Fig. 6a) and
M(T) curves registered under 10~2 T (Fig. 6b) for the
series Prg 3Cag 7Mn;_,Cr, O3 exemplify the behaviour of
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Fig. 6. Pro.3Cao.7Mn1_,Cr; O3 series. (a) R(T) curves. Inset:
Ro/R7T(T) curves for Pro,30a0_7Mno,goCro,1003. (b) M(T)
curves (1072 T). Inset: M(T) curves (1.45 T).

these compounds. One observes that such a doping weak-
ens the charge ordering, Tco decreasing significantly from
250 K for x = 0.00 to 120 K for x = 0.12. However, in
contrast to the Prg4CageMnOg3 series, no anomaly as-
sociated to the I/M transition is observed on the R(T")
curves (Fig. 6a). This is consistent with the M (T) curves
registered in a magnetic field of 1.45 T which show only
small values of the magnetization at low temperature (see
inset Fig. 6b), of about 0.10—0.15up against 2.40up for
Prg.4Cag.6Mng.g0Crg.1003. It turns out that the ferromag-
netism is always very weak so that the decrease of Tco can
be observed for all compositions on the M (T') curves reg-
istered under 1072 T (Fig. 6b). In agreement with this
behaviour, these compounds exhibit a low magnetoresis-
tance effect as shown for example from the Ry/R7r(T)
curve of Prg3Cag.7Mng g9oCrp.1003 (inset Fig. 6a) which
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shows a maximum resistance ratio Ro/R7r of only 3 at
30 K.

Concluding remarks

The possibility to induce an I/M transition and conse-
quently CMR properties in calcium rich manganites
Pri_,Ca,MnO3 (x > 0.50) is shown for the first time.
Moreover we observe that the small size of the interpolated
cation “Pr, Ca” is not a redhibitory obstacle for the ob-
tention of CMR effect. These results confirm the great po-
tentiality of the three magnetic ions — chromium, cobalt
and nickel — for inducing ferromagnetism and metallic
conductivity in those manganites, in agreement with pre-
vious studies of the doped Prg5CagsMnOj3 systems [13].
Nevertheless from the present study, chromium appears
the most promising doping agent to induce CMR proper-
ties in the perovskite manganites.

In the present state of the art, it is difficult to ex-
plain this spectacular influence of doping upon the magne-
totransport properties of these compounds. Nevertheless
it must be emphasized that chromium, cobalt and nickel
are among the rare elements that exhibit “metastable”
high valencies (Cr(IV), Co(IV) and Ni(III)) so that carri-
ers may be introduced by these elements according to the
following equilibria:

Cr*t s et 4+ pt
Co*t = Co®*t + pt

Ni*T = Ni?t + pt.

In this way, the charge ordered state, which would con-
sist of a polaron lattice in agreement with the theories de-
veloped by Millis et al. [15], would be destroyed by any
substitution (Fe, Al, Mg, Ni, Co, Cr, etc...), and possi-
bly replaced by a delocalized charge state in the case of
Cr, Co or Ni indicating that these cations participate to
the double exchange mechanism. The ability of inducing
a metallic state would be much higher for chromium than
for the other species such as cobalt and nickel, in agree-
ment with the weaker stability of Cr*" species compared
to Co*t and Ni*T.
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