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Abstract. The low temperature magnetic and transport properties of the Pro.5Cag.s Mni_;zNizO3s man-
ganites (0 < z < 0.1) have been investigated. The presence of Ni hinders the charge and orbital ordering
observed in Pro.5Cap.s MnO3 and favors the creation of ferromagnetic regions, leading to phase separation.
The ferromagnetic fractions induced by the Ni substitution have been estimated from magnetization mea-
surements, they are large and reach 40% for 4% of Ni. Steps are observed in the M (H) and p(H) curves of
all the samples at T' < 5 K. They are similar to the steps observed in Prg 5Cag s Mn;_;M;Ogs, where M is a
non magnetic cation (Mg?", Ga®*,...), and for which the ferromagnetic fractions are very small (less than
2%), however, their appearance is restricted to lower temperatures (T' < 5 K) with Ni dopant than with
non magnetic cations. This study shows that steps can be observed in a wide range of phase-separated
systems, even when the ferromagnetic fraction is very large.

PACS. 71.30.4+h Metal-insulator transitions and other electronic transitions — 75.25.4+z Spin arrangements
in magnetically ordered materials (including neutron and spin-polarized electron studies, synchrotron-

source X-ray scattering, etc.) — 61.14.-x Electron diffraction and scattering

Manganites Ln;_,Ae,MnO3 have been the subject of in-
tense studies in recent years after the discovery of colos-
sal magnetoresistance (CMR) property ([1] and Refs.
therein). In these compounds, the Mn®*/Mn** ions
are linked through double-exchange interactions which
favour the hopping of the e; electrons when the Mn
core spins are aligned. The application of a magnetic
field leads, therefore, to a drastic reduction of resistiv-
ity. For Prg 5Cag.5sMnQOs, the double-exchange is hindered
by the establishment of long range charge-ordering and
orbital-ordering (CO/00) [2] at Tco ~ 250 K for the
Mn?+ /Mn** ratio equal to 1. This antiferromagnetic
CO/0O phase is very stable and a magnetic field of 27 T
is required at 4.2 K to melt it into a ferromagnetic metallic
(FMM) state [3].

Omne way to destabilize CO/OO is to partially substi-
tute Mn by a foreign cation [4]. Two different behaviours
can be found depending on the cation, as summarized in
reference [5]. Di-, tri-, tetra- or pentavalent non magnetic
cations, i.e. with d° or d'° electronic configurations, can
destabilize CO/OO and favor insulator to metallic (I/M)
transition in the presence of magnetic field, while mag-
netic cations (except Fe?) such as Cr?*, Co?* induce
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the formation of large ferromagnetic fractions with I/M
transitions even without magnetic field. Ni?t is one of
those cations [6], yielding a maximum magnetic moment
of 2.6 up in 1.45 T and a maximal T¢ close to 75 K for
4% of Ni. In these substituted compounds, phase sepa-
ration is induced and CO/OO short range AFM regions
are found to coexist with charge disordered FMM zones
as evidenced by Electron Microscopy and Neutron Pow-
der Diffraction (NPD) studies [7]. The size of the CO/O0
areas determined by electron microscopy at 92 K is close
to 10-100 nm as observed in Prg 5Cag.5sMng.g5Alg.0503 [7]
and Prg.5Cag s Mng.95Gag.0503 [8]

The existence of phase separation can induce very
peculiar behaviours for a narrow range of doping. The
influence of thermal cycling has been investigated by
Mahendiran et al. in these compounds, doped with a
maximum of 3% of Cr, Ni or Al [9]: this thermal treat-
ment induces a spectacular increase of resistivity and a
decrease of magnetization associated with the stabiliza-
tion of CO/OO phase by thermal cycling at the expense
of the FM one. One new puzzling phenomenon has been
recently observed: it has been found that at low temper-
atures (T' < 10 K), the magnetic field driven magnetiza-
tion curves exhibit steep jumps on the increasing branch,
which are also observed in resistivity and specific heat
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measurements [8]. The magnetization increases by sev-
eral steps, in some cases up to the expected saturation
value (for example in Prg 5Cag sMng g5 Gag.0503 [10,11]),
and the transition is irreversible. As specific heat mea-
surements also exhibit these steep jumps, it was ar-
gued that they could not simply be related to a reori-
entation of magnetic domains but rather to a magnetic
phase transition from AFM to FM [8]. These jumps have
been observed in a large number of Mn site substituted
Prg.5CagsMn;_,M,Ogs, where M is a non magnetic cation
(Mg?*, Ga3t, Ti**, Sn** etc). The substitution destabi-
lizes the CO/OO phases, induces phase separation, and
jumps in the M(H) curves are observed [10]. For these
non magnetic dopants, the ferromagnetic fraction was es-
timated to be rather small (maximum 2%). We report
here results obtained for the Prg 5Cag s Mn;_,Ni, O3 series
with 0 < z < 0.1, a family in which large ferromagnetic
fractions are evidenced and for which metal to insulator
transitions are observed even without applied field.

The PrpsCagsMn;_.Ni,Os manganites were pre-
pared in the form of polycrystalline samples by mixing
the oxides PrgO11, CaO, MnOs and NiO in stoichiomet-
ric proportions. The powders, first heated at 1000 °C,
were pressed in the form of bars of typical dimensions
2 x 2 x 10 mm. The sintering was made at 1200 °C and
at 1500 °C for 12 h, then the samples were slowly cooled
down to 800 °C and quenched to room temperature. To
ensure that the final quench has no impact on the step
features under study, two compositions, = 0.04 and
x = 0.08, were also slowly cooled down (10 °C/h from
800 °C). Their magnetization steps are found to exhibit
similar features to that of quenched ceramics. Another
evidence against a determinant role of the quench is that
magnetization steps are also observed in crystals grown
by the floating zone method, i.e. a completely different
technique.

The purity of the samples was checked by X-ray
powder diffraction and by electron microscopy (electron
diffraction (ED)) and their compositional homogeneity
was examined by Energy Dispersive Spectroscopy (EDS)
coupled to ED. For all studied x values, a clear correspon-
dence between the nominal and actual Ni contents is ob-
served in the accuracy limit of the technique (£0.01). This
result rules out any ‘chemical’ phase separation which
could be responsible for the step feature at 2.5 K described
hereafter. Since the CO/OO observations by electron mi-
croscopy (ED) cannot be performed below 92 K with our
set-up, any comparisons with magnetic properties (2.5 K)
is delicate. Only the = = 0.10 composition, corresponding
to the largest Ni content of the series has been studied at
92 K by ED. A more complete structural study for other
x is now under progress and will be reported separately.

The physical properties have been measured using
a SQUID magnetometer for magnetization studies and
a Physical Properties Measurements System for trans-
port measurements (four probe resistivity), both from
Quantum Design. Previous measurements have shown
that the measurements are highly sensitive to the ther-
mal and magnetic field history of the sample. Therefore
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Fig. 1. p(T) of Pro5CaosMni—5NizOs measured in 0 T.
Inset: Ferromagnetic fraction zrm as a function of x, esti-
mated from the magnetization measured at 5 K and 0.2 T:
TFM = (M - Mundoped)/MRuO.OS-

a ‘virgin’ piece of ceramic was selected for each M (H) or
p(H) measurement.

Figure 1 presents the resistivity p measured un-
der 0 T as a function of temperature for the
Prg5CagsMn;_,Ni, O3 series with 0 < x < 0.1. p is
strongly decreased below Tco by the introduction of Ni on
the Mn site and the change of slope at Tco ~ 250 K, char-
acteristic of CO/OO observed for the undoped compound,
has been suppressed. At room temperature, p increases as
the Ni content increases, as expected from the increase of
disorder in the Mn network. As T' decreases, an insulator-
to-metal transition (I/M) occurs for Ni content as small
as x ~ 0.03. The resistivity at 5 K, psk, is minimal for
x ~ 0.03 and then increases as x increases. For = > 0.08,
the I/M transition disappears, the sample is insulating in
the whole temperature range with a resistivity at low T’
still much smaller than the one of the undoped compound
(for example, at 50 K, p = 10* Qcm for = 0.1 while
p > 10 Qcm for x = 0).

The inset of Figure 1 presents the ferromagnetic frac-
tion apy estimated from the M(H) loops measured at
2.5 K. Following previous studies [12], gy has been es-
timated at 2.5 K in a field of 0.2 T assuming that this
small field will favor FM alignment of domains without
influencing the CO/OO0 to FM transition. zpy is equal
to the ratio of the magnetic moment measured at 2.5 K
and 0.2 T (corrected from the value of magnetization
in the undoped compound) divided by the moment of
Prp.5Cag.5sMng g5 Rug.0503, for which a fraction of ferro-
magnetic regions of 100% is assumed [5]. In the inset of
Figure 1, the theoretical 3D percolation threshold, 17%, is
represented by the dotted line, and consistently with the
p(T) measurements, the inset shows that an I/M transi-
tion should exist for x ranging from  ~ 0.02 to  ~ 0.08.
Taking the uncertainty on the determination of xgy into
account, the good agreement between the estimated zpy
and the p(T') curves is highly satisfactory in the framework
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Fig. 2. a) M(H) loops at T = 25 K of
Pro.5Cao.sMni1—;NizOs. b) M(H) loops at T = 2.5 K of

Pro.5Cao.5 Mng.95 Gao.o5 O3 and Pro.5Cao.5Mno.o5Ruo.0503.

of the percolation scenario. Since the Ni?* substitution for
manganese generates Mn3T /Mn** ferromagnetic metallic
regions in the CO/0O0 matrix, an I/M transition is ex-
pected as soon as xpy becomes larger than the percolation
threshold. Nonetheless, large concentrations of Ni** (like
10%) shifts significantly the Mn valency towards 4+ which
tends to reinforce the Mn3*+ /Mn** CO/OO phenomena at
the expense of the FM state. Moreover, Ni?* (or Co?*)
exhibit different electronic configurations than those of
Mn?+ /Mn**. This is not the case of chromium, Mn**+ and
Cr?t being isoelectronic. Consequently, the Ni%* partici-
pation to the Mn3* /Mn** double-exchange process is not
as good as that of Cr3T. By increasing too much the Ni
concentration, the FM state becomes diluted and conse-
quently this will also favor a decrease of the FM fraction.
This gives a rough explanation for the existence of an opti-
mum in the FM fraction as a function of Ni concentration.

Figure 2 presents the M (H) loops measured at 2.5 K
for different Ni concentrations. As x increases, the mag-
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Fig. 3. M(H) (left-scale) and p(H) (right-scale) at 2.5 K of
Pro.5Cao.5 Mno.96Nio.04O3.

netization increases and reaches a maximum for z = 0.03,
with M reaching the maximal value M = 3.3up at
5 T. The magnetization curve is not continuous as H in-
creases, but presents steps, similar to the ones encoun-
tered in Prg 5CagsMn;_,M,Ogs, where x is a non mag-
netic cation. An example of the M(H) loops obtained
in Prg5Cag.5sMng.95Gag.0503 is shown in Figure 2b. For
comparison, the M(H) loop obtained in the 100% ferro-
magnetic Ru doped sample is also shown: no steps are
observed in the whole field range.

Steps appear for Ni concentration as small as x = 0.01.
For x = 0.03, two steps are necessary to reach saturation,
at 2.25 T and 4.25 T. As the Ni concentration increases
beyond 0.03, magnetization decreases again, but steps are
still observed up to x = 0.1. The magnetic fields H; where
steps are observed depend on z: for x < 0.06, H decreases
as « increases (2 T and 3.5 T for = 0.06 compared to
2.5 T and 4 T for z = 0.01) whereas for > 0.06, H, in-
creases with = (2.25 T, 3.25 T and 4.75 T for x = 0.08).
The size of the jumps is close to 0.1-0.2up for x < 0.03,
increases to 0.3-0.5up for x < 0.07, with a maximum of
0.7up for x = 0.03, and starts to decrease for x > 0.07.
From all the investigated curves, it seems that the appear-
ance of jumps does not correspond to a critical value of
magnetization and/or field, as previously reported also for
the non-magnetic cations case [8,10]. Moreover, in the case
of non-magnetic cations, the xgy values estimated from
the M-H loops were always very small (<2%), whereas,
in the case of Ni, it evolves from 3% to 40% and steps are
also observed in the whole investigated range.

Steps are also observed on the field dependent resis-
tivity curves. Figure 3 shows the comparison between
the M (H) and p(H) curves for x = 0.04 for the increasing
field branch. Two jumps are observed on the M (H) curve,
corresponding to two jumps on the p(H) curve. The po-
sitions of the first jump are in good coincidence but the
second step is located at a lower field on the p(H) than on
the M (H) curve. Even if there exists some agreement be-
tween the two curves, a perfect correspondence in the po-
sition of steps is not expected as the two techniques probe
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Fig. 4. p(H) at T = 2.5 K of Prg.5Cag.sMn;_Ni;Os, with
x = 0.07; 0.09 and 0.1.
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Fig. 5. M(H) loops at T =5 K of Prg.5Cag.5sMni1—,Ni;Os3.

different time scales and correspond to different sweep
rates for the application of magnetic field [8,10]. Figure 4
presents the p(H) curves for z = 0.07, 0.09 and 0.1 at
T = 2.5 K. Steps are observed for the three samples, and
the characteristic fields of steps increase as the Ni content
increases, as previously inferred from the M (H) curves.

Figure 5 presents the M (H) loops measured at 5 K.
One step is observed in the x = 0.06 case at 2.25 T, a
field larger than the position of the first step at 2.5 K.
For x < 0.05, there is only a change of slope in the
M(H) curve instead of steps at ~2.5 T. The results pre-
sented in Figure 5 are thus different from the case of non
magnetic cations: for the former, jumps were observed for
T <10 K [8,10] while in the case of Ni doping, the tem-
perature range where these jumps are observed is more
limited, as they have disappeared at 5 K.

The M (H) curves, especially the position and size of
steps, can be very sensitive to the thermal history of the
samples [8,10,11]. Two successive M (H) loops recorded
at 2.5 K for £ = 0.02 and x = 0.08 are presented in
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Fig. 6. a) Two successive M (H) loops recorded at 2.5 K for
z = 0.02 and z = 0.08. The samples have been warmed at
300 K between the two loops. b) Five (three) successive M (T)
recorded under 1.45 T for z = 0.02 (for = 0.08). The samples
have first been field cooled down to 5 K.

Figure 6a. For both compositions, the ferromagnetic frac-
tion xpy estimated after the first zero field cooling is close
to 15%, as shown in Figure 1. After the first loop, the
samples have been warmed up to 300 K and cooled down
again to 2.5 K. For x = 0.02, the position of the steps is
shifted to higher fields after thermal cycling. This effect
was also observed in the case of Prg 5CagsMn;_.M;,O3
when M is a non magnetic cation [8,10]. Furthermore,
for magnetic field values below the first step, the mag-
netization decreases after thermal cycling, which corre-
sponds to a decrease of xg);. Similar results are obtained
for all the compounds with = < 0.06: the thermal cycling
seems to prevent the establishment of ferromagnetism in
these compounds, and stabilize the CO/OO phase, thus
delaying the appearance of steps to higher magnetic fields.
On the other hand, for z = 0.08, the two increasing
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magnetization curves are superimposed up to the field
where jumps are observed, i.e. xpy determined at 0.2 T
is not affected by the cycling. Also the position and size of
jumps is almost unaffected by the thermal cycling. Ther-
mal cycling effect can also be evidenced on the M (T)
curves. Figure 6b presents the M (T') curves measured af-
ter cooling in a field of 1.45 T and warming the samples to
300 K between each M (T'). Cycling the sample up to 300 K
results in a spectacular decrease of M in the following
measurements in the case x = 0.02 as previously reported
in Cr or Al doped samples [9], but on the other hand,
the successive M (T') curves registered for x = 0.08 are
superimposed, the thermal cycling effect has completely
disappeared. However, this difference of behaviour with
respect to thermal cycling does not affect the existence of
jumps: they are observed in the two sets of samples, for
all the x investigated.

The comparison of the results obtained on Ni
doped samples with those previously reported on
Prg 5CagsMn;_,M,03 (M=Mg, Ga, Sn, Sc....[8,10,11])
leads to the following remarks:

(i) The temperature range where jumps are observed (for
H < 50000 Oe ) with Ni is restricted to lower tempera-
tures compared to the case of non magnetic dopants.

(ii) The ferromagnetic fraction zpy in the Ni doped sam-
ples exhibiting jumps can be much larger than for non
magnetic dopants, reaching 40%.

iii) The size and the position in fields of the jumps are
rather similar for Ni and non-magnetic cations, close
to 0.3-0.5up but larger steps magnitude of 1.7-1.8up
have been observed only in the case of non-magnetic
cations [10], for which xzpy before the jump is much
smaller than in the case of Ni doping.

(iv) The doping content for which jumps are observed can
be as large as 10% of Ni while, for non magnetic dopant,
they mostly appear for 3-5% and then they disappear be-
yond these values.

(v) The low field behaviour of Prg 5Cag.sMn;_,Ni O3 de-
pends on whether z < 0.06 or > 0.06 but this difference
does not affect the steps.

A key parameter for the observation of these jumps
is the phase separation. In the case of the purely AFM
or FM compounds, no steps are observed. For the un-
doped AFM Prq 5 Cag.sMnOg, only a metamagnetic tran-
sition is observed at low temperature for a field close
to 27 T [3]. For the ferromagnetic Ru doped sample
Pro.5Cag.5sMng 95 Rug.0503 [5], the M(H) loops show no
jump down to 2.5 K and the first magnetization curve is
very steep, with M reaching 2up for a field as small as
2500 Oe even at T = 2.5 K (Fig. 2b).

The  formation of these jumps in  the
Pro5CagsMny_,M,O3 system (with M=Ga, Mg....[8,
10,11]) has been interpreted in the framework of the
martensitic transformation [11]. In the martensitic sys-
tems, the high temperature austenite phase transforms
into the martensite phase as T decreases. Although the
transition is of first order, multi-step transformations can
be obtained because of a too large elastic energy term
created by the strain between the two phases [13]. For the
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Prg.5CagsMn;_,M,O3 system, the phase transformation
is induced by the magnetic field and the ferromagnetic
phase corresponds to the low 7T martensite phase,
while the low field CO/OO AFM phase (with a strong
structural distorsion) corresponds to the high T austenite.

In the case of Ni doping, a similar explanation for the
appearance of jumps can be proposed but the nature of
the low field phase has to be clarified. The main difference
compared to the previous studies is that the ferromagnetic
fraction gy in this low field region is already much larger
than what was obtained with Ga, Mg etc. The value of
rrMm increases indeed very rapidly with the Ni content,
reaching a maximum of 40% for z = 0.04, compared to
a maximum of 2.3% obtained with 5% of Ga [10]. The
role of Ni is first to destabilize CO/OO as such a diva-
lent foreign cation destroys the ordering of Mn3*/Mn*+.
Moreover, contrary to the case of non magnetic cations,
the ey levels of Ni%* with electronic configuration 3d® can
participate to the band formation and favor metallicity,
so that 3% of Ni only is sufficient to induce an I/M tran-
sition. Larger contents of Ni result in a decrease of xpnm
possibly due to the progressive dilution of the magnetic
interactions between Mn3* and Mn**. Also for = > 0.06,
the thermal cycling effect disappears, reflecting the fact
that the nature of the low field phase is most probably
different for z < 0.06 and x > 0.06.

The structure of Prg5CagsMn;_,M,O3 has been in-
vestigated by Electron Microscopy and Neutron Powder
Diffraction for M=Cr and Al [7] and = = 0.05. In the
5% Cr doped samples (with zpym close to 100% [5]),
NPD investigation reveals the presence of a unique long
range ferromagnetic phase at low temperature (5 K) even
if electron microscopy investigation at 92 K shows that
small short-range CO/OO regions still exist. For the 5%
Al doped samples, the situation is more complex: the
AFM state is badly established and the NPD patterns
are refined with two crystalline and two magnetic phases
but no long range FM is evidenced. The electron mi-
croscopy confirms the presence of short-range CO/00
regions at 92 K. The 5% Co doped samples have also
been investigated by NPD [14]: a ferromagnetic phase
is evidenced at low T, with a smaller moment than in
the case of Cr (=1.5up5). Susceptibility and thermopower
measurements have shown that CO/OO is weakened but
still present for 5% of Co [5]. Doping with Ni induces the
same behaviour as with Co doping as shown by magnetic
and transport measurements [5]: the low field phase for
x < 0.06 would thus consist of long-range ordered ferro-
magnetic regions mixed with short-range AFM distorted
CO/00 regions. On the other hand, electron microscopy
shows at 92 K that CO/OO has been suppressed with
10% of Ni. However, this does not rule out the possibil-
ity that phase separation persists and that two magnetic
phases with different cell parameters still coexist at very
low temperatures for £ > 0.06 and favor the occurrence of
jumps.

In conclusion, the present study demonstrates the
existence of an optimum in the ferromagnetic metal-
lic fraction induced by Ni for Mn substitution in
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Prg.5Cag sMn;_,Ni,Oz. This fraction reaches a maximum
of about 40% for x values around 0.04. For 0.03 < z <
0.07, i.e. all the compositions beyond the 3D percolation
threshold, 17%, an insulator to metal transition is ob-
served as T decreases from RT. The observation of steps
on the magnetization and resistivity curves wversus mag-
netic field, at 2.5 K, for all the compositions (0.01 < z <
0.10) shows for the first time that a large ferromagnetic
fraction is also compatible with this feature. It is also
found that the thermal cycling effect induces or not mod-
ifications in the steps, depending on the Ni concentration
with respect to the optimum ones. To understand the ex-
act role of the phase separation upon the steps generation,
a structural study at 4.2 K for different concentrations of
impurity is now under progress.
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