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Antiferromagnetic metallic state in the heavily doped region of perovskite manganites
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Comprehensive study on electronic and magnetic properties has been performed for doped manganite near
the phase boundary of the antiferromagnetic metéfiiEM) state, with changing the nominal hole concentra-
tion x and the one-electron bandwidW. In La;_,Sr,MnO; with maximal W, the ferromagnetic metallic
ground state in the low- region is replaced by the AFM state beyore-0.54. On the other hand, the
charge-ordered insulatingOl) state appears at~ 0.5 for Nd, _,Sr,MnO, with reducedW. The COI ground
state is overwhelmed by the AFM state with further increasir(@g=0.54) orW. These competitions of the
AFM state with the alternative ground states suggest that the AFM state is a fundamental ground state for
doped manganite$S0163-18208)02333-9

[. INTRODUCTION state properties for the manganites as a function of nominal
hole concentrationx) and the averaged ionic radiusg) of
The recent observation of “colossal” magnetoresistance the rare-earth ion, and found that the phase diagram is domi-
(the CMR effect in the doped manganites has sparked anated by the ferromagnetic metalEM) state in the lowx
great amount of effort to understand the unusual electronigegion and an antiferromagnetic metalisFM) state with
and magnetic properties of these materials. The most conx.type spin structure in the highregion. The AFM state, or
monly studied manganité®, _,A,MnO;, whereR andA are  spontaneous acquisition of two dimensionalligs been as-
the tr!valent rare-earth and divalent z_ilkallne-earth ions, regrined to formation of a pseudo-two-dimensiordl> 2
spectively, have the distorted perovskite structure with threeband due to kinetic energy gain of tig electrons.
d|men§|onal networks of.the MrgOoctahedra. Its generic It should be noted that the layered-type spin structure is
behavior of paramaganetic-to-ferromagnetic transition is Unspserved even in the layered manganites

derstood within the framework of double-exchan@2E) Ry 2.0 2Mn,0, (R=rare-earth ions In this system

theory?~* which includes only the transfer integralof the

ey electrons and the on-site exchange interactidond’s- che OMth Sr? e;:ts zfire sepatrateg by rqcksaIItD Iaye:s arlld the

rule couplingJy) between the itinerargy electrons and lo- NYs 0C aloe ra form a two-dimension&eD) network.
Battle et al.™ have reported a layered-type AF state for

calizedt,y spins §=3/2). To explain the “colossal” value - B
of the magnetoresistance for the system having small  NdSEMNzO; ()11_1(2)-50) and  Nd;Sn gMn0; (x=0.45).
however, we need an additional mechanism for carrier localMOritomo et al.=*“have investigated the ground-state prop-

ization aboveT. as well as magnetic-field release of the €rties for layered manganites, (LgNd,) 2,51+ 2Mn;07,
localization. Perhaps, the most probable mechanism t@s @ function ok and the Nd concentration and indicated
supplement the DE model is the polaron formation originatthat the heavily doped region of the phase diagram is domi-
ing from the Jahn-Teller instability of the MpQyctahedrd.  nated by the layered-AF state. This again strongly suggests
The doped manganites show much more multifarioughat the layered-AF state is the alternative ground state for
properties in the heavily doped regionx=0.5). In  doped manganites, besides the FM state.
Nd, sStp MNnO;,° a charge-ordered insulatingCOI) state In this paper, we have investigated electronic and
emerges below Tco=160 K with the concomitant magnetic  properties for  perovskite = manganites
ferromagnetic-antiferromagnetic transition. Kawaabal! R;_,Sr,MnO; (R=La and Nd near the AFM phase bound-
have performed a systematic neutron-diffraction measureary, with systematically changing andW. We can control
ment for Nd _,Sr,MnO;. They have found that the spin or- the one-electron bandwidtW by means of the hydrostatic
dering of the COI ground state at=0.50 is of the CE type and chemical pressure, that is, chemical substitution of the
with the 2/2x22x2 unit cell in the cubic perovskite rare-earth iorR.*®In a previous papetwe have reported a
setting® while that forx=0.55 is of a layered typeX type).  global ground-state phase diagram for cubic manganites as a
The A-type spin structure is commonly found in the heavily function of x and W, and discussed the origin of the AFM
doped region of the perovskite manganites, e.g.state. Here, we have concentrated our attention on the com-
Pl St MnO; (Ref. 7) and Lg ,ShsMnOz.° Recently,  petition of the AFM state with the alternative ground states,
Akimoto et al” have systematically investigated the ground-i.e., the FM and COI states. In La,Sr,MnO; with maximal
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FIG. 1. Lattice constants for La,Sr,MnO; (squares and
Nd,; _,Sr,MnO; (circles. The crystal symmetry is orthorhombic
(Pbnm Z=4).

one-electron bandwidtW of the €y carriers, the FM state is
replaced by the AFM state beyond=0.54 from the low-

temperature side. On the other hand, the COI state f

Nd; _,Sr,MnO; is overwhelmed beyond=0.54 from the

high-temperature side. Application of hydrostatic or chemi-

cal pressure was found to suppress the COlI state.

Il. EXPERIMENT

Crystals ofR;_,Sr,MnO; (R=La, Nd) were grown by
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1.819 A were obtained by th@31) reflection of Ge mono-
chromater, and 12«-Sample-18 collimation. Melt-grown
crystal ingots were crushed into fine powder and were sealed
in a vanadium capsule with helium gas, and mounted at the
cold head of the closed-cycle He-gas refrigerator. The pow-
der patterns are analyzed by the Rietvelt metioaind the
obtained lattice parameteis, b, andc are listed in Table I.
For four-probe resistivity measurements, the crystal was

cut into a rectangular shape, typically 0&k3x0.5 mn?,

and electrical contacts were made with a heat-treatment-type
silver paint. MagnetizatioM was measured under a field of
uoH=0.5 T after cooling downa 5 K in zero field using a
superconducting quantum interference device magnetometer.
Curie temperaturéel . was determined from the inflection
point of the M-T curve. Effects of an external hydrostatic
pressure were measured using a clamp-type piston cylinder
cell. A small piece of crystal £0.5x1x2 mn?) was
O[:r)laced in the sample room, which was filled with silicone oil
as a pressure transmitting medium. The sample temperature
was monitored with a copper-constantan thermocouple
placed in the sample room. According to our previous expe-
rience, it is inferred that beyond 1 GPa the applied pres-
sure relaxes at a rate of 8%/100 K, while the pressure
relaxation effect is negligiblest —2%/100 K) below 1 GPa.

the floating-zone method at a feeding speed of 7—9 mm/h.

Stoichiometric mixture of commercial L® ; Nd, O,

SrCG; and MngO4 powder was ground and calcined two
times at 1350°C for 24 h. Then, the resulting powder was

pressed into a rod with a size @f5X 60 mm and sintered at

IIl. RESULTS AND DISCUSSION
A. Electronic phase diagram

Before describing details for the competitions between the

1350°C for 48 h. The ingredient could be melted congru-AFM state with the alternating ground states, e.g., FM state

ently in a flow of Q. Large crystals, typically 4 mm in

for La; _,Sr,MnOg or the COI state for Nd_ ,Sr,MnO,, let

diameter and 20 mm in length, were obtained. Powder x-rayus survey the phase diagrams for doped manganites. In Fig.
diffraction measurements at room temperature and Reitveld, we show the extended phase diagrams @
analysid* indicate that the crystals were almost single phaseLa, ,Sr,MnO; and (b) Nd,_,Sr,MnO;. The data points

A small amount of SrMn@ impurity phase, however, is in-

abovex=0.5 are determined in the present work, though

evitably introduced to the melt-grown crystal ingot, espe-those in the lightly doped regiox&0.5) are cited from Ref.

cially for the higherx samples. Obtained lattice constaras,
b, andc are plotted in Fig. 1 in the orthorhombi®pnm
Z=4) setting. In La_,SrMnO;, the crystal symmetry
changes from rhombohedrgR3c, Z=2 (not shown] to a
psuedotetragonal oneatb=<c) beyond x=0.54. Similar
pseudotetragonal structural is observed beyord.54.

13.

The phase diagram for La,Sr,MnO; [Fig. 2(@)] with
maximalW is a canonical one for the DE system. The Jahn-
Teller distorted statex=0.1) undergoes a phase transition to
a spin canted insulatingCl) phase. A ferromagnetic insulat-
ing (Fl) phase is present in a fairly narrow region (x

To investigate the magnetic structure, neutron-diffraction=0.10-0.17, in which thee, carriers are subject to local-

measurements were performed for gNgbry sJMnO; (X

=0.52) with a Kinken powder diffractometer for high-

ization but can still mediate the ferromagnetic interaction
between the neighboring sites. With further doping beyond

efficiency and high-resolution measurements, HERMES, inx~0.17, the FM phase appears in the low-temperature side.
stalled at the JRR-3M reactor in Japan Atomic Energy ReT. steeply increases with up tox=0.3 and then seems to
search Institute, Tokai, Japan. Neutrons with wavelengtisaturate. With further increasingbeyondx= 0.54, the AFM

TABLE I. Lattice constants and magnetic moments for W81, 5MnO;.

TemperaturgK) a(®) b (A) cA) Magnetic structure Momentz) Direction
300 5.42073) 5.46323) 7.61514) Paramagnetic

220 5.41883) 5.46483) 7.594%7) Ferromagnetic 0.716) [100]
180 5.434%9) 5.47889) 7.528310) A-type 0.8@5) [100]
10 5.438811) 5.489812) 7.499913) A-type 1.6Q@5) [100]

CE-type
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FIG. 2. Electronic phase diagram f@ La; _,Sr,MnO; and(b) FIG. 3. Temperature dependence(af resistivity and(b) mag-

Nd; _,SrMnO;. Filled circles, open trianglegcircles, and open  netization for La_,SrMnO;. Arrows and triangles represent the
squares represent the critical temperatures for ferromagnggic ( Curie temperaturesT) and Nesl temperaturesT), respectively.
antiferromagnetic Ty), and charge-orderingTo) transitions, re-  Magnetization was measured under a field of 0.5 T after cooling
spectively. CI, FI, FM, AFM, AFI, and COI mean canted insulating, down © 5 K in zero field(ZFC).

ferromagnetic insulating, ferromagnetic metallic, antiferromagnetic

metallic, antiferromagnetic insulating, and charge-ordered insulat-

ing states, respectively steeply decreases below (=360 K, downward arroyw

' ' down to ~5x10°° Q cm at 5 K. By contrast, thex
state appearsThe spin structure of this phase is of the = 0-94 crystal shows a ferromagnetic-antiferromagnetic tran-
type with ferromagnetic sheets perpendicular to the crystaiSition at Ty=200 K. Neve[tpeless, the resistivity for
lographicc axis. =0.54 remains low 4X10""  cm at 5 K even in the

Overall features of the phase diagram are similar forantiferromagnetic phase, i_ndicating Fh_at the groun_d state is
Nd; _,Sr,MnOs [Fig. 2b)], thoughT is suppressed as com- the AFM state. The _metalllc conductivity f_(xr: 0.54 is not
pared with La_,Sr,MnO; and begins to drop beyond due to the FM impurity, because the low-field magnetization
~0.4. In the immediate vicinity ok=0.5, a charge-ordered Curve of the same crystal piece as used for the resistivity
insulating (COI) phase sets in belowcc; (=160 K).5 The measurement shows no ferromagnetic component. A similar
charge-ordering transition accompanies a ferromagnetic-td-M-AFM transition is observed also for=0.57. Here, we
antiferromagnetic transition. The low-temperature AF spinShould emphasize that the ground-state spin structure is of
structure is of the CE type with the\2x 2y2x 2 unit cell the layered type, and hence the state can be'V|ewed as az2D
in the cubic perovskite settifyThe COI state is observed FM state, whlle_:the usual FM state can be viewed as a 3D
only in a limited x region and disappears below=0.48, M state. Atx=0.60, p value steeply increases beldli

With further increasingc beyondx=0.54, the AFM state :(2)?0 K [antiferromagnetic insulatingAFl) state in Fig.
appeard:®1® The A-type spin structure remains up to 2@ . . .
=p(§)6217 Looking at gl% 1 F:)ne may consider that thF:e AEM  The key factor for realizing the AFM state is the anisot-
state correlates to the structure withy2=a,b. We think, r(t)gté ogntgeﬂ:\év Ooegeogt.)r';aelz’ _|(.)e., the twiﬁt'emfr?st'ﬁg%;ﬁl
however, this trend is accidental. Becasue the transition int§ d sionddz2_2 state. Vi

the AFM state accompanies significant compressiorc of _ope_d region, theg-electron system gains the maximum
(vide infra). kinetic energy when thel._,2 orbitals form a pseudo-2D

band. If such a pseudo-2D band were realized, the in-plane
exchange interaction would be ferromagnetic mediated by
the itinerantd,2_,2 electrons(DE interaction, while the an-
tiferromagnetic superexchange interaction should dominate
The AFM state for La_,Sr,MnO; is adjacent to the FM  along thez direction. In this sense, the origin of the in-plane
state. We show in Fig. 3 temperature dependence of resistiferromagnetic exchange interaction in the AFM state is
ity p and magnetizatioM for La; _,Sr,MnOs in the vicinity — qualitatively different from that for the parent material
of the AFM phase boundary. At=0.50, thep-T curve LaMnO; (x=0.0), in which in-plane ferromagnetic order-

B. Competition between the FM and AFM states
in La;_,Sr,MnO3
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ing is caused by the superexchange interaction between the 1072
neighboringe, electrons that occupy the alternatiggorbit- _

als. The ordered moment shows no canting in the AFM state, §
which again makes a sharp contrast with the Cl state for S 107F
LaMnQO;. With decreasing, the 2D AFM ground state is Q 3
replaced by the 3D FM state, as shown in Figa)2The
probable driving forces of the AFM-FM transition induced 107
by the electron dopingare (a) JT instability inherent to the 102
Mn®* (d,) ions and(b) ferromagnetic superexchange inter-

E (@) x=04

- r

action between the M ions, both of which unstabilize the o:g 10 a
d,2_y2 orbital. = S

It should be noted that the AFM transition accompanies a =~ 1072 =
significant lattice deformation. For example, the lattice con- r
stantc shrinks more than 1% at the FM-AFM transition for 10::
(Lag sNdq 2) 0 sSto sMnO3, 2 which is advantageous to forma- 107 :
tion of the pseudo-2D band. A similar compression of - = M .
c(~1%) is observed at the AFM transition for 3 103k __0‘2 ey
Ndo 4651 sMnO; (see Table)l Thus, theey electrons gain P dos s
the kinetic energy with forming the pseudo-2D band at the i #oH=05T hA N
cost of the lattice energy. On the other hand, the lattice de- 107 E s ressseresoqrengosoqsenoont M o
formation is rather small in the FM transition as compared 0 100 200 300
with that in the AFM transition. Even the elongation Temperature(K)

of ¢ is observed at the FM transition for FIG. 4. Temperature dependence of resistivity and magnetiza-
(Ndg065My.00 055 MnO; (Tc=120 K2 Accordingly, . > o CoPea lhe C8Per fesEIvY and mag
the tw talli d stat : the AEM and EM stat tion for Nd,_,SrMnO;: (a) x=0.4, (b) x=0.5, and(c) x=0.6.

e two metallic ground states, I.€., the an sta eS’Arrows, squares, and triangles represent the CufFig),( charge-

prefer the different lattice deformations, which prevents theordering Tco), and Neel (Ty) temperatures, respectively. Magne-

two magnetic structures from mixing. This forms a pro-y,aiion was measured in a field of 0.5 T after cooling down to 5 K
nounced contrast with competitions between the COI ang, ,erq field(zFC).

AFM states for Nd_,Sr,MnQO,, in which the two magnetic

structures are mixe@ide infra). . . .
w 3 shows a slight rise around 150 (§quare; compare with the

p-T curve atx=0.54), suggesting an antiferromagnetic-
C. Competition between COIl and AFM states antiferromagnetic ordering transition. In Fig. 6 are shown the
in Nd;_,Sr,MnO neutron powder patterns for=0.52: (a) 300 K=T(=230

In the narrowW compound like Ng_,Sr,MnOj3, the COI K), (b) 220 K< T, (c) 180 K< Ty (=200 K), and(d) 10 K.

state intrudes between the two ground states, i.e., the FM and
AFM states, as shown in Fig(l®. Figure 4 shows prototypi-
cal examples for théa) FM, (b) COI, and(c) AFM states for

(a) Nd;_,Sr,MnO;

—_
[=]

=)
y

Nd;_,SLMnO;. At x=0.40 [Fig. 4@)], the p-T curve 5
steeply decreases beloW:(=280 K; downward arrow %10'1
Similarly, thex=0.5[Fig. 4(b)] crystal becomes a conduct- 3,
ing ferromagnet belowl =255 K. With further lowering 2 10
temperature, however, the charge-ordering transition takes & 103

place below Tco=160 K (squar¢ accompanying a

ferromagentic-antiferromagnetic transition. The spin struc-
ture of the COI ground state is of the CE type. Similarly to
the case of the AFM transition, the charge-ordering transition
accompanies a compression @by ~1.5%° On the other 10°

(b) (Nd; _;La,)o 48510 52MnO3

hand, thep-T curve forx=0.6[Fig. 4(c)] remains metallic o:g o =

even belowT (triangle except for the low-temperature re- b 10 Z=£='%§1o
gion (<50 K), where the barely mobile, carrier is ame- E 102

nable to the Anderson localization effect. The spin structure %

of the AFM ground state is of the layered typA type & 073

perpendicular to the axis.
The p-T curve for N@ 46515 5MnO3 (x=0.52; see thick
curve in the upper panel of Fig) & rather complicated. The

p value gradually drops below-=230 K (downward ar- FIG. 5. (a) Filling-dependence angh) chemical pressure effects
row), and then jumps belowWy =200 K (triangle accompa-  of resistivity for Nd_,SrMnOs. Thick curve is for
nying a prominent thermal hysteresis. This resistivity jJUMPNd, ,Sr - MNO; (x=0.52). Downward arrows, squares, and tri-
accompanies a ferromagetic-antiferromagnetic transftioh  angles represent the ferromagnetic, antiferromagnetic, and charge-
shown. With further decreasing temperature, & curve  ordering transitions, respectively.

T R L
0 100 200 300
Temperature (K)
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Pressure (GPa)

Ndy,48Sr0.52Mn0; = A=1819A 0 1 5 3
o
(a) 300 K>T, Q T T ]
(&) 300 KT S 3001 (N Lo 810 MO
I~ Q
. Ao

o
< L <
£
£ [)220K<Tc B
Q — ®
2 5}
- 1
89 = = =) S
=) =3 - Q
ok 4 oz =&
=  [|©180K<Ty i< = 83
Z —IZ
E - Ada, .

0 N = 0 0.05 0.1

L :
(d) 10 K<Tco :;5, gz a3 FIG. 7. Phase diagram for (Nd,La,)q4eSlhs5MNO; (X
I 80 ) =0.52) as a function of the La concentration. Filled symbols are
R st nernmagll et i the data points foz= 0.0 obtained under hydrostatic pressure using
0 10 20 30 40 a scaling relation that=0.04P, whereP is the compensated pres-

20 (degree) sure value in units of GPa. FM, AFM, and COI mean ferromagnetic
metallic, antiferromagnetic metallic and charge-ordered insulating

FIG. 6. Neutron powder profiles for NdgSrsMnO; (X states, respectively.

=0.52) at various temperaturgs) 300 K=T(=240 K), (b) 220

K=Tc, (C) 180 K=Ty(=210 K), and(d) 10 K=Teo(=160 K. _ _ N
Shaded areas indicate magnetic reflections, which are indexed in the-0°- In Fig. 7 alre shown thus-obtglnedl critical tempera-
Pbmnsetting.A, CE means that the reflection is originated in the [UreS against. Circles, squares, and triangles represeaf

A-type and CE-type antiferromagnetic structures, respectively. 1N+ @ldTco, respectively. In the same phase diagram, we
plotted the data points for NdgSry 5,MnO5 (x=0.52, filled

In the ferromagnetic phagsee Fig. )], the magnetic re- §ymbo|s) obtained under hydrostatic pressures using a scal-

flections are overlapped on the nuclear reflections. The madF')—qg relathn suqh thaz=0.04, whergl? is the cgllbrated
netic moment is estimated to be (8:0.05)u5 by Rietveld ressure in units of GPa. The_coefﬂuent 0.04}3IS the_ same
refinement. On the other hand, magnetic superlattice refle¢/2lue as used in the phase diagram ¥er0.54:~ Tco iS
tions are observed beloWy, [see Fig. 4c)]. These reflections suppressed and ev_entuall_y_ disappear with increasihg
can all be indexed by tha-type structure. The parentheses WNilé Tc and Ty are insensitive to th#V value.

are the indices of the magnetic reflections in EBlemn set-

ting. With further decreasing temperature, extra magnetic re- IV. SUMMARY

flections appear. These can be indexed by the CE-type Struc- gjocronic and magnetic properties have been investigated
ture, |nd|cat.|ng that the ground state is the charge-ordereg, doped manganites near the phase boundary of the AFM
state. CoeX|s_tence of thA-.type and CE-type COMPONents giata | La_,SrMnOs, the FM state in the lightly doped
causes the higher conductivity far=0.52 as compared with region is replaced by the AFM state beyaxd 0.54. On the
x=0.50 (see Fig. 3 Concerning to the 180 K and 10 K her hang, in Nl ,Sr,MnOs, the COI state is overwhelmed
pattern, we have estimated the magnitude and direction ogy the AFM state with increasing (=0.54 or W. In addi-
the A—type_ component of the ordered moment. The resultstion, theA-type (inherent to the AFM stajeand CE-type(to
are “.Sted in Table 1. . . the COI statgcomponents coexist for=0.52 near the COI-
With further hole doping, the COI.ground state is replacedp - phase boundary, causing a gradual doping-induced
by the AFM state. Upper panel of Fig. 5 shows thdepen- insulator-to-metal transition. This makes a sharp contrast
dence of thep-T curve for Nd_,SrMnO;. The charge- ity the FM-AFM phase boundary, in which the magnetic

ordering transition Tco= 160 K) shows up as a steep rise of giycqyre of the two metallic states cannot be mixed.
the resistivity forx=0.50. Atx=0.52, the resistivity in the

COlI state (denoted by the squaresignificantly decreases
down to~10"? Q cm due to theA-type canting and result-
ant enhanced itineracy of the, carriers. The charge- The authors are grateful to H. Kawano, H. Kuwahara, and
ordering transition disappears far=0.54, and theA-type Y. Tokura for fruitful discussion, to K. Nemoto for his help
spin structure remains down to the lowest temperature.  in measurement of neutron powder patterns, and to T. Inami

Application of the hydrostatic or chemical presséie-  for his help in the analysis of the patterns. This work was
crease of), which enhances the carrier itineracy, also sup-supported by a Grant-in-Aid for Scientific Research from the
presses the COI state. The lower panel of Fig. 5 shdivs Ministry of Education, Science, Sports and Culture, by Pre-
dependence of the-T curve for (Nd _,La,) g 45l 50MNO3, cursory Research for Embryonic Science and Technology
where theW value can be controlled by partial substitution (PRESTQ, Japan Science and Technology Corporation
of the larger LA™ ions for N&* ions (z is the La concen- (JST), and also by The Mazda Foundation Research Grant,
tration). The charge-ordering transition disappears zat Japan.
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