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It is shown that ferromagnetism and insulator to metal transitions in smallA site cation manganites
Pr12xCaxMnO3 are induced by rhodium doping. Colossal magnetoresistance properties are
evidenced for a large compositional range (0.35<x,0.60). The ability of rhodium to induce such
properties is compared to the results obtained by chromium and ruthenium doping. Models are
proposed to explain this behavior. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1380412#

I. INTRODUCTION

The perovskite manganites Ln12xCaxMnO3 often ex-
hibit, at low temperature, a charge ordered state,1–6 whose
metastable character is crucial for the appearance of colossal
magnetoresistance~CMR!. The CMR effect in these cases is
indeed based on the competition between the insulating
charge ordered state and the ferromagnetic metallic state that
takes place when a magnetic field is applied, also leading to
the phase separation phenomena.7–13 In those manganites,
the stability of the charge ordered~CO! state increases as the
size of theA-site cation decreases14–17so that the possibility
of obtaining a ferromagnetic metallic state under a magnetic
field is hindered for smallA-site cations, and consequently
CMR, disappears.

An interesting route to induce CMR in such perovskites
consists of doping Mn sites with foreign cations, since such a
method weakens and even destroys the ordering of Mn31 and
Mn41 species. Nevertheless, the collapse of CO is not suffi-
cient to induce CMR, since it should also enhance ferromag-
netism and metallicity. For this reason, only some magnetic
cations, such as cobalt, nickel,18 chromium,19,20 and recently
ruthenium,21–24 were found to be effective dopants.
Rhodium, because of its two stable electronic configurations,
Rh(III )-d6 and Rh(IV)-d5 is a potential dopant for CMR
manganites. We report herein on the possibility of inducing
both ferromagnetism and metallicity in Pr12xCaxMnO3 man-
ganites by doping with rhodium. We show that the behavior
of rhodium is rather similar to chromium, but with smaller
Curie temperaturesTC and larger resistivities.

II. EXPERIMENT

The manganites Ln12xCaxMn12yRhyO3 were synthe-
sized from intimate mixtures of oxides Pr6O11 or Sm2O3,
CaO, Mn2O3 and Rh2O3 first heated in air at 1050 °C for 12
h, then sintered in the form of bars up to 1400 °C for 12 h
and slowly cooled down to room temperature at 100 K h21.

The magnetic measurements were performed with a super-
conducting quantum interference device magnetometer under
1.45 T, whereas the transport measurements were carried out
with a Quantum Design physical properties measurements
system, under 0 and 7 T~four-probe method!. The purity of
the samples was checked by electron diffraction~ED! using a
200 kV microscope, and the cationic composition was deter-
mined by energy dispersive spectroscopy, using a Kevex
analyzer. The analyses carried out for numerous crystallites
show an homogeneous distribution of the cations and an ac-
tual composition very close to the nominal one, within the
limit of the technique accuracy.T-dependent ED and lattice
imaging were also carried out between 92 and 400 K. Ther-
mopower measurements were made under zero applied mag-
netic field using a four-point steady state method with sepa-
rate measuring and power contacts. More details of the
experimental setup are given in Ref. 25.

III. RESULTS

The rhodium substitution for manganese in the hole
doped manganites Pr0.8Ca0.2MnO3 and Pr0.7Ca0.3MnO3 does
not significantly influence the magnetic and transport prop-
erties of these compounds: these oxides remain insulators
and ferromagnetic whatever the rhodium level up to 10% Rh,
with a TC taken at the inflection point close to 120 K to be
compared to 120 K for the pristine compounds.26 Similarly,
the magnetic moment at 5 K for Pr0.8Ca0.2MnO3, M
53.7mB is not greatly affected, leading toM53.2mB for
Pr0.8Ca0.2Mn0.9Rh0.1O3. Nevertheless, the doping with
rhodium significantly reinforces ferromagnetism as the cal-
cium content increases, as shown for Pr0.7Ca0.3MnO3, whose
magnetic moment at 5 K,M51.7mB is increased toM
52.7mB by doping with 5% Rh.

But the most spectacular effect appears for the mangan-
ites Pr12xCaxMnO3 with 0.35<x<0.50, for which the dop-
ing with rhodium induces a dramatic increase of ferromag-
netism as illustrated by the M (T) curves of
Pr0.65Ca0.35Mn12yRhyO3 @Fig. 1~a!# and of
Pr0.5Ca0.5Mn12yRhyO3 @Fig. 1~b!# which show that the mag-

a!Author to whom correspondence should be addressed; electronic mail:
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netic moment of the pristine oxide at 5 K, smaller than
0.5mB , is increased up to 3.2mB by doping with rhodium. As
shown for Pr0.5Ca0.5Mn12yRhyO3, the magnetic moment
generally increases regularly with the rhodium content reach-
ing the magnitude close to the theoretical value (;3.5mB)
for y50.06 and then decreases again asy increases@Fig.
1~b!#. Concomitantly, the magnetization maximum at about
250 K, which is characteristic of the charge-ordering setting
in Pr0.5Ca0.5MnO3, tends to disappear as the Rh content in-
creases and is no longer observed fory50.06 @Inset of Fig.
1~b!#. Note also thatTC does not vary dramatically, being
close to 125 K fory50.06 and decreasing to 80 K fory
50.10. Correspondingly, ther(T) curves~Fig. 2! are char-
acterized by a maximum when doped with rhodium, indicat-
ing a tendency to a transition from an insulating paramag-
netic state to a ferromagnetic metal like one, at decreasing
temperature. Nevertheless, the value of the resistivity at low
temperature remains high (.531022 V cm), so that most
often the samples cannot be described even as bad metals,
contrary to what is observed for chromium or ruthenium
doping.19–24 This is especially the case of the limit com-
pounds Pr0.65Ca0.35Mn12yRhyO3 @Fig. 2~a!# for which a
bump in the resistivity is observed around 50 K fory
50.05– 0.10, but the resistivity at low temperature, i.e., at 5
K, is still very high (.103 V cm!, though ther value at 5 K
is too high to be measured in the undoped phase.26 For larger
calcium contents, the metallicity is significantly increased by

Rh doping as shown for the Pr0.5Ca0.5Mn12yRhyO3 series
@Fig. 2~b!#. For the latter series, one indeed observes a peak
shapedr(T) curve whatever the Rh content, ranging from
2% to 10%, and the resistivity is decreased by several orders
of magnitude with respect to the undoped material. The re-
sistivity at low temperature~5 K! decreases indeed from
>106 V cm for y50 to 731022 V cm for y50.04 and in-
creases again withy, reaching 30V cm for y50.10. Thus a
transition from an insulating to a semimetallic or poorly me-
tallic state is clearly observed for 4%–5% Rh. Note also that
the transition temperature (Tpeak;110 K) follows the Curie
temperature@Fig. 1~b!#, increasing asy increases up to 4%,
and then decreasing asy increases from 4% to 10%. These
results will be discussed below in the picture of phase
separation.11

For the electron rich region, the effect of Rh doping
drops abruptly, as shown for Pr0.4Ca0.6Mn12yRhyO3 ~Fig. 3!
which exhibits a much lower magnetic moment ranging from
0.25mB for y50.05 to 0.55mB for y50.10 @Fig. 3~a!# and
remains insulating@Fig. 3~b!# whatever the rhodium content.
Note that for Pr0.2Ca0.8Mn12yRhyO3, practically no ferro-
magnetism is induced by Rh doping (M,0.1mB) and the
oxides remain insulating similarly to the pristiney50
composition.16

As previously observed for the doping with magnetic
cations,20 the effect of Rh doping decreases with the average
size of the A-site cation. For instance, the doping of
Sm0.5Ca0.5MnO3 with rhodium induces only small ferromag-

FIG. 1. T dependence of the magnetizationM collected in 1.45 T after a
zero field cooled process for the series:~a! Pr0.65Ca0.35Mn12yRhyO3 and~b!
Pr0.5Ca0.5Mn12yRhyO3. y values are labeled in the graph. Inset of~b!: en-
largement in the vicinity ofTCO.

FIG. 2. T dependence of the resistivityr registered upon cooling from
400 K in the absence of magnetic field for the series:~a!
Pr0.65Ca0.35Mn12yRhyO3 and ~b! Pr0.5Ca0.5Mn12yRhyO3.
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netic components,M50.25mB and M50.85mB @Fig. 4~a!#
for y50.05 and 0.10, respectively, and, moreover, the mate-
rials remain insulating@Fig. 4~b!#.

These results show that the doping of Pr12xCaxMnO3

manganites with rhodium induces ferromagnetism and me-
tallicity in a rather similar way as was found for chromium
doping.19,20 The most important effect of rhodium concerns
its ability to induce ferromagnetism in the Pr12xCaxMnO3

series withx ranging from 0.35 to 0.50, with magnetic mo-
ments very similar to those observed for Cr doping. Never-
theless, the Curie temperatures of the Rh-doped manganites
are smaller than those of the Cr-doped compounds reaching
maximum values of 120 K against 150 K for the Cr doped
ones,19,20 and the correspondingM (T) curves are generally
smoother, indicating that Rh is less effective in inducing fer-
romagnetism than Cr. This viewpoint is supported by the
Rh-doped Sm0.5Ca0.5MnO3 compounds which exhibit maxi-
mum magnetic moments at 5 K of 0.25– 0.85mB only, to be
compared to the Cr-doped ones which reach maximum val-
ues of 1.2– 2.0mB .20 The less effective ability of Rh to in-
duce ferromagnetism compared to Cr, is demonstrated by
comparing the series Pr0.4Ca0.6Mn12yRhyO3, which exhibit
magnetic moments at 5 K of only 0.55mB , with the series
Pr0.4Ca0.6Mn12yCryO3 for which magnetic moments of
2.5mB are observed.20 Finally Rh doping differs fundamen-
tally from Cr doping by its significantly smaller efficiency to
induce metallicity: we indeed observe for instance that the
resistivity of the Rh-doped Pr0.5Ca0.5MnO3 compounds is
more than 1 order of magnitude larger than the correspond-
ing Cr-doped samples.

The ability of rhodium to induce both ferromagnetism
and a certain tendency to metallicity, ensures that CMR can
be expected for the Rh-doped manganites. This is indeed
observed for the Pr0.65Ca0.35Mn12yRhyO3 series@Fig. 5~a!#
which exhibits the highest resistivity ratios under 7 T at 50 K
~r0T /r7T reaches 107 at 50 K! and for the
Pr0.5Ca0.5Mn12yRhyO3 series@Fig. 5~b!# which is character-
ized by a maximum value of the resistance ratio atTC

(r0T /r7T'102). Note that the series Pr0.4Ca0.6Mn12yRhyO3,
exhibits CMR properties with resistivity ratios close to 105 at
50 K @Fig. 5~c!# though its ferromagnetic component is
rather weak which indicates that these compositions lie close
to the percolation threshold.

The Rh ability to progressively hinder the CO process at
the benefit of the ferromagnetic metallic state as its content
increases has been checked by ED as a function of tempera-
ture for Pr0.5Ca0.5Mn0.95Rh0.05O3. At 92 K, the sample is
made of the coexistence of small CO regions with ‘‘nonor-
dered’’ ones. The latter are characterized by an orthorhombic
structure~Pbnmaspace group! with ‘‘ ap&32ap3ap& ’ ’
cell parameters whereap is the primitive perovskite cell pa-
rameter. A typical ED pattern of such a nonordered area is
given in Fig. 6~a!; it is similar to the room temperature one.
In contrast, the CO regions observed at 92 K exhibit ED
patterns with extra peaks in incommensurate positions@Fig.
6~b!#. This system of satellites is characteristic of the CO
state, with a modulation vectorqa* , so that a subcell
(1/q)ap&32ap3ap& is obtained with an averageq value
close to 0.46. Note that the coexistence of ordered and

FIG. 3. Pr0.4Ca0.6Mn12yRhyO3: ~a! M (T) and ~b! r(T) curves.
FIG. 4. Sm0.5Ca0.5Mn12yRhyO3.: ~a! M (T) and ~b! r(T) curves.
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nonordered domains was also observed in the
Pr0.5Ca0.5Mn0.95Cr0.05O3,

27 but with a lower modulation vec-
tor (q50.39). The lattice images recorded at 92 K confirm
that the sample is made of CO domains, a few tens of na-
nometers wide, in a nonorderedPnma-type matrix. One ex-
ample is given in Fig. 6~d!. The contrast consists of bright
and less bright fringes. In the small CO areas, the local pe-
riodicity is nap&, with n52 and 3~see in the middle part of
the image, between small black arrows!. In the rest of the
grain, the distance between two fringes of equal intensity is
ap&, (n51), in agreement with the cell parameter of the
nonordered structure~lower part of the image!.

By warming the samples, theq value remains roughly
constant in the range 92–120 K@Fig. 6~e!#. Above 125 K, the
intensity of the satellites abruptly decreases whereas con-
comitantly theq value smoothly decreases. This is illustrated
in Fig. 6~c!, recorded at 165 K@same area as Fig. 6~b!#. At
200 K, the q value is close to 0.4 and the satellites are
scarcely visible. Between 200 and 230 K, there are no nodes
but only diffuse streaks alonga* , and above 230 K they are
no longer detectable. These results indicate thatTCO is de-
pressed in the doped Pr0.5Ca0.5Mn0.95Rh0.05O3, in comparison
with TCO5250 K for the pristine Pr0.5Ca0.5MnO3 compound.

Accordingly, the field dependent magnetizationM (H)
curve registered at 5 K for y50.05 exhibits a ferromagnetic
behavior with a saturation at 3mB /f.u., i.e., close to the ex-
pected moment (;3.5mB), which is very different from the

FIG. 5. T dependent resistivity ratiosr0 /r7T obtained by dividing the re-
sistivity in the absence of magnetic field (r0) by the resistivity measured in
the 7T(r7T). Both sets of data,r0(T) andr7T(T) are collected in cooling
mode: ~a! Pr0.65Ca0.35Mn12yRhyO3 ; ~b! Pr0.5Ca0.5Mn12yRhyO3 ; ~c!
Pr0.4Ca0.6Mn12yRhyO3.

FIG. 6. @010# orientation of the Pr0.5Ca0.5Mn0.95Rh0.05O3 crystals: ~a! ED
pattern at 92 K for a nonordered area and~b! ED pattern at 92 K for a CO
area;~c! ED pattern at 165 K for the same CO area;~d! @010# lattice image
recorded at 92 K. In the CO areas the fringe spacing isnap&, with n52
and 3~black numbering! andap& in thePnma-type areas;~e! T dependence
of the modulation vectorq for Pr0.5Ca0.5MnO3 and for the remaining CO
regions of Pr0.5Ca0.5Mn0.95Rh0.05O3. The size of the symbols reflects the
intensity of the satellites.
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low M values obtained for the CO–AFMy50.00 sample
@Fig. 1~b!#.

Another proof of the gradual disappearance of charge
ordering induced by Rh doping is given by thermopower
measurements. These measurements were performed on the
sample Pr0.5Ca0.5Mn0.95Rh0.05O3. Figure 7 presents the re-
sults obtained as the sample was cooled from 320 to 5 K
under zero field. They are compared to the results obtained
for the undoped sample Pr0.5Ca0.5MnO3 (y50). As previ-
ously described in Ref. 28, the charge ordering transition in
Pr0.5Ca0.5MnO3 at TCO'250 K is associated with a steep de-
crease of the thermopower leading to large negative values at
low temperatures. Doping the compound with 5% of Rh
strongly modifies thermopower. The steep decrease ofS(T)
is changed into a slowly decreasing value ofS as T de-
creases. AtT'90 K, as the sample enters the ferromagnetic
and ‘‘metallic’’ state as shown in Figs. 1~b! and 2~b!, the
absolute value of thermopower goes back to very small val-
ues, characteristic of a ‘‘metal.’’ This strong decrease of the
absolute value ofS in the high temperature insulating phase
of the doped compound (90 K,T,TCO) shows that long-
range ferromagnetic ordering has been efficiently stabilized
by Rh doping.

In order to explain the role of rhodium in the magnetic
and transport properties of these doped manganites, there are
several aspects to consider. They include the electronic con-
figuration of rhodium and the coupling to its environment.
Also one needs to figure out why a~bad! metallic behavior
sets in and the reason for the observed ferromagnetism. We
now proceed to these considerations. Concerning first the
electronic configurations of rhodium, we may consider, ac-
cording to previous studies,29 that rhodium is either trivalent
or tetravalent. The substitution of Rh31 for Mn31 in those
oxides would not introduce any ferromagnetism, nor metal-
licity since the (t2g)6eg

0 configuration of this species would
lead to S50 as shown previously ford° cations
(Mg21, Al31, Ti41, Nb51!.30 The doping of these oxides with
Rh41, with the (t2g)5 configurations is on the other hand
susceptible to introducing ferromagnetism and metallicity
similar to Rh41, which is in the (t2g)4 configuration.21–24Let
us indeed consider the Rh41 doping of the charge ordered
charge exchange~CE!-type structure of Pr0.5Ca0.5MnO3 @see
projected two-dimensionaly structure Fig. 8~a!#, in an other-

wise undisturbed charge-ordered state, in a static picture.
This structure consists of FM zig-zag chains of Mn31/Mn41

cations, the coupling between chains being antiferromag-
netic. In other words, one Mn atom is primarily coupled to
two of its Mn neighbors througheg electrons, and weakly
coupled to the other four throught2g electrons. One should
first notice that the ionic radius of Rh41(0.6 Å) is substan-
tially larger than that of Mn41(0.53 Å), but similar to
Mn31(0.64 Å). Therefore the Rh41 ions should be sitting at
the center of the MnO6 octahedron in contrast to the off-
centered location of Mn41.31 As a result, one expects that the
coupling of Rh41 to its neighbors is going to be more sym-
metrical than it is the case for Mn41, thus leading to a local
suppression of the charge ordering of the CE-type structure.
As the rhodium content increases, the nonordered regions
will percolate, yielding a metallic behavior.

Having explained the role of rhodium substitution in es-
tablishing a metallic behavior, we turn to the magnetism. In
this context one may expect that the larger Rh41 would
‘‘push away’’ surrounding oxygen as a result of which the
orbitals of Mn31 surrounding Rh41 will all be directed away
from it @see Fig. 8~b!#. One immediately sees that, according
to Goodenough–Kanamori rules, the spins of these flipped
Mn31 ions would be reversed, creating small ferromagnetic
clusters and establishing conducting ‘‘bridges’’ between
neighboring parallel zigzag chains which, before introducing
Rh41, were separated by the antiparallel ones. This may be a
factor contributing to the establishing of the FM state by
rhodium doping.

There exists however yet another, and probably more
important mechanism. Notably, there may occur valence
fluctuations of the type Mn311Rh41↔Mn411Rh31. Note
that these valence fluctuations would most probably occur
via hopping of eg electrons, as a result of which the
Rh31(d6) will be in an excited intermediate spin state
(t2g

5 eg
1), similar to such state in Co31.32 They can effectively

destroy charge ordering and provide an efficient mechanism
for the ferromagnetism and metallic conductivity similar to
the conventional double exchange~this mechanism is analo-
gous to the one responsible for the FM behavior of the
double perovskites Sr2FeMoO6!.

33 This process is efficient
for underdoped systems, when we have many Mn31 ions.
However for over doped system (x>0.6), Rh41 is predomi-
nantly surrounded by Mn41 ions, so that this mechanism
becomes less and less efficient, in contrast to Ru doping

FIG. 7. T dependence of the thermopowerS for the compounds
Pr0.5Ca0.5MnO3 (y50) and Pr0.5Ca0.5Mn0.95Rh0.05O3 (y50.05).

FIG. 8. ~a! Orbital, charge and spin ordering of the CE-type structure.~b!
Creation of ferromagnetic regions by Rh41 doping.
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where similar valence fluctuations are Mn411Ru41

↔Mn311Ru51.

IV. CONCLUSION

Anomalous ferromagnetic phase induced by rhodium
substitution in charge-ordered manganites Pr12xCaxMnO3

has been discovered. It extends fromx50.35 tox50.5. With
Curie temperatures around 100 K it is found that Rh doping
is less efficient than Cr or Ru doping. Nevertheless, the in-
duced phase separation is responsible for the observed CMR
properties. These properties are understood as following
from the collapse of the charge ordering transition as probed
by the dramatic change in the thermopower.
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