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H-T magnetic phase diagrams of electron-doped Smn,Ca,MnO ;:
Evidence for phase separation and metamagnetic transitions
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The magnetic properties of the polycrystalline manganites_$8aMnO; have been studied for E&x
=2/3) under high magnetic fields up to 50 T. The phase diagrams id-fh@lane have been determined. The
more representative systems have also been studied by means of neutron diffraction experiments. Increasing
the electron concentration in CaMp@ads to an increasing minor ferromagnefd) component superim-
posed on the antiferromagnetiaFM) background. A cluster-glass regime is observedxfei0.9, where FM
clusters are embedded in t@etype AFM matrix of the parent compound. For &8, field-induced transitions
from the AFM ground state to a FM one have been observed. They correspond to the meltingCei jiee
AFM orbital-ordered phase for=0.8, and to the collapse of the charge-ordered phase=f@/4. In between
these two characteristic domains of concentration0.85, 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.
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[. INTRODUCTION when the nominal carrier concentration takes an integer or
commensurate value, e.g.+1/2,2/3,3/4 forL,_,CaMnO;

The recent reinvestigation of Mn perovskites has revealedL is a lanthanide'®~!° These CO phases are relatively un-
their amazing physical properties, among them, colossatable since they can be melted by several physical excita-
magnetoresistand€MR), charge ordering, orbital ordering, tions. In particular, the application of a magnetic field drives
and phase separation’ These properties can be tuned by the insulator(l) CO phase into a FM metalligM) state*®!!
changing the nature and the concentrations of the trivalerin the case of thé.;,,Ca,,MnO; series, the strength of the
rare-earth and divalent alkaline-earth cations, which deterfield needed for the melting increases when the one-electron
mine both the distortion of the crystalline structure and thebandwidth of the material is reduced. Another originality of
concentration og, electrons at the Mn sites. As the averagethese manganites concerns precisely the inhomogeneous
size of the cations at the lanthanide sites is reduced, a tilt alectronic and magnetic properties, observed, for example, in
the MnQ; octahedra is induced, which favors the localizationPr,,;Ca; sMnO,. 167
and ordering of the M#y/Mn** cations. Beside the double- Systematic investigation of the electron-doped part of the
exchange(DE) interactions inducing a ferromagnetiEM) phase diagram has started very recently. It has been per-
metallic ground state, long-range Coulomb repulsion and formed on several compounds, especially on the
Jahn-Teller distortion favor the localization of the #rand ~ Sm,_,CaMnO; series:>® Upon increasing the electronic
Mn“** species and the antiferromagnetiFM) coupling of  concentration, the insulating AFX8-type CaMnQ adopts a
their magnetic moments. The interplay between charge, spimetalliclike behavior within a cluster-glag€G) magnetic
lattice, and orbital degrees of freedom is the source of thground state X~0.9). Then it transforms to an insulator
very rich phase diagram. AFM CO state forx=0.8. At the boundary of theses two

Among the variety of these phases, one of the most origiphases X~0.85), CMR was observed in fields below 7 T.
nal results concerns the observation of long-range charge of-he presence of CO phases for £8=0.5 is a common
dering (CO) for equal concentrations of Mh and Mrf*  feature of several systems with La, Pr, or Bi at th&"
species, e.g., N@Srh,MnO; or R;,Ca,MnO; (R  site®1518Most of the experiments were devoted to deter-
=La, Pr,Nd, Sm)®~°In this state, an ordering of thi,2_,2 mination of the real electronic and magnetic order in the CO
orbitals, as well as the carriers, occurs. As a consequence, tiphases which are still under discussion. EorLa, low-

Mn magnetic moments adopt a CE-type AFM structure atemperature electron diffraction and high-resolution images
low temperature. More generally, CO is commonly observedrom electron microscopy revealed the presence of charge-
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ordered stripes fox=2/3 and 3/4° More recently, high- Sm,_Ca MnO, - T'=4.2K
magnetic-field magnetization measurement studies showed ' ‘ ‘
the melting of the CO phase in iCa, ;sMn0;.%° The evo-
lution of these CO systems toward the parent compound
CaMnQ; on reducing the electronic concentration is not well
understood.

Our paper deals with investigation of the magnetic prop-
erties of the electron-doped perovskite manganite by using
high magnetic fields. Starting from the parent compound
CaMnQ,, doping was achieved by substituting Smfor
Ca*. The detailed electron diffraction and lattice imaging 07 '
studies as well as the magnetic and transport properties up to
5 T have been described elsewh&t&*2!|sothermal magne-
tization measurementsM (H)] were performed in pulsed
magnetic fields up to 50 T between 4 K and room tempera-
ture. These measurements combined with neutron diffraction
experiments allow us to complete tie T magnetic phase
diagram of the electron-doped $mCaMnO5; compounds.
Three classes of behavior can be distinguished. Upon doping
CaMnQ; (x=1) up to 10% &=0.9), the M(H) curves
evolve from those of a pure AFM to a more complex behav-
ior with a low-field FM component superimposed on the
AFM contribution. For x<0.8, metamagnetic transitions
from the AFM ground state to a FM state are evident. At the
boundary of these two domains, for~0.85, the M(H)
curves exhibit the superposition of the=0.9 andx<0.8
different behaviors, suggesting the occurrence of phase-

separation phenomena. I
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Il. EXPERIMENTAL RESULTS

Polycrystalline samples were synthesized using stoichio-
metric mixtures of SpD;, CaO, and MpO; compounds as FIG. 1. Magnetization curves of Sm,CaMnO; measured at
previously describet:>* The mixtures with nominal com- 42 K, for differentx values(mentioned on each curkeAll these
positions Sm_,CaMnO; were first heated at 1000 °C to curves were recovered during the sweep up and down of the pulsed
achieve decarbonation, sintered at 1500 °C for 12 h, slowlynagnetic field after zero-field cooling. No hysteresis was evi-
cooled down to 800 °C, and then quenched to room temperatenced. The plots also show how the critical fielés(and H¢)
ture. Purity and cationic homogeneity were systematicallyand the FM componeri¥, were estimated.
checked by x-ray and electron diffraction coupled with
energy-dispersive spectroscopy analysis. mal M(H) curves under high magnetic fields up to 35 T
The main high-magnetic-field measurements were permeasured at low temperaturé=£4.2 K) is presented in Fig.
formed using the facilities developed by the LNCMP in Tou-1. The parent compound CaMgQ@slearly shows classical
louse(France. Using the discharge of a bank capacitor in aAFM behavior. Doping it with electrons is sufficient to in-
coil, pulsed fields up to 35 T are obtained. The field increaseduce a partial FM polarizatioM (see the lowest part of
according to a sinusoidal law, reaching its maximum afterig. 1). The low-temperaturéM(H) curves are thus com-
0.1 s, and then decreases to zero with an exponential shapesed of a FM component followed by a linear increase of
during 1.4 s. Some measurements were carried out using tliee magnetization, characteristic of an AFM contribution. No
facilities developed by the LVSM in LeuvefBelgium) hysteresis was evidenced in the sweep-up and -down pro-
where 50 T is available, but with a pulse duration of 20 ms.cesses. The FM correlations reach their maximum intensity
The magnetization was measured by inductive methods usa the vicinity of x=0.88—0.9. For these samples, upon
ing a system of two concentric compensated pick-up coils irwarming, the FM component vanishes above the magnetic
opposition. The measured sign@M/dt is then integrated ordering temperature and pure paramagngligl) behavior
numerically. All the measurement were systematically peris observed at higher temperatures.
formed after zero-field cooling from room temperature down Further increase of the electronic concentration results
to the temperature of measurement, in order to avoid anggain in a pure AFM ground state (6:&). As shown in the
metastable state. The measurements were done during itep part of Fig. 1, the magnetic behavior under magnetic
creasing and decreasing field to get the rising- and loweringfield differs drastically from the previous cases. For the
field branches of thé/(H) curves. =0.8 compound, the magnetization process presents a sharp
The evolution with electronic concentration of the isother-step characteristic of a metamagnetic transition from the ini-
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tial AFM state to a final FM one, with a wide hysteresis in ' ' ' '
the sweep-up and -down processes. The magnetization
reaches the expected theoretical value in the case of a fully
FM polarization of the Mn magnetic moments, just above
3ug per Mn site. The magnetic contribution of the $m
sublattice is difficult to estimate since the magnetization is
not saturated. However, it should be minor and behave as a
PM as in the case of SpCa;,MnO;. Upon warming, the
M(H) curves exhibit similar shapes with decreasing critical
fields. Finally, the metamagnetic transition disappears for
temperatures abové@,, which also corresponds to the
metal-insulator transition. Although the behavior of tke

u H (T)

=3/4 compound is similar, its critical fields are higher. For 0 . : ' 4
thex=2/3 compound, 45 T was not sufficient to observe the 0 50 100 150 200
complete metamagnetic transition. Since the two adjacent TX)

charge-ordered compounds with=3/4 and 1/2 exhibit a . .
complete transition toward a fully FM polarization, we may  FIG. 2. H-T phase diagrams of the metamagnetic samples of

expect similar phenomena fai=2/3 in fields in the range of SM-xCa&MnO; with x=0.75, 0.8, and 0.85, deduced from the
50-70 T. M (H) curves. For each compound, the upfexver) curve corre-

sponds to the critical fielth S (Hg) of the metamagnetic transition

Al |r.1termed|<.':1te. Con_centrat|on§ @:8(<Q'88’ anothgr in the sweep-ug-down) process. The dotted line presents the ther-
magnetic behavior is evident. The intermediate plot of Fig. 1modynamic fieldHe=(HE +Hg)/2.

presents théVl(H) curves measured at low temperature for

x=0.86 and 0.85. These curves combine the two magnetiza- ) ) 26 o
tion processes aforementioned: an FM component, followedcriPed in detail elsgwhe?é*. All these compounds exhibit

by a metamagnetic transition, and finally a linear increase of'€ Pnmastructure in the paramagnetic state at room tem-
the magnetization in higher magnetic fields. The magnetizaPerature. At low temperature, $aCa MnOs; is still char-

tion value foruoH=30T is around g per unit cell, far acterized by theanas_pace groupisee Fig. 3. Although, at
below the theoretical saturation value. It should be noted thdPW temperature, a unique nuclear structure is observed, the
the FM component is less important fee=0.85 than forx magnetic one is phase separatgdéslt consists of FM regions
=0.86 but the magnetization step is broader. The two Conembeciqre_d_ln &-type AFM matrix™ These zones created
comitant phenomena indicate that the FM is strongly dePY Mn™" injection allow DE interactions to take place. The
creasing for this range of carrier concentration, before thénetalliclike behavior ObS??’.%?d belowy is established
establishment of another pure AFM state at higher conceri?fough FM region percolatioff. The average magnetic mo-
tration (x=0.8). Similar magnetization features have beenMent at 4.2 K determined for the AFM phase, from the neu-
observed at higher temperatures, until the magnetic orderin$jon Study, isu(G)=2.1ug and for the FM regionu(F)
temperature is reached. The magnitude of the magnetization 1-17«g - The latter estimation is in rather good agreement

jump remains essentially constant in the whole temperatur®ith our magnetization data. _
range. On the other hand, the low-temperature crystalline struc-

These magnetic measurements allow us to determine tH&re of Sm ;C gMInO; presents a monoclinic distortion be-
H-T phase diagrams of these electron-doped manganitel®W 150 K, characterized by thB2,/m space group. The
Concerning the metamagnetic transitions, the critical fields,

denotedH ! (H) for the first(remanentmagnetization have & TS0 P T T T
been defined by extrapolating the magnetization step and th 7 E
saturation plateatsee the intermediate plot of Fig. 1 which § e £ Ctype E
illustrates the graphic constructipriThe correspondingi-T g wwf l G-type .
phase diagrams are given in Fig. 2. The thermodynamic tran§  «0 | E
sition fields defined a#l.=(HJ +H_)/2 are indicated on =~  »w0 3 l E
the phase diagrams. For the sake of concisenessxthe 31000 | E
=0.86 curve is not shown since the critical fields and tem- 200 £ ﬁ 3 a A3 sm
perature dependence are very close to the values found fc 15000 3 A N
- A Smy.i5
x=0.85. oo kR
For a better understanding of the evolution of the mag- 1000 : TSSO L B

20 26 32 38 44 50 56 62 68 74 80

netic properties with the electron concentration, the peculiar
crystalline and magnetic microstructures of the three regimes
x=0.8, 0.85, and 0.9 have been investigated by means of F|G. 3. Neutron diffraction patterns collectetl 2K for three
neutron diffractionND). ND experiments were carried out characteristic compounds with=0.8Sm,,), 0.85Smy ), and
at the LLB (Saclay, Franceon the G41 diffractometer using 0.9Sm, ;). C-type andG-type AFM is associated with the2; /m
the wavelength\ =2.4266 A. Some of them have been de- and Pnmacrystalline structures, respectively.

26 ()
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Sm, Ca MnO, magnetic ground states determined by means of ND are also
: - : : indicated.
60 300 ‘H T 13.5 . . .
«__%c ........ f Starting from the insulatin@-type AFM CaMnQ parent
50- 2504 r 13.0 compound, its doping with electrons leads to a growing FM
] s m 25 component. The maximum intensity is obtained fer
40 200+ 2 1”7 = ~0.1-0.12. The matrix still keeps th&-type AFM. The
e _ I g 12.0 2; magnetization data do not allow us to identify the origin of
304 4 150+ T\ “2 the FM component; maybe it is due to canting or to the
=, &~ B -, 115 E presence of FM clusters. However, considering the percola-
* 20 100 o s m : o ©k
Ciw B0 2 tive nature of the resistivity, the second hypothesis is more
= = o] < probable, suggesting a cluster-glass regife.
10 s04 & £ ALy .
T < é oo On the other hand, fok=3/4 and 0.80, metamagnetic
0. o e CEle ~Joo transitions from AFM to complete FM ordering of the Mn
05 06 07 08 09 1.0 spins are observed. A similar behavior has also been shown
X for x=1/2, while it is incomplete fox=2/3 in fields below

. ) . , _ 45 T. Along that set of concentrations, the nature of the
FIG. 4. Evolution of magnetic properties with the electronic field-induced transition evolves. For=1/2, the metamag-
concgntratuon(x). Mo (open square FM cc-)mponent measured at netic transition corresponds to the melting of the CO with
4.2 K; Ty (dark squark Neel temperatureTy, (open circlg, tem- CE-AFM order. Forx=0.8, only orbital ordering occurs
perature at which the metamagnetic transition occHr$. (cross . o ! y o .g
with a polarization of theds,2_,2 orbital into chains along

and error bgr thermodynamic field of the metamagnetic transition ) h :
measured at 4.2 K on the ascending branch. Fifieand T,, scales (€ pseudotetragonal axis leadingddype AFM. With such

have been adapted in order to show their proportionality in the ocPrbital ordering(OO); the carriers move along the chains. To

just guides to the eye. The gray area indicates the intermediate zofgelting of OO withC-type AFM. It corresponds to the third
where phase separation occurs. kind of metamagnetic transition, after the melting of CO
with CE-type AFM of L,,Ca,MNnO; and Nd,,Sr;,,MnO5

da,2_2 orbitals are ordered into chains along the pseudote gompounds where the electrons are localized, and the melt-

ragonal axis, which leads to G-type AFM structuré’ A 19 of the d_y2 OO phase with Atype AFM in

. Pr,;»Sr,,MnO;, where the electrons are confined in planes.
study by electron microscopy at 90 K reveals the OCCUITeNCR L o= 0.8 and 1/2. the way OO evolves with the elec-
of long-range CO for SgpCay -gMNO; with Teo~Ty . 12 ' ’ Y

T . ._. tron concentration has to be clarified.
As shown in Fig. 3, at low temperature, the intermediate ) " .
In Fig. 4, theT,,, andH_ scales have been adapted in

compound Sm,:Ca ggMINO5; presents unambiguous phase : . : . .
separation where the ND patterns consist of a linear COmbl(_)rder to show their proportionality and identical dependence

o + N .
nation of both Srp,Ca, MNO; and Srg ,Ca, MnO; spectra, VS X. An estimation ong for x—2/3 gives 55760 T. _One
with a large majority of theP2,/m Ctype phase94%).25 should remarl+< thakg Ty, is apprommately two times plgger
Preliminary ND experiments under magnetic fields show thath@n #osmnHc . where wyy, is the average magnetic mo-
the ratio between the two nuclear phagesmaandP2, /m) ment per Mn site. This difference in the energies involved in
is sensitive to the applied magnetic field. FoyH=6 T and the melting of CO phases has been observed in other CO
T=100K, the sample is transformed into a majofgma~ SYStéms. In fact, the high-field FM polarization should also
phase(56%), and it retains only 44% of the2, /m phase. A induce a metallic behavior as in jgbr,;MnO;, as well as a
similar phenomenon is induced by high magnetic fields aftructural transition, which also gives an energizing

low temperature. contribution?®
The last part of the phase diagram concerns the interme-

diate concentration area with 8:&<0.88. Both the magne-
lIl. DISCUSSION AND CONCLUDING REMARKS tization data and the ND patterns evidence the mixing of the
two nearest phases at low temperature. The crystalline and
The present experimental study enables us to complete thgsociated magnetic structures, namely, B2,/m and
phase diagram of the electron-doped ;SpCaMnO; sys-  Pnmaspace groups associated withtype AFM and FM
tems by extending it toward high magnetic fields. The mainwith  G-type AFM  of  SmCagMnO; and
physical parameters are thus summarized in Fig. 4. Datgm, ,Ca, sdMNnO;, respectively, coexist. Thel (H) behavior
from Ref. 9 have also been included in order to complete thigs just the consequence of this phase mixing. From our
study up tox=0.5. The low-field FM contributionNl,), the  M(H) data, considering that the magnetization is fully po-
transition field of the rising branchH() measured aff  larized after the metamagnetic transition as far
=4.2K, and the magnetic ordering temperatuiig)( are = =0.75-0.8, we can estimate the contribution of the OO
compiled as functions ot. For metamagnetic systems, the phase, in the range of roughly 50%, which is in good agree-
temperatures at which the metamagnetic transition starts tment with ND data under magnetic fields. Our data also
occur are reportedT(,). They also correspond to thd-I show that the transition from the CG to the OO regime is
transition temperatureT(, ). Finally, the low-temperature progressive. Indeed, the magnetization curves show the pro-
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gressive reduction of the FM component with a concomitantith recent theoretical calculations taking into account the
increase of the metamagnetic step amplitude as the electranbital degeneraci’ Thus the main parameter that governs
concentration increases. the transition from the CG to the OO phase is the carrier
As compare to single-phase OO systems, one should ngoncentration. Experimentally, the critical carrierzgoncentra-
tice that the ratio betweepouy,H, andkgT,, energies is tion (xc) lies always in the same rand6.1-0.15." As a
lower, suggesting the peculiar instability of the OO phaseSecond-order parameter, the lattice distortion due to different
The M(H) curves are very reminiscent of those publishedCationic average sizg(,)), i-e., the one-electron bandwidth
for Pry;Ca;sMn0,;.%° This latter compound also presents dete_rmmed b_y_the angle of th_e Mn-Q-Mn bonds_, will slightly
phase separation at low temperature where FM clusters afEOd'fy the critical colrzlcentrat|on. an mcreasergfmducgs a
embedded in a CO AFM matrix. As the FM component in- small decrease of;.™ Another parameter that could influ-
creases. a reentrant phenomenlon of the FM phase into t ce the critical value is the orbital order itself, as well as the

CO phase ¢H,/dT>0) is observed in théi-T phase dia- O cr;llstal.tlt is notdcllear h]f)wci:toevolves witk Asdan]c
gram due to partial FM polarization. Also, in éxampie, two  models o are propose or

Sy 1:Cap oMNOy, partial FM polarization explains the rela- L 1/3Cap,Mn0O,. 1931 The definition of the orbital-ordering
tively low value of H,. However, the physical origin of scheme and crystalline structure betweenl/2 andx. de-

these behaviors is very different. For,B€a,MnO,, the serves much more work in order to have a clear picture, and
CO/EM coexistence is due to tHe nazrrowiﬁg ofsiche one_to understand the relevance of these parameters for the phase
electron bandwidth, which favors CO against the classicafj'agrams' . . . .
FM M phase involved at this hole concentration. For the In summary, we have investigated the magnetic properties

electron-doped systems the situation is less clear. of eleptron—doped Sm,CaMnO, systems. .The_ phase dia-
The low-field phase diagram of electron-doped system§'am N theH-T plane has been obtained. Field-induced tran-
presents similar features as those Lof CaMnOs-based sitions have. been observed. They correspond to thg melting
manganites. CG and OO/CO phases also occur Lfor of the OO withC-type AFM fo_rx=0.8, an_d to the melting of
—La, Pr, Th, or Bi3151823The main difference between CO.for x=3/4 and pe]ow. With decreasing electron concen-
these two phases concerns the occurrence of concomitafftion. at the transition from the OO to the CG regime,
orbital ordering with a structural transition from orthorombic ~0.85, th_e magnetization curves combine the two adjacent
to monoclinic structures for the second. In that case, the Orgharactenstlc _behawors, giving macroscopic evidence of
bital degeneracy ogy electrons is lifted, while they remain phase separation.
degenerate in CG phases. The CG-OO transition occurs
when the concentration d, electrons is sufficient to pro-
duce a reduction of the lattice energy through its deformation The Belgian IUAP and the Flemish FWO programs have
with their localization. This scenario seems to be consistensupported this work.
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