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Abstract. The doping of the manganese site by iridium (up to 15%) in the small A cation manganites
Pri—»Ca;MnO3 (0.4 < z < 0.8), has been investigated as a new method to suppress charge-ordering and
induce CMR effects. Ir doping leads to ferromagnetism and to insulator to metal transitions, with high
transition temperatures reaching 180 K and CMR ratio in 7 T as large as 10*. The efficiency with which
iridium induces ferromagnetism and CMR is compared to previous results obtained with other substitutions
(Ru, Rh, Ni, Cr...). The ionic radius of the foreign cations and their mixed-valencies are found to be the
main parameters governing the ability to collapse the charge-ordered state.

PACS. 71.30.+h Metal-insulator transitions and other electronic transitions — 75.30.Vn Colossal mag-
netoresistance — 75.25.4z Spin arrangements in magnetically ordered materials (including neutron and
spin-polarized electron studies, synchrotron-source x-ray scattering, etc.)

The double exchange (DE) mechanism [1] which appears
between the Mn3*T and Mn*t species in the perovskite
manganites makes that the Mn-O-Mn bond angles play a
prominent role in the appearance of ferromagnetism (FM)
and of metallic like properties in these oxides. As a conse-
quence, the size of the A-site cation in the Ln;_,Ae, MnOs3
perovskites (Ln = lanthanide; Ae = alkaline-earth) is a
crucial parameter for the existence of colossal magnetore-
sistance (CMR) in those oxides. For instance, the man-
ganites Lng 5Cag s MnO3 with Ln = Nd, Pr, Sm which are
characterized by small A-site cation exhibit a very stable
charge ordered CE-type antiferromagnetic (AFM) struc-
ture [2-5] and consequently do not show any CMR effect
up to 20 teslas [6], in contrast to large A cation mangan-
ites such as Prg.5Srg s MnO3, whose A-type AFM structure
is destroyed by a magnetic field of ~7 T [7], leading to a
large decrease of the resistivity.

In order to induce CMR properties in small A cations
manganites, Mn sites can be doped with magnetic cations
such as Cr, Co, Ni [8,9] or Ru [10,11], leading to insulator-
metal (IM) transition and to ferromagnetism, even in the
absence of a magnetic field. This considerable effect of
Mn-site doping is not only due to the destruction of the
CO state but originates from the local magnetic (FM or
AFM) coupling of the doping element with the surround-
ing manganese species, leading to the formation of FM do-
mains which extend under the application of a magnetic
field [12]. The spectacular effect of ruthenium doping is
illustrated by its ability to induce FM and metallicity in
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electron-doped manganites in contrast to Cr, Co, Ni [12].
The two different possible oxidation states of ruthenium,
Ru(V) and Ru(IV), are thought to be responsible for the
Ru superiority. In this respect, iridium appears as a po-
tential candidate to induce FM and CMR when substi-
tuted in CO manganites. Previous studies of perovskites
SroIrMOg with M = Ta, Nb [13] have indeed shown that
Ir(I1T) is stabilized when the oxides are prepared in air,
with a low spin configuration (tz4)%). Moreover it was
recently shown that Ir(IV) exists in hexagonal perovskites
Baj_;(Cu,lri—, )O3 synthesized in air [14,15], so that
fluctuations between Ir(IIl) and Ir(IV) are also possible
in Ir oxides. Such an electronic configuration suggests a
great similarity between both eg Ru and Ir cations from
the viewpoint of the magnetic properties. We report herein
on the doping of the Mn-sites with iridium in the mangan-
ites Pry_,Ca;MnO3. We show that FM and CMR effect
are induced by Ir-doping, with T¢ up to 180 K.

The synthesis of pure perovskites Pri;_,Ca,Mn;_,
Ir, O3 is difficult in normal conditions of oxygen pressure,
due to the fact that iridium oxide (IrO3) decomposes be-
low 1000 °C so that a part of Ir may not be incorporated.
The perovskites of the series Pro.5Cag.5 Mnj_,Ir,Os and
Pro.4Cag.6Mn;_yIr,O3 were thus prepared from the mix-
tures of oxides PrgO11, CaO, IrOs and Mns O3, according
to two different methods depending on the iridium con-
tent. For low iridium contents (y < 0.06), practically pure
compounds were synthesized in the form of pellets pre-
heated at 1000 °C 12 h in air and sintered for 12 h at
1450 °C in air. For larger iridium contents (y > 0.06),
the oxide pellets were heated in silica sealed tubes for
12 h at 1200 °C. The cationic composition of the different
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Fig. 1. T dependence of the resistivity p in 0 T and 7 T registered upon cooling. (a) Pro.5Cag.s Mng.9sIro.0203. Inset of (a):
p(T) in OT Of Pro,5Ca0_5Mn1,yIryO3 with Yy = 0 and Yy = 0.02. (b) Pr0_5Cao,5Mno,961r0_0403. (C) Pro,5Ca0_5Mn0_glr0_103.

samples and especially their homogeneity were checked
by energy dispersive analysis. At room temperature, the
electron diffraction study showed that the orthorhombic
Pnma-type structure remains for 0 <y < 0.11.

The p(T') curves of the Prg 5Cag.5(Mn;_,Ir, )O3 series
(Fig. 1) clearly show the ability of iridium to induce CMR.
In the pristine compound, Prg 5Cag 5MnQOs3, as the sample
entered in the CO state below Tco ~ 250 K, an increase of
p is observed as shown in the inset of Figure 1a. By doping
with 2% of Ir the room temperature resistivity increases
which could be explained by an increase in the charge scat-
tering by the doping element. However, a smoother change
at Tco is observed in the Ir doped compound which indi-
cates that the CO establishment starts to be hindered by
only 2% doping. According to the p(T') curves, the Tco
value of Prg 5Cag.5M0.981r0.0203 is shifted down by about
20 K. This reduction of the CO robustness is consistent
with the less rapid increase of p as T decreases observed
below Tco. Accordingly, below about 50 K, the T depen-
dence of p shows a change towards a quasi-T" independent
behavior. Similarly to the Cr doped CO manganites [16],

this plateau at low T can be explained by the coexistence
of FM and metallic small regions with the CO-AFM ma-
trix. These FM clusters induced by doping elements are
the necessary precursors for the CMR effect, since the
clusters growth may allow the percolation threshold to be
overcome. The application of a magnetic field of 7 T shows
that this Ir-doped manganite exhibits CMR, with resistiv-
ity ratio RR = por/prT, close to 10* at 80 K (Fig. 1a),
in contrast to the undoped phase for which a 27 T field
is required to induce a similar effect. It should be em-
phasized that although p has been dramatically reduced
under the application of a magnetic field, the behavior of
p is not metallic like but exhibits several substructures.
The percolation mechanism is reflected in this complex T
dependence of p. Increasing the iridium content lowers the
resistivity significantly at low temperature, leading to an
insulator to metal like transition, as shown for y = 0.04
(Fig. 1b) which exhibits a peak at Tp ~ 150 K, and a resis-
tivity of 3 x 10~! Qcm at low temperature; for this doping
level the CMR effect is maximum close to the resistivity
peak, with RR ~ 20 under 7 T at 140 K. For higher
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Fig. 2. T dependence of the magnetization M measured in
1.45 T after zero field cooling of Prg.5Cag.5s Mni_,Ir,Os.
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iridium contents, the resistivity curves show a different
behavior as illustrated for y = 0.10 (Fig. 1c). Although a
decrease of p is observed in this sample below Tp = 180 K,
the insulator to metal transition is unachieved since below
150 K p starts again to increase. Such a different behav-
ior could originate from the lower temperature used for
the synthesis in silica tubes (1200 °C) compared to other
samples prepared in air (1450 °C) which may affect the
sintering quality and thus lead to a difference in the grain

connectivity.
The magnetization curves M(T) measured
under 1.45 T after a =zero field cooling of the

Pro.5Cag.5(Mni_,Ir, )O3 series (Fig. 2) show that Ir-
doping induces ferromagnetism, the magnetic moment at
5 K increasing rapidly from M = 0.7up for y = 0.02 up
to 2.5up for y = 0.10. The Curie temperature T¢ taken
as the inflection points of M(T) curves coincides with
the resistivity peak showing that T increases with the
iridium content up to T¢ = 180 K for y = 0.10.

These results show that iridium, in spite of its diffi-
culty to enter the perovskite matrix of the manganites,
exhibits a similar behavior to ruthenium and chromium
when doping Prg5CagsMnOs, i.e. like them it induces
ferromagnetism and a tendency to metallicity. Doping by
iridium leads to a Curie temperatures T = 180 K which is
intermediate between T¢rs obtained by Ru and Cr doping,
Tc =230 K [10-12] and Tc = 150 K [16], respectively.

Finally it is worth pointing out that the effect of
Ir-doping decreases with the average size of the A-site
cation, as previously observed for other magnetic cations
like chromium or ruthenium [8,9]. For instance the oxide
Smyg 5Cag.5sMng.g41rg.0603 exhibits a magnetic moment at
5 K of only 0.4up (Fig. 3), i.e. much smaller than that of
Prg.5Cag.5Mng g6lrg.0403, of 2up, and is an insulator at
5 K without any CMR  effect.

In order to compare the efficiency of Ir-doping with
that of Ni, Co, Cr and Ru, we have investigated the
electron rich manganite Prg 4Cag.¢MnQO3, which exhibits
an even more stable CO state than Prgs5CagsMnOgs
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Fig. 3. M(T) in 1.45 T of Pr0_5Cao,5Mno,961ro,0403 and
Smo.5Cao.5Mng.941r0.06 Os3.

if one judges from the charge ordering temperatures,
Tco = 270 K and Tco = 250 K for Prg4Cagg and
Pry.5Cag.sMnOs [2]. It was previously shown that among
the magnetic cations reported to be efficient to induce FM
in Prg.5Cag.sMnQOs3, i.e. Ni, Co, Cr, Ru, ferromagnetism
and metallicity could only be induced in Prgy 4Cag¢MnOj3
by Ru-doping [11]. Synthesizing Prg4Cag¢Mnj_,Ir, O3
perovskites at high temperature in air (1400 °C) lead to
inhomogeneous materials, with grains of different cationic
compositions for the same sample. Measurements could
therefore only be carried out on samples synthesized in
sealed tubes at lower temperature (1200 °C), which are
pure and homogeneous. The p(T") curves of the two oxides
Pro.4Cag ¢Mni_,Ir,O3 with y = 0.07 and 0.11 (Fig. 4)
clearly show that the resistivity, ranging from 10~2 Qcm
to 5x 107! Qcm in the 4 K-350 K temperature range, has
been decreased by several orders of magnitude for the low-
est temperatures with respect to the undoped manganite
(inset Fig. 4). The corresponding M (T') curves (Fig. 5)
establish without ambiguity the presence of a strong fer-
romagnetic component with Curie temperatures close to
160 K and 180 K for y = 0.07 and 0.11, respectively. Thus,
ferromagnetism coincides with the appearance of a metal-
lic like behavior (rupture or inflexion on the p(T') curves
Fig. 4). Note that the value of the magnetic moment at
5 K, ranging from 1.8 to 2.0up, is still lower than for the
Pro.4Cag ¢Mni_yRu, O3 series, 2.8up for y = 0.08 [11],
and significantly lower than the theoretical moment of
3.4up. From these observations it appears clearly that al-
though Ir-doping of the CO AFM Pr( 4Cag.¢MnO3 phase
promotes the formation of a ferromagnetic phase, its in-
duced amount is not sufficient to achieve a complete
insulator to metal transition as is the case for Ru. The
oxides Prg.4Cag ¢Mnj_,Ir, O3 exhibit negative magnetore-
sistance, with low resistance ratios under 7 T (Fig. 4), due
to the rather low values of their resistivity in the absence
of a magnetic field.

Measurements for larger Mn** contents, e.g. for
Prg.2Cag.gMny_,Ir,O3 series, show that induced ferro-
magnetism is much smaller, the magnetic moment at 5 K
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Fig. 4. p(T) in 0 T and 7 T of Prg.4Cag.¢Mni_yIryOs. Inset:
enlargement of p(7T") in 0 T and comparison with y = 0.

reaching only 0.5up for y = 0.10. Moreover the oxides
remain insulators with no CMR. This behavior is funda-
mentally different from the Ru-doped compounds as illus-
trated by Smg.2Cagp sMn;_,Ru,O3 series which still ex-
hibits high magnetic moments, larger than 1.5up at 5 K,
with a metal to metal transition, and CMR properties [12].

An ab initio explanation of the above effects is far be-
yond the capacity of available numerical tools. Instead
we resort to qualitative arguments, mostly inspired by
Goodenough [20] and previous works on similar systems.
In a recent publication [18], we extensively discussed the
effect of Rh substitution, which is isovalent to Ir. We
therefore assume that the same line of reasoning applies
to Ir substitution. Let us briefly summarize it. In order
to explain the effect of iridium upon the magnetotrans-
port properties of the manganites, two possibilities can
be considered successively, which correspond to the fact
that iridium can be either trivalent [13] or tetravalent
[14,15]. Let us take as an example the doping of the CE-
type AFM structure of Pry.5Cag s MnOs, which consists of
FM zig-zag chains of Mn3*/Mn** cations, coupled anti-
ferromagnetically [2]. The substitution of Ir3* for Mn3* in
such a structure would not introduce any ferromagnetism

particularly in the low spin (tgg)ﬁeg configuration of Ir3t.

In contrast, the substitution of one Ir*t cation for one
Mn** cation, should induce ferromagnetism due to the
(tag)®e) S = 1/2 configuration of Ir**.

The substitution of Mn by various cations does (or
does not) lead to an anomalous ferromagnetic metallic
state. This gives a hint that the substituting cation par-
ticipates to the conduction, if any. The second case cor-
responds to ions which are in d° configuration (the ex-
ception of Fe is discussed below). Here the substitution
does not destabilize the insulating state. For these ions,
Mg?*, Ti**, Nb°*+ [17], we note that the e, levels, which
are the only ones to allow for a metallic state involving
the impurities, are far above the ionization energy. They
therefore do not directly contribute to the formation of a
metallic state. In contrast, the substitution with various
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Fig. 5. M(T) in 1.45 T of Pro.4Cag.¢Mni—yIryOs.

3d, 4d and 5d cations with partially filled d-shells such as
Ni, Co, Cr [8], Ru [10-12], Rh [18], and Ir (this work) re-
sults into an anomalous FM state, and therefore calls for
a common mechanism. The metallicity of this state turns
out to result from the ability of these ions, which are all
substantially larger than Mn**, to hinder the establish-
ment of the long-ranged charge-(and orbital) ordered in-
sulating state. There are enhanced valence fluctuations of
the type Ir’™ + Mn?** — Ir3T 4+ Mn?* involving e, elec-
trons on both cations compared to the non-substituted
samples. This mechanism dynamically involves Ir3* in a
configuration (tgg)5e£17, which is an excited state of Ir3t
in the low spin configuration (tgg)ﬁeg. Most probably the
valence fluctuations involving ¢s4 electrons are less impor-
tant: in particular if the ions are ferromagnetically cou-
pled, all three ¢y, levels are occupied with (say) up spin
electrons, which therefore do not move. Another valence
fluctuation may result from the motion of the down spin
electrons of Ir**. It involves Mn2* configurations, a highly
excited state, and therefore occurs scarcely. Finally, trans-
ferring the e, electron of a Mn3t ion to a tag level of Ir is
not expected to be of any relevance given the smallness of
the overlap of the orbitals.

The existence of valence fluctuations involving e, elec-
trons is subject to the condition that a non-filled e, or-
bital is available on the substituting atom. This indeed
holds for the above ions, in contrast to Ti*t and Nb°*,
which are in d° configurations. Obviously such valence
fluctuations also take place in the non-substituted sam-
ples, even in the CO state. However the symmetry break-
ing that accompanies the CO transition strongly suggests
that one Mn ion mostly couples to two of its six surround-
ing neighbors. On top, there is experimental evidence in
Pr0.5570.41Ca0.00MnO3 that the Mn*™ ion is off-centered,
with one single “short” Mn**-O distance [19]. This may
be visualized as following from having an ion (the Mn**
ion) that is too small to have a sufficient overlap with
all its neighbors, and which therefore has to choose one of
them as a partner. Without speculating that the Mn** ion
is statically off-centered in the compounds under study,
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one may nevertheless suspect that substituting Mn** by,
say, substantially larger Ir**, will deeply modify the sit-
uation. Indeed there is no reason to imagine the Ir** ion
being off-centered. As a result one may expect that all
Ir-O distances will be very similar, in contrast to the Mn-
O distances. This higher degree of symmetry may then
lead to be having the d2_,2 orbital lower in energy than
the ds,2_,2 one. Therefore we conclude that the ratio ki-
netic energy wvs. electron-phonon energy will be larger for
a IrOg octahedron than for a MnOg one. This brings the
Ir-substituted system closer to the physics of the double-
exchange model, than the non-substituted one. One may
therefore expect that the reduction of the influence of the
electron-ion coupling will be reflected in the value of the
temperature T, at which the metallic behavior sets in.
At this stage it would be tempting to relate Ty, to the
ionic radius of the substituting atom. Taking as an ex-
ample Ir substitution, most valence fluctuations will be of
the type Ir*™ + Mn?* « Ir¥* + Mn*t i.e., the e, elec-
tron of Mn37 is going to Ir**. Since the atomic radius of
Ir3*t (0.68 A) is larger than the one of Rh3t (0.665 A),
one expects a higher T,,, which is indeed the case [18].
When trying to extend this reasoning to other elements,
one quickly realizes that the atomic radius is far from be-
ing the only parameter. Obviously, the spin state and the
valency degree of the substituting atom, (5+ for Ru, 2+
for Co, 3+ for Cr) plays an important role as well, which
renders a quantitative estimate of Ty, difficult. However,
regardless of the detailed mechanisms, they all hinder the
establishment of long-ranged charge ordering. Two excep-
tional substituting atoms deserve further comments: Cr
and Fe. It is well known that valence fluctuations are
strongly suppressed in six-fold coordinated Cr®*. In this
case, there is a strong antiferromagnetic coupling of Cr
to all its neighbours, and ferromagnetism results from a
“domino effect” [12]. In contrast to all the above cations,
iron substitution produces neither metallicity nor ferro-
magnetism [17]. Assuming that Fe is 34+ in a high spin
configuration, it thus substitutes for Mn®t. As far as the
ionic radii are concerned, the one of Fe3* and Mn3?t are
equal. Therefore iron substitution is expected to have little
influence on valence fluctuations in the manganites under
consideration. There will merely be a small suppression of
the charge ordering transition due to disorder effect.

Concluding remarks

This study shows that the doping of manganese sites by
iridium in Pr;_,Ca,MnO3 manganites induces ferromag-
netism, metallicity and consequently a CMR effect. It is
the first time that such an effect is evidenced for a 5d
cation. In this respect such properties of iridium can be
compared to those recently observed for 3d dopants (Ni,
Co, Cr) and 4d dopants (Ru, Rh), which are also effec-
tive agents to enhance ferromagnetism and metallic like
behavior in manganites. The paradox of iridium deals
with the fact that one expects for this cation a great sta-
bility of its trivalent state Ir3*, whose low spin config-
uration (tzq)%) should not induce any ferromagnetism.

Thus in comparison to other magnetic cations, one can
propose that in the case of Ir doping valence fluctua-
tions involving e, electrons on both cations of the type
Ir*t + Mn?t < Ir3* 4+ Mn?** are enhanced, bringing the
physics of the Ir-doped systems closer to the double ex-
change model.
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