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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 metallic~AFM! state, with changing the nominal hole concentra-
tion x and the one-electron bandwidthW. In La12xSrxMnO3 with maximal W, the ferromagnetic metallic
ground state in the low-x region is replaced by the AFM state beyondx50.54. On the other hand, the
charge-ordered insulating~COI! state appears atx;0.5 for Nd12xSrxMnOx with reducedW. The COI ground
state is overwhelmed by the AFM state with further increasingx (>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 manganites.@S0163-1829~98!02333-9#
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I. INTRODUCTION

The recent observation of ‘‘colossal’’ magnetoresistan1

~the CMR effect! in the doped manganites has sparked
great amount of effort to understand the unusual electro
and magnetic properties of these materials. The most c
monly studied manganitesR12xAxMnO3, whereR andA are
the trivalent rare-earth and divalent alkaline-earth ions,
spectively, have the distorted perovskite structure with thr
dimensional networks of the MnO6 octahedra. Its generic
behavior of paramaganetic-to-ferromagnetic transition is
derstood within the framework of double-exchange~DE!
theory,2–4 which includes only the transfer integralt of the
eg electrons and the on-site exchange interaction~Hund’s-
rule couplingJH) between the itineranteg electrons and lo-
calizedt2g spins (S53/2). To explain the ‘‘colossal’’ value
of the magnetoresistance for the system having smallW,
however, we need an additional mechanism for carrier lo
ization aboveTC as well as magnetic-field release of th
localization. Perhaps, the most probable mechanism
supplement the DE model is the polaron formation origin
ing from the Jahn-Teller instability of the MnO6 octahedra.5

The doped manganites show much more multifario
properties in the heavily doped region (x>0.5). In
Nd0.5Sr0.5MnO3,

6 a charge-ordered insulating~COI! state
emerges below TCO5160 K with the concomitant
ferromagnetic-antiferromagnetic transition. Kawanoet al.7

have performed a systematic neutron-diffraction meas
ment for Nd12xSrxMnO3. They have found that the spin o
dering of the COI ground state atx50.50 is of the CE type
with the 2A232A232 unit cell in the cubic perovskite
setting,8 while that forx50.55 is of a layered type (A type!.
The A-type spin structure is commonly found in the heav
doped region of the perovskite manganites, e
Pr0.5Sr0.5MnO3 ~Ref. 7! and La0.46Sr0.54MnO3.

9 Recently,
Akimoto et al.9 have systematically investigated the groun
PRB 580163-1829/98/58~9!/5544~6!/$15.00
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state properties for the manganites as a function of nom
hole concentration (x) and the averaged ionic radius (r R) of
the rare-earth ion, and found that the phase diagram is do
nated by the ferromagnetic metallic~FM! state in the low-x
region and an antiferromagnetic metallic~AFM! state with
A-type spin structure in the high-x region. The AFM state, or
spontaneous acquisition of two dimensionality, has been as-
cribed to formation of a pseudo-two-dimensionaldx22y2

band due to kinetic energy gain of theeg electrons.
It should be noted that the layered-type spin structure

observed even in the layered manganit
R222xSr112xMn2O7 (R5rare-earth ions!. In this system,
the MnO2 sheets are separated by rocksalt layers and
MnO6 octahedra form a two-dimensional~2D! network.
Battle et al.10 have reported a layered-type AF state f
NdSr2Mn2O7 (x50.50) and Nd1.1Sr1.9Mn2O7 (x50.45).
Moritomo et al.11,12 have investigated the ground-state pro
erties for layered manganites, (La12zNdz)222xSr112xMn2O7,
as a function ofx and the Nd concentrationz, and indicated
that the heavily doped region of the phase diagram is do
nated by the layered-AF state. This again strongly sugg
that the layered-AF state is the alternative ground state
doped manganites, besides the FM state.

In this paper, we have investigated electronic a
magnetic properties for perovskite manganit
R12xSrxMnO3 (R5La and Nd! near the AFM phase bound
ary, with systematically changingx andW. We can control
the one-electron bandwidthW by means of the hydrostati
and chemical pressure, that is, chemical substitution of
rare-earth ionR.13 In a previous paper,9 we have reported a
global ground-state phase diagram for cubic manganites
function of x and W, and discussed the origin of the AFM
state. Here, we have concentrated our attention on the c
petition of the AFM state with the alternative ground stat
i.e., the FM and COI states. In La12xSrxMnO3 with maximal
5544 © 1998 The American Physical Society
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one-electron bandwidthW of theeg carriers, the FM state is
replaced by the AFM state beyondx50.54 from the low-
temperature side. On the other hand, the COI state
Nd12xSrxMnO3 is overwhelmed beyondx50.54 from the
high-temperature side. Application of hydrostatic or chem
cal pressure was found to suppress the COI state.

II. EXPERIMENT

Crystals ofR12xSrxMnO3 (R5La, Nd! were grown by
the floating-zone method at a feeding speed of 7–9 mm
Stoichiometric mixture of commercial La2 O 3, Nd2 O 3,
SrCO3 and Mn3O4 powder was ground and calcined tw
times at 1350 °C for 24 h. Then, the resulting powder w
pressed into a rod with a size of�5360 mm and sintered a
1350 °C for 48 h. The ingredient could be melted cong
ently in a flow of O2. Large crystals, typically 4 mm in
diameter and 20 mm in length, were obtained. Powder x-r
diffraction measurements at room temperature and Reit
analysis14 indicate that the crystals were almost single pha
A small amount of SrMnO3 impurity phase, however, is in
evitably introduced to the melt-grown crystal ingot, esp
cially for the higher-x samples. Obtained lattice constants,a,
b, andc are plotted in Fig. 1 in the orthorhombic (Pbnm,
Z54) setting. In La12xSrxMnO3, the crystal symmetry
changes from rhombohedral@R3̄c, Z52 ~not shown!# to a
psuedotetragonal one (a'b<c) beyond x50.54. Similar
pseudotetragonal structural is observed beyondx50.54.

To investigate the magnetic structure, neutron-diffract
measurements were performed for Nd0.48Sr0.52MnO3 (x
50.52) with a Kinken powder diffractometer for high
efficiency and high-resolution measurements, HERMES,
stalled at the JRR-3M reactor in Japan Atomic Energy R
search Institute, Tokai, Japan. Neutrons with wavelen

FIG. 1. Lattice constants for La12xSrxMnO3 ~squares! and
Nd12xSrxMnO3 ~circles!. The crystal symmetry is orthorhombi
~Pbnm, Z54).
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1.819 Å were obtained by the~331! reflection of Ge mono-
chromater, and 128-`-Sample-188 collimation. Melt-grown
crystal ingots were crushed into fine powder and were se
in a vanadium capsule with helium gas, and mounted at
cold head of the closed-cycle He-gas refrigerator. The po
der patterns are analyzed by the Rietvelt method,14 and the
obtained lattice parameters,a, b, andc are listed in Table I.

For four-probe resistivity measurements, the crystal w
cut into a rectangular shape, typically of 33130.5 mm3,
and electrical contacts were made with a heat-treatment-
silver paint. MagnetizationM was measured under a field o
m0H50.5 T after cooling down to 5 K in zero field using a
superconducting quantum interference device magnetom
Curie temperatureTC was determined from the inflectio
point of the M -T curve. Effects of an external hydrostat
pressure were measured using a clamp-type piston cylin
cell. A small piece of crystal (;0.53132 mm3) was
placed in the sample room, which was filled with silicone
as a pressure transmitting medium. The sample tempera
was monitored with a copper-constantan thermocou
placed in the sample room. According to our previous ex
rience, it is inferred that beyond;1 GPa the applied pres
sure relaxes at a rate of28%/100 K, while the pressure
relaxation effect is negligible (<22%/100 K! below 1 GPa.

III. RESULTS AND DISCUSSION

A. Electronic phase diagram

Before describing details for the competitions between
AFM state with the alternating ground states, e.g., FM st
for La12xSrxMnO3 or the COI state for Nd12xSrxMnO3, let
us survey the phase diagrams for doped manganites. In
2, we show the extended phase diagrams for~a!
La12xSrxMnO3 and ~b! Nd12xSrxMnO3. The data points
above x50.5 are determined in the present work, thou
those in the lightly doped region (x<0.5) are cited from Ref.
13.

The phase diagram for La12xSrxMnO3 @Fig. 2~a!# with
maximalW is a canonical one for the DE system. The Jah
Teller distorted state (x<0.1! undergoes a phase transition
a spin canted insulating~CI! phase. A ferromagnetic insulat
ing ~FI! phase is present in a fairly narrowx region (x
50.10–0.17!, in which theeg carriers are subject to local
ization but can still mediate the ferromagnetic interacti
between the neighboring sites. With further doping beyo
x;0.17, the FM phase appears in the low-temperature s
TC steeply increases withx up to x50.3 and then seems t
saturate. With further increasingx beyondx50.54, the AFM
TABLE I. Lattice constants and magnetic moments for Nd0.48Sr0.52MnO3.

Temperature~K! a ~Å! b ~Å! c ~Å! Magnetic structure Moment (mB) Direction

300 5.4207~3! 5.4632~3! 7.6151~4! Paramagnetic
220 5.4185~3! 5.4648~3! 7.5945~7! Ferromagnetic 0.70~5! @100#
180 5.4345~9! 5.4788~9! 7.5283~10! A-type 0.80~5! @100#
10 5.4388~11! 5.4898~12! 7.4999~13! A-type 1.60~5! @100#

CE-type
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5546 PRB 58Y. MORITOMO et al.
state appears.9 The spin structure of this phase is of theA
type with ferromagnetic sheets perpendicular to the crys
lographicc axis.

Overall features of the phase diagram are similar
Nd12xSrxMnO3 @Fig. 2~b!#, thoughTC is suppressed as com
pared with La12xSrxMnO3 and begins to drop beyondx
'0.4. In the immediate vicinity ofx50.5, a charge-ordere
insulating ~COI! phase sets in belowTCO ~5160 K!.6 The
charge-ordering transition accompanies a ferromagnetic
antiferromagnetic transition. The low-temperature AF s
structure is of the CE type with the 2A232A232 unit cell
in the cubic perovskite setting.8 The COI state is observe
only in a limited x region and disappears belowx50.48.
With further increasingx beyondx50.54, the AFM state
appears.7,9,15 The A-type spin structure remains up tox
50.62.17 Looking at Fig. 1, one may consider that the AF
state correlates to the structure withc/A2>a,b. We think,
however, this trend is accidental. Becasue the transition
the AFM state accompanies significant compression oc
~vide infra!.

B. Competition between the FM and AFM states
in La12xSrxMnO3

The AFM state for La12xSrxMnO3 is adjacent to the FM
state. We show in Fig. 3 temperature dependence of resi
ity r and magnetizationM for La12xSrxMnO3 in the vicinity
of the AFM phase boundary. Atx50.50, ther-T curve

FIG. 2. Electronic phase diagram for~a! La12xSrxMnO3 and~b!
Nd12xSrxMnO3. Filled circles, open triangles~circles!, and open
squares represent the critical temperatures for ferromagnetic (TC),
antiferromagnetic (TN), and charge-ordering (TCO) transitions, re-
spectively. CI, FI, FM, AFM, AFI, and COI mean canted insulatin
ferromagnetic insulating, ferromagnetic metallic, antiferromagn
metallic, antiferromagnetic insulating, and charge-ordered insu
ing states, respectively.
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steeply decreases belowTC(5360 K, downward arrow!
down to ;531025 V cm at 5 K. By contrast, thex
50.54 crystal shows a ferromagnetic-antiferromagnetic tr
sition at TN5200 K. Nevertheless, the resistivity forx
50.54 remains low (;431024 V cm at 5 K! even in the
antiferromagnetic phase, indicating that the ground stat
the AFM state. The metallic conductivity forx50.54 is not
due to the FM impurity, because the low-field magnetizat
curve of the same crystal piece as used for the resisti
measurement shows no ferromagnetic component. A sim
FM-AFM transition is observed also forx50.57. Here, we
should emphasize that the ground-state spin structure i
the layered type, and hence the state can be viewed as
FM state, while the usual FM state can be viewed as a
FM state. Atx50.60, r value steeply increases belowTN
5250 K @antiferromagnetic insulating~AFI! state in Fig.
2~a!#.

The key factor for realizing the AFM state is the aniso
ropy of the twoeg orbitals, i.e., the two-dimensionaldx22y2

state and the one-dimensionald3z22r 2 state. In the heavily
doped region, theeg-electron system gains the maximu
kinetic energy when thedx22y2 orbitals form a pseudo-2D
band. If such a pseudo-2D band were realized, the in-pl
exchange interaction would be ferromagnetic mediated
the itinerantdx22y2 electrons~DE interaction!, while the an-
tiferromagnetic superexchange interaction should domin
along thez direction. In this sense, the origin of the in-plan
ferromagnetic exchange interaction in the AFM state
qualitatively different from that for the parent materi
LaMnO3 (x50.0), in which in-plane ferromagnetic orde

c
t-

FIG. 3. Temperature dependence of~a! resistivity and~b! mag-
netization for La12xSrxMnO3. Arrows and triangles represent th
Curie temperatures (TC) and Néel temperatures (TN), respectively.
Magnetization was measured under a field of 0.5 T after coo
down to 5 K in zero field~ZFC!.
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ing is caused by the superexchange interaction between
neighboringeg electrons that occupy the alternatingeg orbit-
als. The ordered moment shows no canting in the AFM st
which again makes a sharp contrast with the CI state
LaMnO3. With decreasingx, the 2D AFM ground state is
replaced by the 3D FM state, as shown in Fig. 2~a!. The
probable driving forces of the AFM-FM transition induce
by the electron dopingare ~a! JT instability inherent to the
Mn31 (d4) ions and~b! ferromagnetic superexchange inte
action between the Mn31 ions, both of which unstabilize the
dx22y2 orbital.

It should be noted that the AFM transition accompanie
significant lattice deformation. For example, the lattice co
stantc shrinks more than 1% at the FM-AFM transition fo
(La0.5Nd0.5)0.5Sr0.5MnO3,13 which is advantageous to forma
tion of the pseudo-2D band. A similar compression
c('1%! is observed at the AFM transition fo
Nd0.48Sr0.52MnO3 ~see Table I!. Thus, theeg electrons gain
the kinetic energy with forming the pseudo-2D band at
cost of the lattice energy. On the other hand, the lattice
formation is rather small in the FM transition as compar
with that in the AFM transition. Even the elongatio
of c is observed at the FM transition fo
(Nd0.06Sm0.94)0.5Sr0.5MnO3 (TC5120 K!.16 Accordingly,
the two metallic ground states, i.e., the AFM and FM stat
prefer the different lattice deformations, which prevents
two magnetic structures from mixing. This forms a pr
nounced contrast with competitions between the COI
AFM states for Nd12xSrxMnO3, in which the two magnetic
structures are mixed~vide infra!.

C. Competition between COI and AFM states
in Nd12xSrxMnO3

In the narrow-W compound like Nd12xSrxMnO3, the COI
state intrudes between the two ground states, i.e., the FM
AFM states, as shown in Fig. 2~b!. Figure 4 shows prototypi-
cal examples for the~a! FM, ~b! COI, and~c! AFM states for
Nd12xSrxMnO3. At x50.40 @Fig. 4~a!#, the r-T curve
steeply decreases belowTC~5280 K; downward arrow!.
Similarly, thex50.5 @Fig. 4~b!# crystal becomes a conduc
ing ferromagnet belowTC5255 K. With further lowering
temperature, however, the charge-ordering transition ta
place below TCO5160 K ~square! accompanying a
ferromagentic-antiferromagnetic transition. The spin str
ture of the COI ground state is of the CE type. Similarly
the case of the AFM transition, the charge-ordering transit
accompanies a compression ofc by '1.5%.6 On the other
hand, ther-T curve for x50.6 @Fig. 4~c!# remains metallic
even belowTN ~triangle! except for the low-temperature re
gion (<50 K!, where the barely mobileeg carrier is ame-
nable to the Anderson localization effect. The spin struct
of the AFM ground state is of the layered type (A type!
perpendicular to thec axis.

The r-T curve for Nd0.48Sr0.52MnO3 (x50.52; see thick
curve in the upper panel of Fig. 5! is rather complicated. The
r value gradually drops belowTC5230 K ~downward ar-
row!, and then jumps belowTN5200 K ~triangle! accompa-
nying a prominent thermal hysteresis. This resistivity jum
accompanies a ferromagetic-antiferromagnetic transition~not
shown!. With further decreasing temperature, ther-T curve
the
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shows a slight rise around 150 K~square; compare with the
r-T curve at x50.54), suggesting an antiferromagneti
antiferromagnetic ordering transition. In Fig. 6 are shown
neutron powder patterns forx50.52: ~a! 300 K>TC(5230
K!, ~b! 220 K<TC , ~c! 180 K<TN(5200 K!, and~d! 10 K.

FIG. 4. Temperature dependence of resistivity and magnet
tion for Nd12xSrxMnO3: ~a! x50.4, ~b! x50.5, and~c! x50.6.
Arrows, squares, and triangles represent the Curie (TC), charge-
ordering (TCO), and Néel (TN) temperatures, respectively. Magn
tization was measured in a field of 0.5 T after cooling down to 5
in zero field~ZFC!.

FIG. 5. ~a! Filling-dependence and~b! chemical pressure effect
of resistivity for Nd12xSrxMnO3. Thick curve is for
Nd0.48Sr0.52MnO3 (x50.52). Downward arrows, squares, and t
angles represent the ferromagnetic, antiferromagnetic, and cha
ordering transitions, respectively.



a

fle

es

r
tru
re

ts

n
ul

e

of

s
-
-

p

n

ra-

we

cal-

me

ted
FM

d

ced
ast
tic

nd
p
ami
as
he
re-
ogy
ion
ant,

n
he

are
ing
-
tic

ting

5548 PRB 58Y. MORITOMO et al.
In the ferromagnetic phase@see Fig. 6~b!#, the magnetic re-
flections are overlapped on the nuclear reflections. The m
netic moment is estimated to be (0.760.05)mB by Rietveld
refinement. On the other hand, magnetic superlattice re
tions are observed belowTN @see Fig. 4~c!#. These reflections
can all be indexed by theA-type structure. The parenthes
are the indices of the magnetic reflections in thePbmnset-
ting. With further decreasing temperature, extra magnetic
flections appear. These can be indexed by the CE-type s
ture, indicating that the ground state is the charge-orde
state. Coexistence of theA-type and CE-type componen
causes the higher conductivity forx50.52 as compared with
x50.50 ~see Fig. 5!. Concerning to the 180 K and 10 K
pattern, we have estimated the magnitude and directio
the A-type component of the ordered moment. The res
are listed in Table I.

With further hole doping, the COI ground state is replac
by the AFM state. Upper panel of Fig. 5 shows thex depen-
dence of ther-T curve for Nd12xSrxMnO3. The charge-
ordering transition (TCO5160 K! shows up as a steep rise
the resistivity forx50.50. At x50.52, the resistivity in the
COI state ~denoted by the square! significantly decrease
down to;1022 V cm due to theA-type canting and result
ant enhanced itineracy of theeg carriers. The charge
ordering transition disappears forx50.54, and theA-type
spin structure remains down to the lowest temperature.

Application of the hydrostatic or chemical pressure~in-
crease ofW), which enhances the carrier itineracy, also su
presses the COI state. The lower panel of Fig. 5 showsW
dependence of ther-T curve for (Nd12zLaz)0.48Sr0.52MnO3,
where theW value can be controlled by partial substitutio
of the larger La31 ions for Nd31 ions (z is the La concen-
tration!. The charge-ordering transition disappears atz

FIG. 6. Neutron powder profiles for Nd0.48Sr0.52MnO3 (x
50.52) at various temperatures:~a! 300 K>TC(5240 K!, ~b! 220
K<TC , ~c! 180 K<TN(5210 K!, and ~d! 10 K<TCO(5160 K!.
Shaded areas indicate magnetic reflections, which are indexed i
Pbmn setting.A, CE means that the reflection is originated in t
A-type and CE-type antiferromagnetic structures, respectively.
g-

c-

e-
c-
d

of
ts

d

-

50.05. In Fig. 7 are shown thus-obtained critical tempe
tures againstz. Circles, squares, and triangles representTC ,
TN , andTCO, respectively. In the same phase diagram,
plotted the data points for Nd0.48Sr0.52MnO3 (x50.52, filled
symbols! obtained under hydrostatic pressures using a s
ing relation such thatz50.04P, where P is the calibrated
pressure in units of GPa. The coefficient 0.04 is the sa
value as used in the phase diagram forx50.54.13 TCO is
suppressed and eventually disappear with increasingW,
while TC andTN are insensitive to theW value.

IV. SUMMARY

Electronic and magnetic properties have been investiga
for doped manganites near the phase boundary of the A
state. In La12xSrxMnO3, the FM state in the lightly doped
region is replaced by the AFM state beyondx50.54. On the
other hand, in Nd12xSrxMnO3, the COI state is overwhelme
by the AFM state with increasingx (>0.54! or W. In addi-
tion, theA-type ~inherent to the AFM state! and CE-type~to
the COI state! components coexist forx50.52 near the COI-
AFM phase boundary, causing a gradual doping-indu
insulator-to-metal transition. This makes a sharp contr
with the FM-AFM phase boundary, in which the magne
structure of the two metallic states cannot be mixed.
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