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The crystallographic and magnetic phase diagram of the two-electron-doped syst%h;eré)MnOg
with 0=<x=<0.167 has been determined using neutron powder diffraction, synchrotron x-ray powder diffrac-
tion, small angle scattering, and ac susceptibility. In general, the phase diagram is similar to those for other
chemically substituted CaMniystems as viewed as a function of the Mn charge state. Thus, when viewed as
a function of the Ce concentrationthe phase diagram is compressed by a factor of 2. Particular differences,
such as a broad compositional region @x<0.167) at room temperature in which the crystallographic
structure is monoclinic, originate from the small size of thé Cin. Two-phase behavior is observed over a
large compositional region (0sIx<0.167) at low temperature. The experimental data argue against chemical
inhomogeneity or strain arising from grain/domain interaction stresses as explanations for the phase separation.
Thus, the extended region of phase coexistence is postulated to originate from the subtle competition among
charge, orbital, and spin ordering that may be initiated\bsite cation disorder effect and is then stabilized by
an energy barrier between different magnetic ordering that develops in the two phases.
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INTRODUCTION ing phenomen&? It has also been proposed that strain fields
may stabilize inhomogeneous statés.

The remarkable transport properties of colossal magne- In previous work, (C&",Cel *)MnO; was shown to be a
toresistive (CMR) materials result from strong interac- two-electron doped CMR system, as followed from the
tions among charge, orbital, and spin ordering. Thus;scaling” of dc magnetic susceptibility with respect to a
detailed knowledge of the structural and magnetic phassingle-electron doped systems, and from x-ray absorption
diagrams as a function of composition and temperature isear-edge spectroscopy datsSingle phases were shown to
fundamental to understanding behavior of these material§orm for 0.0<sx=<0.175 by laboratory powder x-ray diffrac-
The emerging crystallographic and magnetic phase diaton. Bulk measurements of the magnetic and transport prop-
grams show the complex interplay of different orderingerties showed rapid changes in the properties with increasing
phenomena. Examples include the fC@.aﬁ*)Mnog,l‘3 x and the presence of multiple anomalies presumably due to
(C&”,Bi3*)MnO;,* and (C4*,Th3")MnO; (Ref. 5 sys-  competing AFM, FM, and charge ordering. Apparently, as a
tems. Theoretical work has attempted to explain this com#esult of the high electron doping rate with increasing Ce
plexity in terms of the competition between superexchangeoncentration, the crystallographic and magnetic structures
and double exchange interactions as well as the effect of thevolve rapidly, leading to a complex structural and magnetic
Jahn-Teller distortion rising from the M e, electrons>”®  phase diagram. The tentative phase diagram derived in the
The ordered states generally found in the {GA,)MnO;  previous work® could not adequately explore this complex-
system [ =trivalent ion are (with increasingy): G- and ity because detailed magnetic structural analysis by neutron
C-type antiferromagneti¢éAFM) structures, the former with  diffraction and adequate crystallographic structural data were
a ferromagnetidFM) componenﬁv&lo’lll?eg orbital order- not available. Therefore, a detailed study of the crystallo-
ing (OO) of the phase associated with ti@type AFM  graphic and magnetic phase diagram, by means of neutron
structure®*3 and charge(CO)- and orbital-ordered states and synchrotron x-ray diffraction is needed. Moreover, as has
when x=0.2 mainly attributed to the Wigner-crystal-type previously been shown for other CMR materidls knowl-
ordering®*1518n addition, large areas of phase coexistencezdge of the evolution of structural characteristics as a func-
are often observed in the previously studied systems. Thgon of temperature is essential for understanding the rela-
phase coexistence has been explained to originate from th@nship between the structural and electronic properties of
existence of multiple ground states of comparable energiethese compounds and can provide a guideline for the prepa-
arising from the subtle competition among the various orderfation of new CMR materials with improved properties. A
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key objective of the present study was to investigate the rolgorm factor coefficients for Mt and Mrf™ were taken
of double charge doping in this class of materials and comfrom the International Tables.

pare it to the single electron doped systems previously stud- High resolution x-ray powder diffraction data were col-
ied, such as (q&yLa§+)MnO3 and (CéfyBi§+)Mn03. In lected on the SUNY X3B1 beamline at the National Syn-
the simplest model, one might expect that thechrotron Light Source, Brookhaven National Laboratory.

(C%fxCeﬁ*)MnOg phase diagram would simply duplicate Data were collected at several temperatures in the range

the phase diagrams for single-electron doped systems as a0~ 300 K for samples wittrk=0.1, 0.125, and 0.167.

function of Mn formal charge state. However, there existsamples were mo.unted on flat brass sample holders and
additional factors which may modify the phase aiagram Théneasured n refleqtmn geometry. Copllng was ach|¢ved using
: : : . aclosed-cycle helium DISPLEX refrigerator. The direct syn-
most evident are the change of averdgeation size affect- chrotron beam was monochromated by a doubléd13)
"?9 the average magqitude O.f tilting distortjon ahecation crystal monochromator at a wavelength of 0.6994@d, as
size variance, promoting static structural disorder. determined from seven well defined reflections of apQ|
_ We report here the magnetic and cry_stallograph|c phasgay plate standar@NIST 1976a. For x=0.167, synchrotron
diagram of (Ca ,Cg)MnO; in the doping range €x ray diffraction data taken at 33 K were analyzed using the
<0.167. We show that, to a first approximation, the ;,ya program?
(Ca_«Ce)MnO; phase diagram scales to the one-electron  gmga|| angle neutron scatteringSANS) measurements
doping systems, such that the overall features are very simjyere performed at the Small Angle Neutron Diffractometer
lar as a function of Mn charge state. The specific feature@SAND) at IPNS. This instrument provides data in tfe
that distinguish the studied system from its single—electronrange from 0.005 to 0.8 Al (Q=4m sinéi\, where @ is
counterparts are discussed in detail. the scattering angleén a single measurement by using a 40
X 40 cnf position-sensitive’He gas detectofsample to de-
tector distancd=2 m) and neutrons of wavelengths in the
EXPERIMENTAL DETAILS range ofA=0.8 to 14 A (AN/A=0.05 at each\) by time-

Powder samples of Ga,CeMnO; (x=0.025, 0.05 of-flight techniques. The powder samples were loaded in Su-
X " L " L

0.075, 0.1, 0.125, 0.16%vere prepared by a citrate sol-gel prasil cells with 1 mm path length and the measurements
method. Stoichiometric amounts of Cag@Aldrich, 99 were performed at different temperatures in the range from
+9%, preheated at 300°C), Ce(NQ (0.5 mol/) and 30—SOQ K. The SANS data are corrected for background
Mn(NOg), (Aldrich, 49.7 wt. % solution in nitric acidwere scattering fpr aII'the §?mples anq are presented on an abso-
dissolved in dilute -2 M) nitric acid; then an excess of lute scale in units ¢ by following the standard proce-

5 .
citric acid and ethylene glycol was added. After all the reac:-dures at IPNS? In order to extend the data in the lo@

; - ion, d one powder sample=(0.05) at the
tants had dissolved, the solution was heated on a hot pla gion, we measure :
resulting in the formation of a gel. The gel was slowly heate SAXS instrument at UNI-CAT beam line at APS and the

o : : (_jUSANS data at the Perfect Crystal DiffractometBCD) at
to 600°C and left overnight to remove the organic com Q}e thermal neutron beam port BT-5 at NIST.

pounds and decompose the nitrates. The resultant powd
was pressed into pellets, annealed at 1100 °C for 24 h in air RESULTS AND DISCUSSION
and slowly cooled to room temperature. The samples were
shown to be single phase by laboratory powder x-ray diffrac- Using the experimental methods described above, a crys-
tion. tallographic and magnetic phase diagram for the
Ac susceptibility measurements on50 mg specimens (Ca_,Ce)MnO; system was constructed. The resulting
from all samples were performed with a Quantum Desigrphase diagram is shown in Fig. 1. The following sections of
PPMS 6000 instrument, in the temperature ranges 4—300 Khis paper report the details of the data analysis leading to
Time-of-flight neutron powder diffraction data were col- this phase diagram. To aid the reader, we first give a brief
lected on the Special Environment Powder Diffractometeroverview of the results. In broad terms, the phase diagram
(SEPD? at the Intense Pulsed Neutron Sour¢eNS) at  can be divided into two regimes. The first regime, fe£%
Argonne National Laboratory. Diffraction data were col- <0.075 is characterized by an orthorhombic structure
lected for samples witk=0.025, 0.05, 0.1, 0.125, and 0.167 (space-groupPnmg at room temperature, and a canted
at several temperatures in the range 12—-300dom tem-  G-type AFM structure at low temperatufenagnetic space
peraturg. For x=0.075, data were collected at several tem-group Pn'm’a). The crystallographic unit cell is2a,
peratures in the range 4—300 K. Cooling was achieved using 2a,Xv2a,, wherea, is the cell parameter of the aristo-
a closed-cycle helium DISPLEX refrigerattirand name of type perovskite. The second regime, for 0.636<0.167 is
Air Products Systemdo 12 K, and a Leybold refrigerator to characterized by a monoclinic structure at room temperature
4 K with samples in sealed vanadium cans with helium ex{P2,/m; v2a,x2a,Xv2a,), a C-type AFM structure
change gas. High-resolution backscattering datad (2 (P,,2:/m) and, for 0.kx<0.167, a CO state of the
=144.85°, bank J, and intermediate-resolution low angle Wigner-crystal type at low temperatures. In addition, for all
scattering data (2=44°, bank 3, were analyzed using the x=0.075 compositions, phase separated states exist below
Rietveld refinement method with thessas (ExPGuI) room temperature, with the phase separation temperature in-
suite?*?212 K data of thex=0.125, andx=0.167 compo- creasing with increasing. The unit cell of the CO phase
sitions were also analyzed using tRELLPROF program?  follows the general relation {nxv2ap) X2a,xXv2a,,
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FIG. 1. Crystallographic and magnetic phase diagram for o T
(Ca,_,Ce)MnO; as determined from neutron and x-ray powder 10 20 30 40
diffraction studies.G-AFM, and C-AFM are the G- and C-type d spacing (A)
antiferromagnetic structures, respectivety>-AFM, is a canted FIG. 2. Time of flight neutron powder-diffraction datar{,

G-AFM structure. CO is charge-ordered structure. WC is thepest-fit Rietveld refinement profilésolid lineg and their difference
ngner-crystal type orderlng_. OO is orbital-ordering. For the region(at the bottorh at room temperature fofa) Ca g7:Ce 02dMNO3
with (1-y)<0.85, overlapping shaded and patterned areas reprgPnma space-groupand (b) Ca, g34Ce 16MNO; (P2,/m). The

sent coexistence of phases. The area under the thick dashed lifisets show an example of the peak broadening and splitting upon
[1=(1-y)>0.829 is the area of existence of t@-AFM mag-  reduction of symmetry.

netic structure. The area under the thin dotted [[8e875>(1
—y)=0.66] is the area of existence of th@-type monoclinic

phase. The diagonal-lines patt¢h875>(1—y)=0.66] is the area ) . .
of existence of theC-AFM magnetic structure. The cross-hatched 2(8)]. The room-temperature neutron diffraction spectra of

pattern[0.825>(1—y)=0.66] is the area of existence of the mag- the cqmpounds with Q§X$O.167 §how splitting of refllec-
netic CO structure. The light gray ar¢8.825>(1-y)=0.66] is tlon.s '.n accqrdance Wlth. a monoclink2, /m structure Wlt.h
the area of existence of the CO phase. Symbols represent tratnsiti&hs'mIlar l,m't cellsee Flg.'Eb?]. For a]l samples no deV'_a'
temperatures measured by methods described in the text. Two sphon from ideal oxygen stoichiometry is found by the refine-

cific structures are observed inside the magnetic CO region: magN€nt of the oxygen atoms occupation factors, using the
netic structures with unit cells~3a*b*2c for x=0.167 and room-temperature neutron data. Synchrotron x-ray diffrac-

~4a*b*2c for x=0.125. Thea, b, andc notations represent the tion patterns are consistent with the neutron data. Refine-
lattice parameters of the original monoclinic unit cell at room tem-ments using the room-temperature synchrotron data allowed
perature. a more accurate determination of the Ca/Ce ratio, assuming
full site occupancy on thA site, because of the greater scat-
where n=(2x) . As an example, forx=0.167 (M?*  tering contrast between Ca and Ce for x rays than for neu-
content=3) a CO phase of the Wigner-crystal type existstrons. The refinements yielded the nominal Ca/Ce contents
with (~3Xv2ap)x2a,Xv2a, and a structure similar to within one standard deviation. Refinements of the peak shape
that previously observed for Ggl.a;sMnO; (Refs. 14, 15 parameters yielded nearly instrumental resolution for both
and Ca/3Pr;sMnO; (Ref. 16. Forx=0.125 and 0.167 a sec- neutron and x-ray diffraction patterns, confirming the homo-
ond magnetic phase, which is associated with the CO phasggneity of the samples within the limits of the diffraction
is observed below~100K; it has a (-nxv2ay)X2a, method. The cell parameters, atom positions, atomic dis-
X 2v2a, magnetic unit cell. placement parameters and reliability factors deduced from
In the following text, a detailed presentation of experi-the Rietveld refinements using the neutron data are summa-
mental results, their analysis and interpretation from whiclrized in Table I. Mn-O distances are in agreement with typi-
this phase diagram was created is given. The two-electropal values for MA*, Mn®**, and G~ assuming a random
doped system discussed here is then compared with ondistribution of Mr?™ and Mrf* ions in theB site. Distances
electron doped systems such as (Ca,La)MnO are summarized in Tables Il and Il
(Ca,Pr)MnQ, and (Ca,Bi)MnQ@. Finally, the correlation Room-temperature cell parameters of {Cae)MnOg
between magnetic and crystallographic properties is disas a function of MA" concentrationy(=2x), are shown
cussed. in Fig. 3(@). A clear change in slope for all three cell param-
Room temperature structureBhe room-temperature neu- eters is observed upon going from thes9<0.15 (0=<x
tron diffraction spectra of (Ga,Cg)MnO; compounds =<0.075) region to the 0.2y=<0.33 (0.1=x=<0.167) re-
with 0=x=<0.075 can be fit with an orthorhombienma gion, in accordance with the transition to monoclinic

structure model with &2a,x2a,xv2a, unit cell [see Fig.

104402-3



EL'AD N. CASPI et al.

PHYSICAL REVIEW B 69, 104402 (2004

TABLE |. Refined structural parameters of (CaCe)MnO; at room temperature. Rietveld analyses of neutron diffraction data were
done using: FoPnmathe following atoms positions: (Ca,Geand Q; at 4c(x,1/4z), Mn at 4b(0,0,1/2), and ©, at 8d(x,y,z); For
P2,/m the following atoms positions: (Ca,Ce) (Ca,Ce), and Q; at 2e(x,1/4z), Mn; at 2¢(0,0,1/2), Mn at 2b(1/2,0,0), Q, at
2e(x,3/4z), and Q, and Q, at 4f(x,y,z). The (Ca,Ce site is completely disordered (U;;) is the isotropic(anisotropi¢ atomic
displacement parameteB. of the two Mn sites inP2,/m is constrained to the same value. Numbers in parentheses represent standard
deviation of the last significant digits. The weighted profiR,{), and expectedR,,) agreement factors are also given.

X 0.025 0.05 0.075 0.1 0.125 0.167
Pnma Pnma Pnma B/m P2,/m P2,/m
aA) 5.28761) 5.29811) 5.309G1) 5.32191) 5.33511) 5.36081)
b (R) 7.46461) 7.47591) 7.48661) 7.49481) 7.49891) 7.50581)
c (A) 5.27411) 5.28231) 5.28951) 5.29571) 5.30161) 5.31521)
B (°) 90.0884) 90.12G2) 90.1892)
V (A% 208.171) 209.221) 210.241) 211.231) 212.1Q1) 213.871)
(Ca,Ce) X 0.03302) 0.03382) 0.03442) —0.032(1) —0.0345(9) —0.0370(8)
z —0.0061(4) —0.0061(4) —0.0067(4) 0.00) 0.0071) 0.00698)
B (A?) 0.632) 0.662) 0.692) 0.81) 0.739) 0.8009)
(Ca,Ce) X 0.4621) 0.461%9) 0.46098)
z 0.4941) 0.49399) 0.49219)
B (A? 0.6(1) 0.699) 0.6709)
Mn B (A?) 0.221) 0.252) 0.261) 0.242) 0.262) 0.262)
o X 0.48972) 0.48892) 0.48812) 0.0131) 0.01548) 0.01577)
z 0.066%3) 0.06744) 0.06843) 0.56499) 0.57128) 0.57439)
Uy (A?) 0.735) 0.967) 1.026) 1.7(3) 1.62) 1.7(2)
U,y (A?) 0.465) 0.506) 0.5005) 0.33) 0.53) 0.6(3)
Uss (A?) 0.796) 0.797) 0.81(6) 0.82) 0.92) 0.82)
U3 (A?) —0.07(3) —0.09(4) —0.07(4) 0.62) 0.2(1) 0.0(1)
Oy, X 0.4871) 0.48818) 0.48647)
z 0.07378) 0.07088) 0.07237)
Uy (A2 0.7(2) 0.82) 0.72)
U,y (A?) 0.63) 0.53) 0.7(3)
Uss (A?) 0.82) 0.72) 0.6(2)
U3 (A?) 0.31) 0.1(1) 0.0(1)
O, X 0.28691) 0.28692) 0.28741) 0.71487) 0.71285) 0.710%4)
y 0.034G1) 0.03432) 0.03491) 0.035998) 0.03766) 0.03596)
z —0.2875(2) —0.2877(2) —0.2879(2) 0.287®) 0.28916) 0.29025)
Uy (A?) 0.452) 0.533) 0.61(3) 0.92) 1.3(1) 0.5(1)
U,y (A?) 0.793) 0.803) 0.853) 1.003) 1.002) 1.1(2)
Uas (A?) 0.572) 0.633) 0.653) 0.7(2) 0.51) 0.82)
U, (A2 —0.18(3) —0.15(3) —0.16(3) 0.02) 0.2(1) 0.41)
U3 (A?) —0.28(2) —0.26(3) —0.28(3) —0.3(1) —0.42(8) —0.44(7)
Uys (A?) 0.133) 0.154) 0.163) -0.2(2) —0.1(1) 0.q1)
0,, X 0.78987) 0.78875) 0.78875)
y 0.53528) 0.534466) 0.53816)
z 0.788717) 0.78856) 0.78985)
Uy (A2 0.51) 0.208) 1.3(1)
Uj, (A?) 0.7(2) 0.82) 1.002)
Uss (A?) 0.6(2) 0.91) 0.6(1)
U, (A2 —0.2(1) —0.1(1) 0.31)
Uz (A?) 0.21(8) 0.11(7) 0.11(7)
Uy (A2 -0.1(1) —0.2(1) —0.4(1)
Rup (%) 4.65 5.45 5.09 4.69 4.07 5.04
Rexp (%) 3.03 4.13 3.80 3.65 2.93 3.60
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TABLE Il. Selected bond lengthdd) and bond angle@eg) for
Mn octahedra in Ca ,CeMnO; (0<x=<0.075) at room tempera-
ture.

X 0.025 0.05 0.075
Mn-O;;  1.89956(3)x 2] 1.90348(4)x 2] 1.90732(3) % 2]
Mn-O,;  1.90290(2) % 2] 1.90622(2)x 2] 1.91173(2) % 2]
1.90619(2) X 2] 1.91045(2) x 2] 1.91339(2) X 2]
Mn-O,;-Mn  158.4781) 158.1471) 157.8071)
Mn-O,;-Mn  157.2301) 157.1011) 156.8241)

symmetry for highek values. This orthorhombidRnma) to
monoclinic (P2,/m) transition corresponds to a change of

the Glazer tilt system frona’b b~ to a°®b ¢ ,2® and ap-

parently originates from the enhanced structural distortion

due to the small size of the €& ion, i.e., 1.28 A in 12
coordinate(1.11 A in 8 coordinatg®’ in comparison to the
size of the C&" ion[1.48 A, 1.26 A(Ref. 27)]. Consistently,
replacing Ca with LA" [1.50 A, 1.3 A(Ref. 27] causes the
increase of Mn-O-Mn angles in (Ca,La)Mp@nd the struc-
ture approaches cubic symmetiwhere the Mn-O-Mn angle
is 180°), while replacing Ca with Ce in (Ca,Ce)MnO
causes the further distortion of the structyFég. 3). The
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FIG. 3. (a) Cell parameters anth) average Mn-O-Mn angle at
room temperature as a function of ®nconcentrationy(=2x).
Oa and Oe are apical and equatorial oxygen atoms in the Mn-O
octahedra, respectively. Foy<0.15(0<x=<0.075 Oa andOe
correspond t@®,; andO,4, respectivelyTable ). For 0.2<y<0.33

reported behavior of the Mn-O-Mn bond angles as a functior{0.1=x<0.167) Oa corresponds t®;; andO,,; Oe corresponds

of y in (Ca,_,Th))MnO; (Ref. 28, with comparableA cat-
ion size (TB*: 1.18 A in 8 coordinatg is very similar to
our resultdFig. 3(b)]. However, the room-temperature struc-
ture of all studied samples of (€a,Thy)MnO; (y<0.5) is
reported as orthorhombic withbnmspace groupRnmain
the standard setting® Moreover, a change of slope in tiye
dependence of lattice parameters a=~0.25 in
(Ca_yTb)MnO; was observed, especially pronounced for
the c lattice paramete?® This behavior is similar to our re-
sults shown in Fig. @) and suggestive of the orthorhombic
to monoclinic reduction in the cell symmetry discussed
above for (Ca_,Ce)MnO3, and we believe it to apply for
the (Ca_,Tb,)MnO; system as well.

Ac susceptibility The molar ac susceptibility,, as a
function of temperature is shown in Fig. 4 for all studied
samples. For 0.025x<0.075 a Curie-Weiss paramagnetic

TABLE lIl. Selected bond lengthé) and bond anglesdeg)
for Mn octahedra in Ca ,CeMnO; (0.1=x=<0.167) at room tem-
perature.

X 0.1 0.125 0.167
Mn;-Oy;  1.90623(3) % 2] 1.91402(3) X 2] 1.91937(3] X 2]
Mn;-O,,  1.90587(6) % 2] 1.91585(4) X 2] 1.92804(4] X 2]
Mn;-O,,  1.91409(6) % 2] 1.91964(4) x 2] 1.93632(4] X 2]
Mn,-Op,  1.91508(3) % 2] 1.91304(3) x 2] 1.91689(3] X 2]
Mn,-O,;  1.92320(6) % 2] 1.92605(4) x 2] 1.92822(4) X 2]
Mn,-O,,  1.92499(6) X 2] 1.92462(4) X 2] 1.93291(4) X 2]
Mn;-Oy-Mn;  158.7981) 156.7381) 155.7231)
Mn;-O,-Mn,  156.8221) 155.8291) 155.4841)
Mn,-Op-Mn,  156.1341) 157.0271) 156.4241)
Mn;-O,-Mn,  156.2321) 156.6311) 155.4491)

to O,; and O,, (Table |). Data for (Ca,La)Mn@ is taken from
Refs. 1 and 14. The inset i@ shows the variation of the mono-
clinic angleg with y. Errors are smaller than symbols sizes, unless
otherwise shown.

behavior is observed for temperatures abevE25 K, while
a magnetic transition into an ordered magnetic state occurs at
lower temperatures. The sharp rise in thg(T) curve and

drop at slightly lower temperature are suggestive of FM and

%y (107 emu/mol)

100 150 200 250 300
Temperature (K)

FIG. 4. Molar ac susceptibility as a function of temperature for
(Ca-xCe)MNO;.

50
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C-type G-type  C-type the xu(T) curve with a transition to a CO state as deter-
; : : mined by neutron and synchrotron diffraction is given below.
Crystallographic  and  magnetic  properties  of
co 0.025=x=0.075.Most of the reflections in the 12 K neutron
x=0.167; 12K diffraction spectrum of (Ca ,Ce)MnO3; compounds with
x=0.025 and 0.05 can be fit with an orthorhomBioama

30 structure model with a2a,x2a,Xxv2a, unit cell. Addi-
25} tional reflections observe@ee Fig. % can be described as a
gzo I G-type AFM ordering of the Mn sublatticéThe magnetic
;3 : Pn'm’a space-group corresponding to tli&type AFM
S5t X = 0.075: 4K structure was used to fit the magnetic reflections. In the
2 ’ Pn’'m’a magnetic symmetry th&-type AFM structure has
E 10r = 0.05: 12K Mn magnetic moments aligned along thexis. In addition,
Eos| = a FM component of the moment, resulting from canting, is
i , : o possible along thec axis (GyF, configuration in
00} ! : X =0.05; 295K Wollan-Koehle? notation. Indeed, the refined moment
25 316 35 40 ’415 50 : 55 60 65 7.0 shows a significqnt FM component along thexis and the
d-spacing (A) resultant magnetic structure is, therefore, cai@egtpe. This

FM contribution is consistent with the sharp rise yg at

FIG. 5. (Color onling. Neutron powder diffraction at 12 K for ~ 115 K observed in the ac magnetic susceptibility for these
0.05=x=<0.167(at 4 K forx=0.075), and at room temperature for compoundgFig. 4). The refined magnetic moments at 12 K
x=0.05, using data from bank3 ¢2=144°) of the SEPD. CO de- for x=0.025 and 0.05 are summarized in Table IV.
notes charge-ordered phase. The cantedG,F, (Pn'm’a) magnetic ordering found

here is different from th&,F, (Pn'ma’) ordering reported

AFM transitions, respectively. The neutron diffraction data,for Ca _,La,MnO;.? The orientation of the magnetic mo-
discussed in detail below, show that the susceptibility datanents with respect to the crystallographic axes is determined
can be explained in terms of AFM ordering with canting of by three contributions to the total magnetic anisotropy as
the moments to produce weak ferromagnetism. Fo@.1 described in detail for isostructuraPma) orthoferrites>®
=<0.167 a broad peak is observed in thg(T) curve at namely, magnetodipolar, single ion, and Dzyaloshinskii-
temperatures above 150 K. The peak temperature increasbkoriya, which are shown to have comparable and often
with increasingx (Fig. 4). A small anomaly is also observed competing contributions to the total anisotropy. All three
at lower temperatures near 120(Rig. 4). These results are are shown to be sensitive to the magnitude of structural
in a good agreement with the dc magnetization measuredistortions, and thus it is not surprising that the increased
ments published previousK.In that work, the broad peak at tilt magnitude in (Ca ,Ce)MnO; as compared to
temperatures higher than 150 K was shown to correlate witliCa _,La,)MnO; affects their relative contributions and re-
a change of slope in the electrical transport and, thereforesults in the different observed magnetic structures.
was interpreted as the signature of a CO transition. Addi- The evolution of lattice parameters and magnetic mo-
tional evidence, showing the correlation of the broad peak ifments with temperature for the= 0.05 sample is depicted in

TABLE IV. Magnetic structures and refined magnetic moments at 12 K, and transition temperatures, ofQ€dMnO;. MCO is
magnetic charge-orderetlftC is the temperature where tli&type phase appearﬁfo is the temperature where the charge-ordered phase
appearsTy for MCO of x=0.1 was determined using the low temperature anomaly in the ac susceptibility measurement.

X 0.025 0.05 0.075 0.1 0.125 0.167
G type wy (1g) 2.201) 2.211) 1.754)
Mz (ps) 0.474) 1.132) 1.06(6)
Ty (K) 1152) 112(2) 112(2)
C type wx (ug) 1.656) 2.275) 2.087) -0.7(1)
s (ug) —2.34(5) —2.03(5) —-2.17(7) 1.328)
Ty (K) 12752 1523) 1655) 1455)
TC 127(2) 1733) 2055) 250(5)
MCO Honng 2.001) 2.1(2)
HMng 1.51) 1.71)
Ty 107(5) 1255) 112(2)
TO 170(5) 205(5) 250(10)

& or this compound th€-type magnetic structure appears together with the appearance of the monGelirge crystallographic phase.
The estimatedC-type magnetic transition from the behavior of the magnetic moment as a function of temperaturé)sk140
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5.300 ———————————— 7480 samples in the region 0.0¥x<0.167(Fig. 5. In addition,
5205F o2 Lc!ﬁ,m_u——u//"/ 17475 the ~30 K x-ray synchrotron diffraction data show evidence
5290 og—o—F ' of this phase for samples in the same composition range.
7 [ b 17470 The evolution of lattice parameters and magnetic mo-
g, 52851 / 17465 ments with temperature for the=0.075 sample provides
o 5280l Ve ,%c’ e additional information about the coexistence of the ortho-
© Ar—a o 17.460 rhombic and monoclinic phasé¢fig. 7(a)]. The lattice pa-
5.275} o .
M&s“"/ rameters of the orthorhombi@-type phase show the same
5.2701°¢ 17453 temperature dependence as their counterparts in xthe
' ' ' ' =0.025 and 0.05 samples. In contrast to this, the lattice pa-
2092} —0—G-AFM lha — rameters of the monoclini€-type phase, which appears be-
oo ) Eg low 127(2) K, show expansion of tha axis, contraction of
209.01 120 E the b axis, and contraction followed by expansion of the
£~ 208.8} 116 g axis with decreasing temperature. This behavior is the ex-
< 208614 e g pected signatuf€ for orbital ordering of thee, orbitals
> ' log 2 within the ac plane. Two distinct magnetic transition tem-
20841 B peratures are also obsenjétg. 7(a)]: G-type AFM ordering
2082 104 % begins at 11@) K [Figs. 1 and 7a), Table 1V] while C-type
208.0 X . —, {00 = AFM ordering appears at the same temperature where the
0 50 100 150 200 250 300 monoclinic C-type phase appears, i.e., at Q7K. The
Temperature (K) G-type transition temperature as well as the temperature of

appearance of the monoclinie-type phase determined by
FIG. 6. (top) Cell parameters an¢bottom volume and ordered  the neutron diffraction measurements are in excellent agree-

magnetic moment as a fun_ctlon of_ temperat_ure for ment with the ac susceptibility resultBig. 4).
Ca)_95(_:q)_ogj\{ln03, determined by Rietveld refinement using neu-  peq magnitude of the FM component for the canted
tron diffraction data. Errors are smaller than symbols sizes. G-type AFM structure increases linearly wih(Fig. 8). This

results from the increase in the number of FM double ex-
Fig. 6. Similar behavior is observed for tke=0.025 sample change interactions of the MhA-O-Mn** type. These
(not shown. Lattice parameters values were obtained by Ri-double exchange interactions introduce a magnetic frustra-
etveld analysis, using the models described above. In geriion to the three-dimensional AFNB-type structure which
eral, all lattice parameters decrease with decreasing temperariginates from superexchange AFM #nO-Mn** interac-
ture. However, a clear anomaly of the lattice parameters i§ons. Eventually, the system tends to stabilize in @gy/pe
observed in the vicinity of the magnetic transition into the AFM structure which is comprised of FM chains. This argu-
cantedG-type AFM structure. The transition temperature asment_is supported by previously published theoretical
determined by neutron diffraction measurements ig1)1K work,”® and was previously used to explain the
(Figs. 1 and 6, Table I)/ and is in an excellent agreement G-type/C-type coexistence in (Ga,Bi))MnO; with y
with the ac susceptibility measureméhtg. 4). The behavior =0.12 and 0.13.Other examples of the same coexistence
of the lattice parameters as a function of temperatiig. 6)  are reported for GasTbg ;MnO;,° (Ca _yLa,)MnO; with
does not show any evidence of orbital ordering, that typicallyy=0.1-0.16% and Cg ¢Pr, ;MnO;.% The common property
manifests itself in the expansion of selected lattice paramef these examples is the Mh concentration 0.1—
eters when decreasing the temperature due to the cooperative).16).
alignment of thegy orbitals in a selected directidrt? We mention here that neither of the above discussed

The 4 K neutron diffraction pattern for=0.075 shows phases has 100% abundance at the lowest measured tempera-

two coexisting phase#ig. 5. Reflections can be indexed as ture (~10 K). In fact, this behavior repeats itself in all stud-
coexisting orthorhombicPnma and monoclinic P2;/m ied samples where a phase separation was detected in the
phases. Two distinct sets of magnetic reflections are also ol§Ca _,Ce)MnO; system. Moreover, similar phase concen-
served(Fig. 5): one corresponds to the cant€dtype AFM tration ratios are found in samples with similar ncon-
structure, similar to the one observed for 0.025 and 0.05, centration, e.g., theC-type:G-type phases ratio for
and is indexed using the orthorhombRn'm’a magnetic ~ Ca gBigMN0O; at 25 K is ~70%:30%7 for
space group(henceforthG-type phasg the other corre- CaygelbyMnO; at 16 K it is 79%:219%, for
sponds to theC-type magnetic structure of the Mn CaglagdMNO; at 20 K it is 81%:19%, and for our
sublattice’ and is indexed using the monoclinR,,2;/m  Caygp:Ce 07MnO; (0.15 MrE™) at 12 K it is 69%:31%Fig.
magnetic space groufhenceforthC-type phasge The Mn  7(a)]. A possible explanation for the multiple phase state at
magnetic moments of th€-type phase lie in the ac plane. low temperature in these systems is discussed below after the
Their refined values are summarized in Table V. The refinegresentation of results for the rest of the phase diagram. All
weight percentage of the monoclinic phaseél & is 70%. It  of the above crystallographic and magnetic findings for
is worth noting here that this monocliniC-type phase is 0.025=x=<0.075 are summarized in the crystallographic and
observed in the neutron diffraction data in all studiedmagnetic phase diagram shown in Fig. 1.
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—_ , . . . , @ ordered magnetic moment as a
% 0 M AA RIS = function of temperature for
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Small angle neutron scattering study o£®8.05.In the  canting of theG-type AFM structure, as originally proposed
above analysis and discussion of the magnetic structure dfy deGenned® or a coexistence of magnetic phase separa-
the G-type phase, the FM component was modeled using &on to form domains of AFM and FM ordering. Neither
cantedG-type AFM structure. However, an important ques- experimental nor theoretical work is unanimous on this sub-
tion concerning the FM behavior is whether there is a trugect. While the majority of theoretical work supports the

G-AF Moment angle from b (deg)

40 T T T T T
30} N
Q

20} 1
10} © ]

oF o 1

000 002 004 006 008
X

phase separated picture for the simple ep@rbital model®
a recent theoretical work proposes the existence of a stable
canted AFM state for small electron doping, when taking
into account a twofold degeneracy of teg orbitals’ Ex-
perimentally, while an NMR study of (Ga,Pr)MnO; (y
<0.1).* and a SANS study of (GaTby;)MnO; (Ref. 32
gave evidence of coexistence of FM and AFM clusters, re-
cent neutron scattering work on lightly electron doped
(Cq_yLa)MnO; (0<y=0.09) suggested a combined
model, which involves a liquid-like distribution of
nanometric-size FM clusters{10 A) embedded in a canted
AFM matrix In addition, in the hole doping regime of
LaMnO;, a SANS study revealed the coexistence-df7 A
canted AFM clusters embedded in a matrix of another canted
state with different canting degré@.

In order to resolve this ambiguity in the case of

FIG. 8. Ferromagnetic canting angle at 12 K as a functiorn of (C&_,Cg)MnO; the x=0.05 sample was investigated us-
for the G-type antiferromagnetic structure.

ing the SAND instrument at IPNS, ultra-SANS data at the

104402-8



STRUCTURAL AND MAGNETIC PHASE DIAGRAM CF . .. PHYSICAL REVIEW B 69, 104402 (2004

1010

" [Ca95Ce0sMNO3RT
— # USANS-NIST 56 micron H
. 2 © SAND-IPNS 1mm
10 ; = USAXS-UNICAT powder on scofch tape |
=== Solid sphere fit (radius = 200 A . .
B - _power%w m(eiponem:s‘g‘;)) I FIG. 9. (Color onling. Small angle scattering

> at RT of the CggqLe oMNO; sample as seen
using neutron scattering on the ultra-SANS at

NIST (solid circles, and on SAND at IPNS

10°

-1

4
10 . .
E B (empty circle$, and x-ray scattering on the ultra-
5 SAXS at APS(up and down trianglesThe solid
= 10 fine line is a fit of the power law model to the
B data(see text The thick solid line is a simulation
10° of the scattering expected from solid spheres with
L the radius of 200 Asee text
5. ] el |
10 -4 -3 -2 -1 0
10 10 10 10 10

Q&Y

PCD instrument at NIST, and ultra-SAXS data at UNICAT was observed for th&=0.05 sample in neither room tem-
(33-ID) at the APS at room temperatuieig. 9. The reason perature nor 12 K measurements. Hence, the data reported in
for the use of multiple small angle scattering techniques washis work do not support the presence of FM clusters in an
twofold: first, to investigate the length scales of all possibleAFM matrix, nor do they support the combinedM
inhomogeneities in the system; second, in the case of thgiysterst canted AFM model suggested previousiyn par-
x-ray small angle scattering, to compare the neutron resultgcylar, there is no evidence for FM clusters on the scale of
to a nonmagnetic scattering method. ~10A, as experimentally observed in (CglLa,)MnO;

The small angle neutron scattering date-#80 K, mea- it y=0.02 and 0.09.We, thus, interpret our results for the

sured on SAND at the IPNS, showed no change in CompariéCaiXCa()Mn% samples with & x=<0.075 solely in terms
a canted AFM model.

son to the room temperature measurements shown in Fig.
Crystallographic  and  magnetic  properties  of

and after normalization, no change between the neutron an
x-ray results at room temperature is observed. This resu . . .
shows that there in no magnetic scattering in the repa@ted B'K.XSO'lG?'AS. was menUongd above, and |s's.ummar|zed
range. In addition, it is clear from Fig. 9 that large clusters’ Fig. 1 the entwg doping region a=0.075 eXh.'l.)'ts phase
with smooth surfaces or voids with smooth interfaces exist aS€Paration behavior at low temperatures. Additionally, there
evidenced by thed* power-law behavior of the scattering 'S @n established tendency for the formgtlon of CO. states for
over the range 0.081Q<0.01 (1/A).3 The relatively high “commensurate” Mﬁ?*/Mn‘H concentration, especially for
power estimated in Ref. 15.4) can be understood by the Mn®* concentrations equal tg (Refs. 4, 14-1Band 3
existence of a large multiple scattering in that experiment(Refs. 14, 15 Amongst the three studied samples with
Such a multiple scattering occurs when a long wavelength is= 0.1, 0.125, and 0.167, one would expect the 0.167 sample
used to measure the SANS of powder materials. The 12 Ao exhibit the simplest pattern to analyze in the 12 K neutron
wavelength used in Ref. 1 will promote large multiple scat-diffraction data for two reasongl) the expectedC-type
tering. Indeed, in the lawQ region in our time-of-flight phase concentration is the smalféétand(2) the unit cell of
SANS data(SAND), a Q¢ power-law was achievethot the CO phase of the=0.167 sample (M#H" concentration
shown), owing to the existence of long wavelengths in thatof ~3%) is smaller than fox=0.1 (Mr** concentration of
instrument. For data measured using the ultra-SAXS at the-1) and x=0.125 (Mrf* concentration of ~ %) 41416
APS (~1A), the PCD at NIST £2.5A), and the high Q Therefore, we concentrated on understanding the full diffrac-
region measure on SANDFig. 9 a Q* power-law was tion pattern of thex=0.167 sample at 12 K, and then used
achieved. these results to guide analysis of the data Xetr0.1 and
Based on the presence of a knee in the scattering data @t125.
Q~0.001(1/A) one can estimate the radius of gyration of The 12 K neutron diffraction data for the=0.167 sample
the clusters to be-2300 A (Fig. 9—well within the diffrac-  show additional reflections, as well as broadening of selected
tion limit. The power-law behavior in the lo® region with  reflections, in comparison to the room-temperature diffrac-
a slightly smaller exponent may be due to a different type ofion data. Following previously published work on samples
inhomogeneity in the powderge.g., particle size In the  with an M®* concentration of~3 (Refs. 14—-1Fwe were
high Q region there is no evidence for the presence of clusable to index the additional reflections using two magnetic
ters with a radius smaller than 200 A, as is evident from thephases:(1) an AFM C-type structure, also observed far
simulation(solid thick line in Fig. 9, using a spherical par- =0.075, and?2) an AFM structure resulting from tripling the
ticle (“ball” ) model. Clusters of larger radilget still below a and doubling thec lattice parameters of the original
~1000 A) would result in a significant broadening of reflec- P2, /m V2a,X2a,Xv2a, unit cell (see Fig.  and hence
tions observed by neutron diffraction. No such broadeningpresumably originating from the CO phase, which also ex-
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using theJANA progrant* which is capable of treating in-

FIG. 10. (Color onling Synchrotron x-ray diffraction data over commensurate crystallographic structures. Since the super-
a selected region as a function of temperature for thelattice reflection intensities are less than 1% of the most in-
Cap g3 16MN0O3 and C3g g7:Cey 12dVINO; compounds. The indi-  tense reflections in the pattern, structure refinement was not
ces of the superlattice reflections of the charge-ordered phase feensitive to their position, and therefore the Le Bail method
Cap gaf.16MnO; [(2/3 2 3, and(4/3 2 3] are marked in units of a5 ysed to fit these reflections. The results are depicted in
the original unit cell alongside thel23) reflection of the original Figs. 12a)—12c). Clearly, the best fit to the data is achieved
unit cell. For Cg g74C€1,dVIn0O; a shoulder reminiscent of charge- | ging modulation along both the and ¢ directions, giving
ordering superlattice reflection is marked. the propagation vectdc=[0.3151),0,0.0269(1). This re-

sult is similar to the incommensurate modulation reported for

hibits tripling of thea lattice parametete.g., Refs. 14-16  Ca gLay3MnO; in Ref. 36, where a propagation vector of
However, our neutron diffraction data lack the resolution tok=(0.284,0,0.01) was found by electron diffraction. Incom-
clearly observe nonmagnetic superlattice reflections from thenensurate charge ordering was also found in
CO structure. CaslagsMnO; where an incommensurate-commensurate

High resolution synchrotron x-ray diffraction data from transition accompanied an AFM-FM oA€The difference of
thex=0.167 sample at-33 K were used to identify the CO the two satellites positions expressed A$260)=26_,
superlattice reflectionésee Fig. 10 As is clearly observed —26.,, is a measure of the CO propagation vedtohe
in Fig. 10, the x-ray diffraction data include additional re- temperature evolution af(26) of the CO satellites is shown
flections that can be indexed using a unit cell with dimen-in Fig. 12d). Its increase upon cooling is an additional con-
sions of approximately ~3v2a,X2a,xXv2a, [P2;/m firmation of the incommensurate nature of the charge-
space group; propagation vector #£&)(~3,0,0)]. The ordering in analogy with the behavior of incommensurate
strongest observed superlattice reflections can be describesagnetic structures:°
as first-order satellites of the intense perovskite reflections A Rietveld analysis of thex=0.167 neutron diffraction
with nonzerol Miller index [e.g., (1=q 2 3)]. Moreover, data at 12 K was performed, using tl@sAs (EXPGUI)
second-order reflections with Miller indices dfi€2q,k,1)  suite?’?> The model consisted of two crystallographic
were not observed, suggesting that the CO state of the phases(1) a monoclinicP2,/m phase with a2a,x2a,
=0.167 sample is of the Wigner-crystal type with transversexv2a, unit cell, corresponding to th€-type phase similar
modulation, as opposed to a bistripe model, and in agreemeid that observed fox=0.075 and2) a charge ordered phase.
with the previously published work on As was mentioned above, neutron diffraction data at 12 K for
(Cayalagm)Mn05.24% The integrated intensities of the thex=0.167 sample lack the resolution to observe the super-
strongest CO superlattice reflections as a function of temkattice reflections of the CO phase. Thus, it is not practical to
perature, obtained from the x-ray diffraction data are de+efine the neutron data using the incommensurate model.
picted in Fig. 11. From this figure the CO transition tempera-Hence, the monoclini®2; /m space group with a commen-
ture can be estimated to b&co=250(10) K. This surate 32a,X2a,Xv2a, unit cell is used for the CO phase.
temperature coincides with the maximum in tig,,/dT  Since the crystallographic CO structure is incommensurate,
derivative of the molar ac susceptibility corresponding to thets magnetic structure is incommensurate as well. Therefore,
broad peak observed for=0.167 (Fig. 4). initially, we used in the refinement only the data from the

The superlattice reflections of the CO phase appear to bleigh resolution bank of the SEP®ank 1; 20~ 144°). This
shifted slightly from the commensurate’Za,x 2a,xXv2a,  approach neglects the small contribution from the magnetic
unit cell [see Fig. 12a)]. Therefore, the peaks were indexed reflections and limits the analysis to the crystallographic
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Pt rEy e text). (d) Temperature dependence of the scatter-
L3 =700~ 150 200 250 300 ing angle difference between the CO superlattice
(© Temperature (K) satellites corresponding ta k.
ELIRLIN I A N N2 VAN N SN ERRN B I
254 264 274

20 (deg)

structure. Then, a detailed treatment of the magnetic reflecerparts in CggLag 3MnO;,** as a result of the large dis-
tions was performed as described below. Lattice parameteggrtion introduced by the small ¢é ion, and in support of
determined from the synchrotron x-ray diffraction at 33 K oy choice to use a monoclinic system in analyzing the neu-
and the atom positions previously reported for theyon giffraction data for thec=0.167 sample.

4 .
Cay 6180 3MNO; samplé® transformed to the monoclinic ~ Aq was described above, the CO structure of the

P2, /m structure, were used in the starting model. The deci—_ 4 157 ¢omposition is incommensurate. Therefore, the re-

fﬁ%nréo g;g dao?ﬁgﬁﬁgmgi??ndoedléor thg;g Ezajs)g’srg;hszr dthagulting magnetic structure of the CO phase is expected to be
P 9. ek incommensurate as well. Indeed the magnetic reflections are

on the assumption that this phase originates from the rooms-hifted from the ideal positions calculated with the commen-
temperature phase which already exhibits a monoclinic dis- P )
tortion owing to the small tolerance factor caused by thedurate cell. To determine the magnetic structure that best de-

small ionic size of C& . This assumption is supported by scribes the relative intensity ratios of the observed magnetic

the temperature dependence of the lattice parameters for tlﬁ’gaﬁs and estimates the ordered magnetic moments of the
x=0.167 sampldFig. 7(d): discussed beloj The refined Mn"" and Mr? ions the FULLPROF progrant® was used.

cell parameters, atom positions, and atomic displacement pd"® magnetic structure at 12 K for the=0.167 composition
rameters for the two phases, as well as the reliability factor6an be described as shown in Fig.(@3with Mn** and

for the Rietveld refinements are summarized in Table V. Thévin** moments of 2.1(1)g, and 1.7(1ug, respectively
refined phase composition is @6 CO and 2(®)% C type.  (Table IV). It is important to note that due to the large num-

In comparison, analysis of the 33 K synchrotron x-ray databer of nonequivalent Mn positions involved and the incom-
yields 152)% of the monoclinicC-type phase. mensuration of the crystal structure we are unable to prove

Mn-O bond lengths and angles, calculated within thethe uniqueness of this structure. However, this magnetic or-
above Wigner-crystal model are summarized in Table VI. Alldering model is consistent with the magnetic structures asso-
interatomic distances are well within the range for™rO  ciated with other previously studied CO pha$é$;is con-
and Mrf"-O distances in inorganic compounds tabulated insistent with our findings for th&=0.125 sample, and is in
the Inorganic Crystal Structure Datab&S8eln particular, agreement with the orbital ordering in the ac plane. The
bond distances are in good agreement with published dig=-type magnetic structure of the minor phase was also incor-
tances for Cgglag;MnO; which is also charge porated in the above analysis and the refined moments are
ordered:**® summarized in Table IV.

Both Mn®*-O octahedra show a classic Jahn-Teller dis- The existence of the CO phase in the0.125 and 0.1
tortion with four short and two long distances. The longsamples is evidenced by the following observatidds:the
bonds are confined to the ac plane, forming an orbitalexistence of a low temperature “shoulder” on the side of the
ordered state, in accord with the observed elongation of bottil23) reflection of thex=0.125 synchrotron x-ray diffraction
thea andc lattice parameters upon coolifigig. 7(d)]. Mn- data that can be indexed using-a4v2a,X 2a,Xxv2a, Su-
O-Mn bond angles are significantly smaller than their counpercell. This “shoulder” disappears abowve220 K (Fig. 10.
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TABLE V. Refined structural parameters of ({&a{se) 16)MNO5 at 12 K. ForC-type phase information
see Table I. For the charge-ordef@&@D) phase Rietveld analyses of neutron diffraction data were done using
the monoclinicP2,/m space group with the following atoms positiori€a,Ce, and Oa at E(x,%,z),
Mn**, and Op at 4(x,y,z), Mn3; at 2b(3,0,0), and M, at 2¢(0,0,3). The(Ca,C8 sites are completely
disordered.B (Uj;) is the isotropic(anisotropi¢ atomic displacement paramet&.values of atoms with
similar site symmetry are constrained to be the same. Numbers in parentheses represent standard deviation of
the last significant digits. The weighted profilR,(,), and expectedR.,,) agreement factors are also given.

Phase space-group and name P2,/m CO P2,/mC
Phase fraction 82)% 202)%
aA) 16.14973) 5.3361)
B (A) 7.42821) 7.541(1)
c A 5.32931) 5.29159)
B (°) 90.1273) 91.032)
V (A% 639.312) 212.884)
(Ca,Ce); X 0.00948) —0.042(3)

z 0.00472) 0.0253)

B (A?) 0.21(3) 0.31)
(Ca,Ce), X 0.51648) 0.4623)

z 0.5112) 0.4993)

B (A?) 0.21(3) 0.31)
(Ca,Ce), X 0.35098)

z 0.0082)

B (A?) 0.21(3)
(Ca,Ce), X 0.84479)

z 0.5002)

B (A?) 0.21(3)
(Ca,Ce}; X 0.680719)

z —0.025(3)

B (A?) 0.21(3)
(Ca,Ce), X 0.17799)

z 0.5232)

B (A?) 0.21(3)
Mnj; X 0.16977)

y —0.0005(16)

z 0.0222)

B (A?) 0.103)
Mni X 0.668398)

y —0.002(2)

z 0.4922)

B (A?) 0.103)
Mn3; B (A?) 0.103) —0.06(11)
Mn3; B (A?) 0.1033) —0.06(11)
Oay; X 0.1645%8) 0.0073)

z 0.0902) 0.5763)

B (A?) 0.243) 0.41)
Oay, X 0.65927) 0.481(3)

z 0.4122) 0.0823)

B (A?) 0.2403) 0.4(1)
Oay, X 0.49457)

z 0.0942)

B (A?) 0.243)
Oay, X —0.0015(6)

z 0.43712)

B (A?) 0.243)
Oagy, X 0.82847)

z 0.0492)

B (A?) 0.243)
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TABLE V. (Continued.

Phase space-group and name P2,/m CO P2,/mC
Phase fraction 82)% 202)%
Oags, X 0.32328)
z 0.4372)
B (A?) 0.243)
Opy1 X 0.099a6) 0.7112)
y 0.0352) 0.03712)
z 0.7262) 0.30Q2)
B (A?) 0.372) 0.266)
Op1» X 0.597715) 0.79Q1)
y 0.0362) 0.5341)
z 0.7662) 0.7992)
B (A?) 0.3712) 0.266)
Opa X 0.07025)
y —0.041(2)
z 0.2152)
B (A?) 0.372)
Op2 X 0.57415)
y —0.041(2)
z 0.2781)
B (A?) 0.372)
Opa; X 0.23485)
y —0.038(1)
z 0.3211)
B (A?) 0.372)
Ops» X 0.738715)
y —0.040(2)
z 0.1931)
B (A?) 0.372)
Rup (%0) 4.54
Rexp (%0) 2.83

(2) Broad peaks in the ac susceptibilities for both the and the CO phase lattice parametgfiy. 7(c)], ¢ andb in
=0.125 and 0.1 samples with maxima at 2Z0&nd 1705), particular.
respectively, reminiscent of the same broad peak observed The neutron diffraction data for the=0.125 and 0.1
for x=0.167 that was shown to correspond to the CO transamples at 12 K were analyzed using a two-phase model
sition (Fig. 4) (3) The positions of magnetic reflections in the which included theC-type phase, as was used for tke
neutron diffraction data at 12 K for the=0.125 sample =0.167 and 0.075 data, and an average CO phase using the
which are in agreement with a magnetio/24,X 2a, monoclinic P2;/m space group with a2a,x2a,xv2a,
X 2v2a, unit cell (Fig. 5). In addition, previously published unit cell. The refined lattice parameters and phase fractions
electronic transport data for=0.125 andx=0.1 samples are summarized in Figs.(5) and 7c). The phase ratios of
were explained in terms of a transition into a charge/orbitathe CO andC-type phases at 12 K are @):70(2)%, and
ordered state below 225 and 170 K, respectively, in agree>2(2):48(2)%, for the x=0.1 and 0.125 compositions, re-
ment with our findings. spectively. The magnetic ordering at 12 K for the 0.125

A detailed structural analysis using the synchrotron x-raysample can be described by the structure presented in Fig.
and neutron diffraction data including the charge ordering forl3(b) with the Mr®™ and Mrf™ moments equal to 2.0( Lk
thex=0.125 and 0.1 samples was not successful due to thand 1.5(1 g, respectively(Table IV). However, as for the
reasons stated in the beginning of this section. As an exx=0.167 case described above, it cannot be proven to be
ample, attempts to refine a Wigner-crystal model for xhe unique. TheC-type magnetic structure was also incorporated
=0.125 sample with a propagation vector of /&) in the above analysis, and the refined moments are summa-
(~%,0,0) using the neutron diffraction data failed to con-rized in Table IV.
verge. An additional complexity in the=0.125 sample re- The neutron diffraction data at 12 K for the=0.1 sample
sults from the near degeneracy of tfrormalized C type  showed no magnetic reflections associated with the CO
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TABLE VI. Selected bond length6d) and bond anglegdeg)
for Mn octahedra in Gggs£& 16MN0O; at 12 K, as were calculated
using the Wigner-crystal model from Table V.

Mn?; -Oay; 1.9011)

Mn3;-Oag, 1.891)

Mn3; -Opy; 1.961)

Mn3; -Opy 1.941)

Mni; -Ops; 1.931)

Mn{; -Ops, 1.901)

(Mnf;-0) 1.922)

Mn3; -Oay, 1.922)

Mn?; -Oag, 1.892)

Mn{; -Opy, 1.871)

Mn3; -Opy, 1.932)

Mn{; -Opsy 1.871)

Mn3; -Ops, 1.981)

(Mn?; -0) 1.91(4)

Mn3;-Oay, 1.926(2] X 2]

Mn3;-Op;, 2.031(8] X 2]

Mn3;-Op,, 1.925(8] X 2]

(Mn3; -0) 1.961)

Mn3; -Oay, 1.888(2] x 2]

Mn3;-Opy; 2.016(9] X 2]

Mn3; -Opy, 1.921(8] X 2]

(Mni; -0) 1.941) FIG. 13. (Color onling. Models of Wigner-crystal charge-
Mn?; -Oa;;-Mnf; 157(1) orbital- and magnetically ordered structures for {C&e)MnO;
Mn3;-Oa;,-Mn3; 1531) with x=0.167 (uppe) and x=0.125 (lower). Solid, dashed, and
|\/|n‘1‘l+.o(,131.|\/|n‘l‘1+ 157.19) waved lines represent ferromagnetic, antiferromagnetic, and frus-
Mn%t-Oag,-Mni; 155(1) trated magnetic interactions, respectively.

Mn3; -Opg-Mnfs 150.27)

Mn‘i‘i+-op32.|v|n‘i‘z* 155.719) frustration is one of the driving forces for the existence of a
Mn -Opy-Mn3; 157.46) multiple ground states resulting in the coexistence of the CO
Mn?} -0 p;-Mn3; 158.97) magnetic structure with thé-type one. The concentration of
M -0 pyy-Mn3; 152.17) frustrated bonds decreases with increasinéMoongentra—
Mn%3 -0 p,y-Mn3} 157.17) tion, tending to stabilize the CO ground state. This hypoth-
MnS; -Oay;-Mn3; 149.35) esis is in agreement with the monotonic de_crease of the
Mn2; -0y, Mnd; 159.36) C-type phase fraction at 12 K with increasing in the

0.075<x=<0.167 region of the (Ga,Ceg)MnO5 system.
The same argument was used to explain the behavior of the
phase(Fig. 5). Yet, the low temperature anoma(ysmall C-type phase in (ClayBiy)MnO3.4 The multiple ground
peak”) in the ac susceptibility measurement of this sample astate caused by the magnetic frustration also explains the
~107 K (Fig. 4), suggests the existence of such a magneticelatively low magnetic moments found for the CO magnetic
ordering of the CO phase. The magnetic reflections of thiphasegTable V).
phase are expected to be small due to the long periodicity of An additional feature that favors magnetic frustration, and
the magnetic unit cell expected in tke=0.1 cell(unit cell of  therefore the relatively small magnetic moments of the CO
~5v2a,X2a,X2v2a,). In addition, the CO phase fraction phase, is the small value of the Mn-O-Mn bond angles. As is
in the x=0.1 sample is 30% at 12 K, resulting in further well known, the superexchange interaction weakens as these
reduction in the magnetic intensity. bond angles vary away from 18¢® This effect was shown
Examination of the proposed magnetic structures for thereviously to cause magnetic frustration in double
x=0.125 and 0.167 compositions suggests a possible mechperovskite$? The especially small refined magnetic moment
nism for the competition among different electronic groundof the C-type phase for=0.167[Fig. 7(d), Table IV], where
states in the 0.085x<0.167 composition range of the the crystal structure is maximally distorted due to the large
(Ca,_,Ce)MNnO; system. The competition between AFM amount of the small C¢ ion, supports this hypothesis.
superexchange and FM double exchange, suggested aboveEvolution of crystallographic and magnetic properties
for the C-type/G-type competition, can be applied here aswith temperature Using the models described above, the
well. This competition results in frustration in part of the thermal evolution of the lattice parameters, magnetic mo-
Mn-O bonds in the CO magnetic structuf€ig. 13. This  ments, and phase ratios of tBetype and CO phases for the

104402-14



STRUCTURAL AND MAGNETIC PHASE DIAGRAM CF . .. PHYSICAL REVIEW B 69, 104402 (2004

x=0.1, 0.125, and 0.167 samples was determined and is de- 214 - T T - -
picted in Figs. Th)—7(d) along with results forx=0.075

[Fig. 7(@)]. The lattice parameters of the CO phase of the 213 B
=0.167 sample were normalized for comparison with the < ool |
dimensions of the/2a,Xx 2a,Xv2a, unit cell. Clearly, for <

all three samplesx=0.1, 0.125, and 0.167the monoclinic z il A |
phase undergoes a charge- and orbital-ordering transition at ~ § o

lower temperatures as evidenced by the cell expansion upon '8 210} ]
cooling [Figs. 1b)-7(d)]. For thex=0.1, 0.125, and 0.167 § o

samples the charge- and orbital-ordering transition tempera- Z 209 = m CO |
ture is the temperature at which the thermal expansion sud- o C-type
denly changes. This anomaly occurs at the same temperature 208 6 008 010 oOl2 014 0l6 018
with the abovementioned broad peaks in the ac susceptibili- X

ties (Fig. 4). In addition, a second phase—tHe-type

phase—appears at the same transition temperature. The evo-FIG. 14. Unit cell volumes of the charge-ordergtbrmalized
lution of the lattice parameters of the CO phase with tem-and C-type phases as a function gfin (Ca _,Ce)MnO;, deter-
perature implies that the orbital ordering is confined in the adnined by Rietveld analysis using the neutron diffraction data.

plane for all three samples, in agreement with the above,y ead to a distribution of transition temperatures for the
analysis of the MA"-O bond lengths for the=0.167 CO crystallites to transform to th@-type phase, since locally the
phase[Figs. 1b)-7(d), Table V]. The same thermal evolu- crystal environments are not identical. This creates a “delay”
tion of lattice parameters has been reported for a variety ofetween the initial appearance of the second plfiaseur
CO phase$§;>***>**suggesting the same orbital ordering in case theC-type phasgand the establishment of its full mag-
all studied compounds. The orbital-ordering of tGetype  netic ordering, and the establishmenpon further cooling
phase is more complex, starting with ordering somewhergf the competing state of the original phase, e.g.,Ghgype
within the ac plane for 0.0%5x=<0.125[Figs. 1a-7(c)],  magnetic ordering, or the CO magnetic ordering. Once the
and then “switching” to align along the monoclinie axis  second magnetic ordering is established, it may create an
[Fig. 7(d)]. At this point we do not have a satisfactory expla- energy barrier, which prevents ti&type phase from grow-
nation for this effect. However, we note that a similar changéing further. The end result would be a hindered ability of the
in the thermal evolution of the lattice parameters was Obsystem to gain energy by selecting the lowest-energy phase.
served previously in (Ga,La,)MnO; with 0.1<y<0.5/°  The system, thus, freezes in its phase separated state. A simi
where it was attributed to a switch in orbital-ordering direc-lar argument was used to explain the multiple phase situation
tion with changingy due to fluctuations between ti@ and  at low temperature in the (Ga,La,)MnO; systent.
Q3 modes of the Jahn-Teller distortiéh. Authors in previous work proposed that the inability of
The C-type phase fraction as a function of temperature ishe C-type phase to grow to 100% abundance was due to
plotted in Figs. T)-7(d). As was the case for the stresses coming from the different thermal expansion of the
C-type/G-type phases for the=0.075 sample, neither the two phases involved’ Such an explanation cannot explain
CO phase fraction nor th€-type phase fraction reaches the observations in this work because the observed thermal
100% at 12 K. In addition, plotting the phase volume of theexpansions in the present system would lead to different
C-type phase together with the volume of tBetype phase signs for these stresses at different parts of the compositional
(x=0.075) and the normalized volumes of the CO phasephase diagram. As an example, we consider the thermal ex-
(0.1=x=0.167) at low temperaturéFig. 14 show a linear pansion behavior of the different phases in %3€0.075 and
dependency of the volumes anand therefore on the M x=0.1 sampleg[Figs. 1b) and 7c)]. For x=0.075, the
concentration. But, more importantly, each two phases of the€-type phase expands in the ac plane upon cooling, and tries
samex value show essentially the same volume, and hencep grow into theG-type phase, which contracts in all direc-
the samecharge carrier concentration (M). tions upon cooling. Conversely, fa= 0.1, theC-type phase
The above experimental findings are in agreement with dikewise expands in the ac plane upon cooling, but the CO
theoretical picture in which large clusters of different phasegphase in which it nucleates and grows also expands in the ac
but with the same charge concentration coexist at low plane upon cooling. Therefore, the interdomain stresses ex-
temperaturd® A key feature of this model is disorder in the perienced by theC-type phase are of opposite signs for
AFM exchange of the,, electrons and hopping amplitudes =0.075 andx=0.1. However, the observe@-type phase
of the charge carriers, which is naturally present due to draction vs temperature is thgamefor these two samples
random distribution ofA cations with significant charge and [Figs. 7b) and 7c)]. Thus, we conclude that domain inter-
size differences. This type of phase separation is clearly disaction stresses arising from the phase transition cannot ex-
tinct from a more conventional picture of a “droplet” state, plain why the transitions result in mixed phases rather than
with charge carriers being confined within separategoing to completion.
domains!® and was previously proven to exist in the hole- ~ The behavior of magnetic moments as a function of tem-
doped (La_,Pr)qLCaMnO; system in a certaiy range  perature for theC-type and CO AFM structures is also plot-
by neutron diffractiorf.” The disorder on thé\ cation site  ted in Figs. Tb)=7(d). The refined moments and character-
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' ' ' ' ! ! ! so many electron-doped manganite systems is caused by
_1oop "\ | T (s Co,MnO, T chemical or electronic inhomogeneity. Our diffraction results
E sl —=— G, BMI0, | for single phases at room temperature where all synchrotron
b1 x-ray and neutron spectra showed no significant peak broad-
-8 ening beyond instrumental resolution argue against chemical
5 60f . ) ; ) .
& inhomogeneity. The remarkably wide region of phase sepa-
9 4 o ration is unlikely to be explained by small compositional
9 0 \ 1 . -, . . . .
3 _\ inhomogeneities not detected by high-resolution diffraction
i | o methods at room temperature. As was discussed above, Fig.
E: - 14 presents crystallographic evidence of the formation of dif-
O o} -c/ _ ferent phases with theamecharge carrier (M#i") density,
008 012 016 020 024 028 032 036 again ruling out large chemical inhomogeneity. We therefore
Mn*" concentration, y attribute the phase separation observed in the

(Caq_,Ce)MNO; phase diagram to an electronic inhomoge-
FIG. 15. C-type phase weight fraction as a function of #n  neity, driven by the competition between magnetic-charge-
concentration for the (Ga,,Ce,)MnO; and (Ca_,Bi,)MnO;  and orbital-ordering phenomena.
(Ref. 4 systems. The low-temperature phase-separated state existing in the
studied phase diagraniFig. 1) in the region 0.075Xx
istic temperatures for the entire set of compositions studie@&0.167, can be understood within the framework of the the-
are given in Table IV and summarized in the form of theoretical model presented in Ref. 45, where fheation dis-

crystallographic and magnetic phase diagi@ig. 1). order was shown to promote the formation of large clusters
of different phases with the same charge density. In addition,
CONCLUSIONS we show that domain interaction stresses that may originate

from the growth of one phase into the other have no signifi-

Neutron and x-ray diffraction data have been used to concant effect on the properties of the presently studied materi-
struct a crystallographic and magnetic phase diagram for thg|s_

two-electron-doped system (£3Ce)MnO; (Fig. 1). A
comparison of the phase diagram for this two-electron-
doped system in the composition range<%<0.167
with phase diagrams for one-electron-doped systems The authors are grateful to J. F. Mitchell for help in ac
such as (Ca,La)MnO;,""" (Ca_,Bi,)MnO;,* and  susceptibility measurements, G. Popov and A. Borisevich for
(Cai,yTby)MnO&5 in the corresponding composition range helpful discussions, and J. Barker, J. llavsky, and D. Wozniak
0=<y=0.33, shows both qualitativee.g., ordering phenom- for help in small angle scattering measurements at NIST,
eng and quantitativee.g., transition temperatunesimilari- ~ UNICAT-APS, and IPNS, respectively. The work at Argonne
ties. This observation leads to the conclusion, suggesteNational Laboratory was supported by the U.S. Department
previously!® that the crystallographic and magnetic proper-of Energy—Office of Science under Contract No. W-31-109-
ties of the CaMn@ based manganites are dominated by theENG-38. Work at Rutgers University was supported by the
charge state of Mn, rather than by the size of the dopindNational Science Foundation Grant No. DMR-0233697. Re-
trivalent ion. This similarity even extends to the mixed phasesearch carried out in part at the National Synchrotron Light
behavior. This conclusion is perhaps best demonstrated bgource(NSLS) at Brookhaven National Laboratory, which is
plotting together the C-type phase fractions for the supported by the U.S. Department of Energy, Division of
(Ca_,Ce)MNO; and the (Ca Bi))MnO; (Ref. 4 sys-  Material Sciences and Division of Chemical Sciences. The
tems vs MA™ concentratior(Fig. 15). SUNY X3 beamline at NSLS is supported by the Division of

The data presented in this work shed light on the questioBasic Energy Sciences of the U.S. Department of Energy
of whether the large region of phase coexistence observed imder Grant No. DE-FG02-86ER45231.
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