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H -T magnetic phase diagrams of electron-doped Sm1ÀxCaxMnO3:
Evidence for phase separation and metamagnetic transitions
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The magnetic properties of the polycrystalline manganites Sm12xCaxMnO3 have been studied for (1>x
>2/3) under high magnetic fields up to 50 T. The phase diagrams in theH-T plane have been determined. The
more representative systems have also been studied by means of neutron diffraction experiments. Increasing
the electron concentration in CaMnO3 leads to an increasing minor ferromagnetic~FM! component superim-
posed on the antiferromagnetic~AFM! background. A cluster-glass regime is observed forx50.9, where FM
clusters are embedded in theG-type AFM matrix of the parent compound. For 0.8>x, field-induced transitions
from the AFM ground state to a FM one have been observed. They correspond to the melting of theC-type
AFM orbital-ordered phase forx50.8, and to the collapse of the charge-ordered phase forx53/4. In between
these two characteristic domains of concentration,x;0.85, the magnetization curves show a superposition of
the two above behaviors, suggesting phase separation. This scenario is consistent with the neutron diffraction
results showing that the crystalline and magnetic structures of each phase coexist.

DOI: 10.1103/PhysRevB.63.144426 PACS number~s!: 75.25.1z, 75.30.Kz, 75.30.Vn
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I. INTRODUCTION

The recent reinvestigation of Mn perovskites has revea
their amazing physical properties, among them, colos
magnetoresistance~CMR!, charge ordering, orbital ordering
and phase separation.1–4 These properties can be tuned
changing the nature and the concentrations of the triva
rare-earth and divalent alkaline-earth cations, which de
mine both the distortion of the crystalline structure and
concentration ofeg electrons at the Mn sites. As the avera
size of the cations at the lanthanide sites is reduced, a ti
the MnO6 octahedra is induced, which favors the localizati
and ordering of the Mn31/Mn41 cations. Beside the double
exchange~DE! interactions inducing a ferromagnetic~FM!
metallic ground state,5 long-range Coulomb repulsion an
Jahn-Teller distortion favor the localization of the Mn31 and
Mn41 species and the antiferromagnetic~AFM! coupling of
their magnetic moments. The interplay between charge, s
lattice, and orbital degrees of freedom is the source of
very rich phase diagram.

Among the variety of these phases, one of the most or
nal results concerns the observation of long-range charge
dering ~CO! for equal concentrations of Mn31 and Mn41

species, e.g., Nd1/2Sr1/2MnO3 or R1/2Ca1/2MnO3 (R
5La, Pr, Nd, Sm).6–9 In this state, an ordering of thed3z22r 2

orbitals, as well as the carriers, occurs. As a consequence
Mn magnetic moments adopt a CE-type AFM structure
low temperature. More generally, CO is commonly observ
0163-1829/2001/63~14!/144426~6!/$20.00 63 1444
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when the nominal carrier concentration takes an intege
commensurate value, e.g.,x51/2,2/3,3/4 forL12xCaxMnO3

~L is a lanthanide!.10–15 These CO phases are relatively u
stable since they can be melted by several physical exc
tions. In particular, the application of a magnetic field driv
the insulator~I! CO phase into a FM metallic~M! state.10,11

In the case of theL1/2Ca1/2MnO3 series, the strength of th
field needed for the melting increases when the one-elec
bandwidth of the material is reduced. Another originality
these manganites concerns precisely the inhomogen
electronic and magnetic properties, observed, for example
Pr2/3Ca1/3MnO3.

16,17

Systematic investigation of the electron-doped part of
phase diagram has started very recently. It has been
formed on several compounds, especially on
Sm12xCaxMnO3 series.13,15 Upon increasing the electroni
concentration, the insulating AFMG-type CaMnO3 adopts a
metalliclike behavior within a cluster-glass~CG! magnetic
ground state (x'0.9). Then it transforms to an insulato
AFM CO state forx<0.8. At the boundary of theses tw
phases (x'0.85), CMR was observed in fields below 7 T
The presence of CO phases for 0.8>x>0.5 is a common
feature of several systems with La, Pr, or Bi at theL31

site.13–15,18Most of the experiments were devoted to det
mination of the real electronic and magnetic order in the C
phases which are still under discussion. ForL5La, low-
temperature electron diffraction and high-resolution imag
from electron microscopy revealed the presence of cha
©2001 The American Physical Society26-1
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ordered stripes forx52/3 and 3/4.19 More recently, high-
magnetic-field magnetization measurement studies sho
the melting of the CO phase in Bi0.25Ca0.75MnO3.

20 The evo-
lution of these CO systems toward the parent compo
CaMnO3 on reducing the electronic concentration is not w
understood.

Our paper deals with investigation of the magnetic pro
erties of the electron-doped perovskite manganite by us
high magnetic fields. Starting from the parent compou
CaMnO3, doping was achieved by substituting Sm31 for
Ca21. The detailed electron diffraction and lattice imagin
studies as well as the magnetic and transport properties u
5 T have been described elsewhere.13,14,21Isothermal magne-
tization measurements@M (H)# were performed in pulsed
magnetic fields up to 50 T between 4 K and room tempe
ture. These measurements combined with neutron diffrac
experiments allow us to complete theH-T magnetic phase
diagram of the electron-doped Sm12xCaxMnO3 compounds.
Three classes of behavior can be distinguished. Upon do
CaMnO3 (x51) up to 10% (x50.9), the M (H) curves
evolve from those of a pure AFM to a more complex beh
ior with a low-field FM component superimposed on t
AFM contribution. For x<0.8, metamagnetic transition
from the AFM ground state to a FM state are evident. At
boundary of these two domains, forx;0.85, the M (H)
curves exhibit the superposition of thex>0.9 andx<0.8
different behaviors, suggesting the occurrence of pha
separation phenomena.

II. EXPERIMENTAL RESULTS

Polycrystalline samples were synthesized using stoic
metric mixtures of Sm2O3, CaO, and Mn2O3 compounds as
previously described.22–24 The mixtures with nominal com
positions Sm12xCaxMnO3 were first heated at 1000 °C t
achieve decarbonation, sintered at 1500 °C for 12 h, slo
cooled down to 800 °C, and then quenched to room temp
ture. Purity and cationic homogeneity were systematica
checked by x-ray and electron diffraction coupled w
energy-dispersive spectroscopy analysis.

The main high-magnetic-field measurements were p
formed using the facilities developed by the LNCMP in To
louse~France!. Using the discharge of a bank capacitor in
coil, pulsed fields up to 35 T are obtained. The field increa
according to a sinusoidal law, reaching its maximum af
0.1 s, and then decreases to zero with an exponential s
during 1.4 s. Some measurements were carried out using
facilities developed by the LVSM in Leuven~Belgium!
where 50 T is available, but with a pulse duration of 20 m
The magnetization was measured by inductive methods
ing a system of two concentric compensated pick-up coil
opposition. The measured signaldM/dt is then integrated
numerically. All the measurement were systematically p
formed after zero-field cooling from room temperature do
to the temperature of measurement, in order to avoid
metastable state. The measurements were done durin
creasing and decreasing field to get the rising- and lower
field branches of theM (H) curves.

The evolution with electronic concentration of the isoth
14442
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mal M (H) curves under high magnetic fields up to 35
measured at low temperature (T54.2 K) is presented in Fig
1. The parent compound CaMnO3 clearly shows classica
AFM behavior. Doping it with electrons is sufficient to in
duce a partial FM polarizationM0 ~see the lowest part o
Fig. 1!. The low-temperatureM (H) curves are thus com
posed of a FM component followed by a linear increase
the magnetization, characteristic of an AFM contribution. N
hysteresis was evidenced in the sweep-up and -down
cesses. The FM correlations reach their maximum inten
in the vicinity of x50.88– 0.9. For these samples, up
warming, the FM component vanishes above the magn
ordering temperature and pure paramagnetic~PM! behavior
is observed at higher temperatures.

Further increase of the electronic concentration res
again in a pure AFM ground state (0.8>x). As shown in the
top part of Fig. 1, the magnetic behavior under magne
field differs drastically from the previous cases. For thex
50.8 compound, the magnetization process presents a s
step characteristic of a metamagnetic transition from the

FIG. 1. Magnetization curves of Sm12xCaxMnO3 measured at
4.2 K, for differentx values~mentioned on each curve!. All these
curves were recovered during the sweep up and down of the pu
magnetic field after zero-field cooling. No hysteresis was e
denced. The plots also show how the critical fields (HC

1 and HC
2)

and the FM componentM0 were estimated.
6-2
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tial AFM state to a final FM one, with a wide hysteresis
the sweep-up and -down processes. The magnetiza
reaches the expected theoretical value in the case of a
FM polarization of the Mn magnetic moments, just abo
3mB per Mn site. The magnetic contribution of the Sm31

sublattice is difficult to estimate since the magnetization
not saturated. However, it should be minor and behave
PM as in the case of Sm1/2Ca1/2MnO3. Upon warming, the
M (H) curves exhibit similar shapes with decreasing criti
fields. Finally, the metamagnetic transition disappears
temperatures aboveTN , which also corresponds to th
metal-insulator transition. Although the behavior of thex
53/4 compound is similar, its critical fields are higher. F
thex52/3 compound, 45 T was not sufficient to observe
complete metamagnetic transition. Since the two adjac
charge-ordered compounds withx53/4 and 1/2 exhibit a
complete transition toward a fully FM polarization, we ma
expect similar phenomena forx52/3 in fields in the range o
50–70 T.

At intermediate concentrations 0.8,x,0.88, another
magnetic behavior is evident. The intermediate plot of Fig
presents theM (H) curves measured at low temperature
x50.86 and 0.85. These curves combine the two magne
tion processes aforementioned: an FM component, follow
by a metamagnetic transition, and finally a linear increase
the magnetization in higher magnetic fields. The magnet
tion value form0H530 T is around 2mB per unit cell, far
below the theoretical saturation value. It should be noted
the FM component is less important forx50.85 than forx
50.86 but the magnetization step is broader. The two c
comitant phenomena indicate that the FM is strongly
creasing for this range of carrier concentration, before
establishment of another pure AFM state at higher conc
tration (x50.8). Similar magnetization features have be
observed at higher temperatures, until the magnetic orde
temperature is reached. The magnitude of the magnetiza
jump remains essentially constant in the whole tempera
range.

These magnetic measurements allow us to determine
H-T phase diagrams of these electron-doped mangan
Concerning the metamagnetic transitions, the critical fie
denotedHc

1(Hc
2) for the first~remanent! magnetization have

been defined by extrapolating the magnetization step and
saturation plateau~see the intermediate plot of Fig. 1 whic
illustrates the graphic construction!. The correspondingH-T
phase diagrams are given in Fig. 2. The thermodynamic t
sition fields defined asHc5(Hc

11Hc
2)/2 are indicated on

the phase diagrams. For the sake of conciseness, thx
50.86 curve is not shown since the critical fields and te
perature dependence are very close to the values found
x50.85.

For a better understanding of the evolution of the m
netic properties with the electron concentration, the pecu
crystalline and magnetic microstructures of the three regim
x50.8, 0.85, and 0.9 have been investigated by mean
neutron diffraction~ND!. ND experiments were carried ou
at the LLB ~Saclay, France! on the G41 diffractometer usin
the wavelengthl52.4266 Å. Some of them have been d
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scribed in detail elsewhere.25,26 All these compounds exhibi
the Pnmastructure in the paramagnetic state at room te
perature. At low temperature, Sm0.1Ca0.9MnO3 is still char-
acterized by thePnmaspace group~see Fig. 3!. Although, at
low temperature, a unique nuclear structure is observed,
magnetic one is phase separated. It consists of FM reg
embedded in aG-type AFM matrix.26 These zones create
by Mn31 injection allow DE interactions to take place. Th
metalliclike behavior observed belowTN is established
through FM region percolation.26 The average magnetic mo
ment at 4.2 K determined for the AFM phase, from the ne
tron study, ism(G)52.1mB and for the FM regionm(F)
51.17mB . The latter estimation is in rather good agreeme
with our magnetization data.

On the other hand, the low-temperature crystalline str
ture of Sm0.2Ca0.8MnO3 presents a monoclinic distortion be
low 150 K, characterized by theP21 /m space group. The

FIG. 2. H-T phase diagrams of the metamagnetic samples
Sm12xCaxMnO3 with x50.75, 0.8, and 0.85, deduced from th
M (H) curves. For each compound, the upper~lower! curve corre-
sponds to the critical fieldHC

1(HC
2) of the metamagnetic transition

in the sweep-up~-down! process. The dotted line presents the th
modynamic fieldHC5(HC

11HC
2)/2.

FIG. 3. Neutron diffraction patterns collected at 2 K for three
characteristic compounds withx50.8~Sm0.2!, 0.85~Sm0.15!, and
0.9~Sm0.1!. C-type andG-type AFM is associated with theP21 /m
andPnmacrystalline structures, respectively.
6-3
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d3z22r 2 orbitals are ordered into chains along the pseudo
ragonal axis, which leads to aC-type AFM structure.27 A
study by electron microscopy at 90 K reveals the occurre
of long-range CO for Sm0.25Ca0.75MnO3 with TCO;TN .13

As shown in Fig. 3, at low temperature, the intermedi
compound Sm0.15Ca0.85MnO3 presents unambiguous pha
separation where the ND patterns consist of a linear com
nation of both Sm0.1Ca0.9MnO3 and Sm0.2Ca0.8MnO3 spectra,
with a large majority of theP21 /m C-type phase~94%!.25

Preliminary ND experiments under magnetic fields show t
the ratio between the two nuclear phases~PnmaandP21 /m)
is sensitive to the applied magnetic field. Form0H56 T and
T5100 K, the sample is transformed into a majorityPnma
phase~56%!, and it retains only 44% of theP21 /m phase. A
similar phenomenon is induced by high magnetic fields
low temperature.

III. DISCUSSION AND CONCLUDING REMARKS

The present experimental study enables us to complete
phase diagram of the electron-doped Sm12xCaxMnO3 sys-
tems by extending it toward high magnetic fields. The m
physical parameters are thus summarized in Fig. 4. D
from Ref. 9 have also been included in order to complete
study up tox50.5. The low-field FM contribution (M0), the
transition field of the rising branch (Hc

1) measured atT
54.2 K, and the magnetic ordering temperature (TN) are
compiled as functions ofx. For metamagnetic systems, th
temperatures at which the metamagnetic transition start
occur are reported (Tm). They also correspond to theM-I
transition temperature (TMI). Finally, the low-temperature

FIG. 4. Evolution of magnetic properties with the electron
concentration~x!. M0 ~open square!, FM component measured a
4.2 K; TN ~dark square!, Néel temperature;Tm ~open circle!, tem-
perature at which the metamagnetic transition occurs.HC

1 ~cross
and error bar!, thermodynamic field of the metamagnetic transiti
measured at 4.2 K on the ascending branch. TheHC

1 andTm scales
have been adapted in order to show their proportionality in the
domain. Data from Ref. 9 forx50.5 are also included. Lines ar
just guides to the eye. The gray area indicates the intermediate
where phase separation occurs.
14442
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magnetic ground states determined by means of ND are
indicated.

Starting from the insulatingG-type AFM CaMnO3 parent
compound, its doping with electrons leads to a growing F
component. The maximum intensity is obtained forx
;0.1– 0.12. The matrix still keeps theG-type AFM. The
magnetization data do not allow us to identify the origin
the FM component; maybe it is due to canting or to t
presence of FM clusters. However, considering the perc
tive nature of the resistivity, the second hypothesis is m
probable, suggesting a cluster-glass regime.24

On the other hand, forx53/4 and 0.80, metamagneti
transitions from AFM to complete FM ordering of the M
spins are observed. A similar behavior has also been sh
for x51/2, while it is incomplete forx52/3 in fields below
45 T. Along that set of concentrations, the nature of
field-induced transition evolves. Forx51/2, the metamag-
netic transition corresponds to the melting of the CO w
CE-AFM order. Forx50.8, only orbital ordering occurs
with a polarization of thed3z22r 2 orbital into chains along
the pseudotetragonal axis leading toC-type AFM. With such
orbital ordering~OO!; the carriers move along the chains. T
the best of our knowledge, this is the first observation of
melting of OO withC-type AFM. It corresponds to the third
kind of metamagnetic transition, after the melting of C
with CE-type AFM of L1/2Ca1/2MnO3 and Nd1/2Sr1/2MnO3
compounds where the electrons are localized, and the m
ing of the dx22y2 OO phase with A-type AFM in
Pr1/2Sr1/2MnO3, where the electrons are confined in plan
Betweenx50.8 and 1/2, the way OO evolves with the ele
tron concentration has to be clarified.

In Fig. 4, theTm and Hc
1 scales have been adapted

order to show their proportionality and identical dependen
vs x. An estimation ofHc

1 for x52/3 gives 55–60 T. One
should remark thatkBTm is approximately two times bigge
than m0mMnHc

1 , where mMn is the average magnetic mo
ment per Mn site. This difference in the energies involved
the melting of CO phases has been observed in other
systems. In fact, the high-field FM polarization should a
induce a metallic behavior as in Nd1/2Sr1/2MnO3, as well as a
structural transition, which also gives an energizi
contribution.28

The last part of the phase diagram concerns the inter
diate concentration area with 0.8,x,0.88. Both the magne
tization data and the ND patterns evidence the mixing of
two nearest phases at low temperature. The crystalline
associated magnetic structures, namely, theP21 /m and
Pnma space groups associated withC-type AFM and FM
with G-type AFM of Sm0.2Ca0.85MnO3 and
Sm0.1Ca0.85MnO3, respectively, coexist. TheM (H) behavior
is just the consequence of this phase mixing. From
M (H) data, considering that the magnetization is fully p
larized after the metamagnetic transition as forx
50.75– 0.8, we can estimate the contribution of the O
phase, in the range of roughly 50%, which is in good agr
ment with ND data under magnetic fields. Our data a
show that the transition from the CG to the OO regime
progressive. Indeed, the magnetization curves show the

O

ne
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gressive reduction of the FM component with a concomit
increase of the metamagnetic step amplitude as the elec
concentration increases.

As compare to single-phase OO systems, one should
tice that the ratio betweenm0mMnHc

1 and kBTm energies is
lower, suggesting the peculiar instability of the OO pha
The M (H) curves are very reminiscent of those publish
for Pr2/3Ca1/3MnO3.

29 This latter compound also presen
phase separation at low temperature where FM clusters
embedded in a CO AFM matrix. As the FM component
creases, a reentrant phenomenon of the FM phase into
CO phase (dHc /dT.0) is observed in theH-T phase dia-
gram due to partial FM polarization. Also, i
Sm0.15Ca0.85MnO3, partial FM polarization explains the rela
tively low value of Hc . However, the physical origin o
these behaviors is very different. For Pr2/3Ca1/3MnO3, the
CO/FM coexistence is due to the narrowing of the on
electron bandwidth, which favors CO against the class
FM M phase involved at this hole concentration. For t
electron-doped systems the situation is less clear.

The low-field phase diagram of electron-doped syste
presents similar features as those ofL12xCaxMnO3-based
manganites. CG and OO/CO phases also occur foL
5La, Pr, Th, or Bi.13–15,18,23The main difference betwee
these two phases concerns the occurrence of concom
orbital ordering with a structural transition from orthoromb
to monoclinic structures for the second. In that case, the
bital degeneracy ofeg electrons is lifted, while they remain
degenerate in CG phases. The CG-OO transition oc
when the concentration ofeg electrons is sufficient to pro
duce a reduction of the lattice energy through its deforma
with their localization. This scenario seems to be consis
-

v

k

,
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with recent theoretical calculations taking into account
orbital degeneracy.30 Thus the main parameter that gover
the transition from the CG to the OO phase is the car
concentration. Experimentally, the critical carrier concent
tion (xc) lies always in the same range~0.1–0.15!.23 As a
second-order parameter, the lattice distortion due to differ
cationic average size (^r A&), i.e., the one-electron bandwidt
determined by the angle of the Mn-O-Mn bonds, will slight
modify the critical concentration: an increase ofr L induces a
small decrease ofxc .14 Another parameter that could influ
ence the critical value is the orbital order itself, as well as
CO crystal. It is not clear how it evolves withx. As an
example, two models of CO are proposed f
L1/3Ca2/3MnO3.

19,31 The definition of the orbital-ordering
scheme and crystalline structure betweenx51/2 andxc de-
serves much more work in order to have a clear picture,
to understand the relevance of these parameters for the p
diagrams.

In summary, we have investigated the magnetic proper
of electron-doped Sm12xCaxMnO3 systems. The phase dia
gram in theH-T plane has been obtained. Field-induced tra
sitions have been observed. They correspond to the me
of the OO withC-type AFM forx50.8, and to the melting of
CO for x53/4 and below. With decreasing electron conce
tration, at the transition from the OO to the CG regime,x
;0.85, the magnetization curves combine the two adjac
characteristic behaviors, giving macroscopic evidence
phase separation.
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