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Reconsideration of the lattice effect on the charge-ordering transition of doped manganites
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On the basis of the neutron structural analysis, lattice effect on the charge/orbital-ordering transition of
doped manganites has been reconsidered. We have investigated the stability of the respectiveeg orbitals by a
Madelung potential calculation, and have found a close correlation between the orbital stability and the
charge-ordering transition. This observation indicates that the chemical pressure has an aspect of orbital
control, besides the control of the transfer integralt between the neighboring Mn sites.
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Perovskite-type doped manganitesR12xAxMnO3 whereR
andA are trivalent rare-earth and divalent alkaline-earth io
respectively, have three-dimensional networks of the Mn6

octahedra. Variation of the averaged ionic radius^r A& of the
perovskiteA site modifies the Mn-O-Mn angle, bond lengt
and so on, and affects the magnetotransport proper
Among the lattice structural changes induced bychemical
pressure, the variation of the Mn-O-Mn angleQ has been
focused. This is because suppression of the Curie temp
ture TC with decrease of̂ r A& has been ascribed to the r
duced transfer integralt@}sin(Q/2)# between the Mn sites
Radaelliet al.1 have experimentally confirmed this trend a
fixed x(50.3). On the other hand, a chemical pressure ef
for the layered manganites (R,A)n11MnnO3n11 (n51,2) is
different from that for the cubic perovskite. Moritomoet al.2

have observed suppression of the charge/orbital-orde
temperature of single-layer La0.5Sr1.5MnO4 with substitution
of the Nd31 ions for La31 ions, and have ascribed it to th
elongated MnO6 octahedra and resultant unstabiliz
d3x22r 2 /d3y22r 2 orbital alternation. Akimotoet al.3 have
found a correlation between the orbital stability at room te
perature and magnetic structures in the structure-contro
bilayer manganites at a fixedx(50.4). These experimenta
observations indicate that the chemical pressure effects in
layered manganites have an aspect of theorbital control.

The charge-ordering transition of the cubic manganit
e.g., Nd1/2Sr1/2MnO3,4 accompanies an antiferromagne
spin ordering with the CE-type structure,5–7 as well as the
d3x22r 2 /d3y22r 2 orbital alternation. Such an orbital-ordere
state has been observed by anisotropy of the tensor of
ceptibility scattering measurement in Nd1/2Sr1/2MnO3 ~Ref.
8! as well as by the electron microscope in La1/2Ca1/2MnO3.9

The chemical pressure effect on the charge-ordering tra
tion has been regarded as control oft with change of̂ r A&:
the smallert becomes, the more stable the charge-orde
state becomes.10 However, we know a serious exception o
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this trend. In (Nd12ySmy)1/2Sr1/2MnO3,11 the charge-
ordering temperatureTCO is ;150 K at y50(^r A&
51.355 Å), but the transition disappears aty50.84(̂ r A&
51.342 Å) even though the value oft is fairly suppressed.
Judging from the fact that the charge-ordering transition
companies the orbital alternation, variation of the orbital s
bility induced by the chemical pressure should affect
charge-ordering transition. Here, we have investigated sta
ity of the respectiveeg orbitals by means of Madelung po
tential calculations based on the structural data at room t
perature obtained by neutron powder diffractio
experiments. We have found a close correlation between
orbital stability at room temperature and the ground sta
indicating that the orbital stability governs the charg
ordering transition of the half-doped manganites.

A series of ceramics compoundsR1/2A1/2MnO3 (R5La,
Pr, Nd, Nd1/2Tb1/2, and Tb,A5Sr and Ca!, was synthesized
by solid-state reaction in air atmosphere. Stoichiometric m
ture of commercial La2O3,Pr2O3 , Nd2O3,Tb4O7,
SrCO3,CaCO3, and Mn3O4 powder was well ground and
calcined two times at 1250–1350°C for 24 h. Then, the
sulting powder was pressed into a disk with a size
20 mmf34 mm and sintered at 1250–1350 °C for 24
Rietveld analysis12 of neutron powder patterns indicate
that investigated compounds were single pha
without detectable impurities. The crystal symm
try is ortho rhombic (Pbnm;Z54) except for
La1/2Sr1/2MnO3, (La1/2Nd1/2)1/2Sr1/2MnO3, Pr1/2Sr1/2MnO3,
and Nd1/2Sr1/2MnO3 (Ibmm;Z54). Neutron powder dif-
fraction measurements were performed with the Kink
powder diffractometer for high efficiency and high
resolution measurements13 ~HERMES! installed at the
JRR-3M reactor at the Japan Atomic Energy Research In
tute, Tokai, Japan. Neutrons with wavelength 1.8196 Å w
obtained by the 331 reflection of the Ge monochromator,
128-`-Sample-228 collimation.
80 ©2000 The American Physical Society
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TABLE I. Lattice constants and atomic positions forR1/2A1/2MnO3 determined from neutron powde
profiles at room temperature.g means oxygen occupancy determined by Rietveld analysis. The cr
symmetry is orthorhombic@ Ibmm,Z54 for La1/2Sr1/2MnO3 , (La1/2Nd1/2)1/2Sr1/2MnO3 , Pr1/2Sr1/2MnO3, and

Nd1/2Sr1/2MnO3, andPbnm,Z54 for other samples#. The atomic sites areR/A,4e@x,0,14 #, Mn, 4b@
1
2 ,0,0#,

O~1!, 4e@x, 1
2 , 1

4 #, O~2!, 8g@
1
4 , 3

4 ,z# for Ibmm symmetry andR/A,4c@x,y, 1
4 #, Mn, 4b@

1
2 ,0,0#, O~1!,

4c@x,y, 1
4 #, O~2!, 8d@x,y,z# for Pbnmsymmetry.TC and TCO are the Curie and charge-ordering tempe

tures, respectively.

a ~Å! b ~Å! c ~Å! Rwp ~%! TC ~K! TCO ~K! g

La1/2Sr1/2MnO3 5.4412~5! 5.4418~5! 7.7643~2! 7.97 360 1.021~5!

(La1/2Nd1/2)1/2Sr1/2MnO3 5.4783~3! 5.4512~3! 7.6654~3! 7.36 305a 0.991~5!

Pr1/2Sr1/2MnO3 5.413~1! 5.408~1! 7.7541~6! 3.16 2656 0.981~7!

Nd1/2Sr1/2MnO3 5.4405~2! 5.3986~2! 7.5832~3! 6.36 265 150 0.999~5!

(Nd1/2Tb1/2)1/2Sr1/2MnO3 5.4104~8! 5.3990~8! 7.6052~6! 5.98 280b 0.944~6!

Tb1/2Sr1/2MnO3 5.4051~7! 5.4078~7! 7.6159~4! 3.58 0.999~3!

La1/2Ca1/2MnO3 5.4243~3! 5.4156~3! 7.6334~2! 6.19 230 140 1.017~4!

Nd1/2Ca1/2MnO3 5.3815~2! 5.4026~2! 7.5974~2! 5.24 223 1.006~4!

(Nd1/2Tb1/2)1/2Ca1/2MnO3 5.3565~3! 5.4156~3! 7.5505~4! 5.38 240 1.001~5!

Tb1/2Ca1/2MnO3 5.3206~2! 5.4449~2! 7.4477~3! 5.63 289 1.000~5!

R/A O~1! O~2!

x y x y x y z

0.018~1! 0.966~1! 0.0050~8!

20.0006(9) 0.9572~7! 0.0215~3!

20.026(3) 0.060~2! 20.008(1)
0.0018~6! 0.9460~6! 0.0245~3!

20.003(2) 0.017~1! 0.945~2! 0.496~2! 0.227~2! 0.767~2! 0.0304~6!

0.002~2! 0.0240~8! 0.940~2! 0.492~2! 0.220~2! 0.775~2! 0.0331~6!

0.0011~9! 0.0184~5! 0.9417~7! 0.4907~7! 0.2247~6! 0.7774~6! 0.0310~3!

0.0045~8! 0.0316~4! 0.9331~8! 0.4894~5! 0.2138~4! 0.7859~4! 0.0364~3!

0.0055~9! 0.0400~5! 0.9297~8! 0.4845~6! 0.2102~5! 0.7903~5! 0.0399~3!

0.0098~5! 0.0504~5! 0.9175~5! 0.4803~5! 0.2066~3! 0.7938~4! 0.0423~2!

aA-type antiferromagnetic metallic phase appears at low temperature.~Ref. 19!.
bThe magnetization at low temperature (;1mB under 0.5 T! is much smaller than the ideal value
(53.5 mB).
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Figure 1 shows temperature dependence of~a! activation
energyEac@[d(ln r)/d(1/T), wherer is resistivity# and ~b!
susceptibilityx for R1/2A1/2MnO3. For four-probe resistivity
measurements, the sample was cut into a rectangular sh
typically of 33231 mm3, and electrical contacts wer
made with a heat-treatment-type silver paint. TheEac-T
curve of Tb1/2Ca1/2MnO3 has a peak at'289 K due to the
charge-ordering transition. The transition temperatureTCO
was defined as the maximal point~downward arrow! of the
Eac-T curve. In the case of Ca compounds~solid curves!,
TCO decreases with increase of^r A&: TCO'289 K ~Ref.
14! for Tb1/2Ca1/2MnO3(^r A&51.270 Å), '223 K for
Nd1/2Ca1/2MnO3(^r A&51.305 Å), and '140 K for
La1/2Ca1/2MnO3(^r A&51.350 Å). This trend is consisten
with the recent work done by Fontcubertaet al.15 The
charge-ordering transition accompanies the CE-type s
ordering, which causes the reduction of thex-T curve. Fig-
ure 1~b! shows thex-T curves forR1/2A1/2MnO3. x was
measured under a field ofm0H50.5 T after cooling down to
5 K in the zero field~ZFC!, using a superconducting quan
tum interference device magnetometer.

Curiously enough, there is no trace of the charge-orde
transition in the Eac-T curve of Tb1/2Sr1/2MnO3 @^r A&
pe,

n-

g

51.320 Å; broken curve of Fig. 1~a!#, and the curve mo-
notonously decreases with decrease of temperature. In a
tion, the x-T curve of Tb1/2Sr1/2MnO3 shows Curie-Weiss
behavior down to;40 K @broken curve of Fig. 1~b!#. Simi-
larly, there is no trace of the charge-ordering transition
(Nd1/2Tb1/2)1/2Sr1/2MnO3 (^r A&51.338 Å; not shown!.
Sundaresanet al.16 and Kasperet al.17 have investigated
magnetic properties ofR12xSrxMnO3 (R5Eu, Gd, Tb, Dy
and Y! at x.0.5, and have observed spin-glass behav
at low temperature.18 We think that the low-temperatur
spin state of Tb1/2Sr1/2MnO3 and (Nd1/2Tb1/2)1/2Sr1/2MnO3
is also spin-glass-like. Looking at Table I,TCO is
'223 K for Nd1/2Ca1/2MnO3(^r A&51.305 Å) and
'140 K for La1/2Ca1/2MnO3(^r A&51.350 Å). So, we
could expect the charge-ordering transition
;200 K for Tb1/2Sr1/2MnO3(^r A&51.320 Å) and
(Nd1/2Tb1/2)1/2Sr1/2MnO3(^r A&51.338 Å), if the transition
were governed by thêr A& value.

Now, let us proceed to the overall structural feature
R1/2A1/2MnO3. We have used theRIETAN-97b program,12 and
have analyzed the neutron powder patterns at room temp
ture. The obtained lattice parameters, as well as oxygen
cupancy, at room temperature are listed in Table I. We a
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listedTCO andTC, which were determined from temperatu
dependence ofEac and magnetizationM, respectively. Figure
2 shows thus obtained structural parameters against^r A&: ~a!
lattice constants,~b! Mn-O-Mn anglesQ, and ~c! Mn-O
bond lengthsd. Open and closed symbols stand for the
and Sr compounds, respectively. Variation of the lattice c
stantsa, b, andc/A2 @Fig. 2~a!#, as well as of theQ values
@Fig. 2~b!# is nearly scaled tô r A& irrespective of the
alkaline-earth species. Note that there are two Mn-O-
angles, i.e., out-of-plane (Qc , square! and in-plane (Qab ,
circle! angles, in thePbnm setting. The averagedQ value
increases almost linearlly witĥr A&: ^Q&52341148̂ r A&.
A similar interrelation between̂Q& and ^r A& has been re-
ported by Radaelliet al.1 at x50.3: ^Q&5271124̂ r A&.
Here, La1/2Sr1/2MnO3, Pr1/2Sr1/2MnO3, and (La1/2Nd1/2)1/2
Sr1/2MnO3 are known to be metallic19 down to the lowest
temperature, due to the largeQ value, or the large one
electron bandwidthW.

Now, let us proceed to the distortion of the MnO6 octa-
hedra of the insulating manganites. In thePbnmsetting, there
are three kinds of Mn-O bonds, i.e., out-of-plane (dc ,
square! and in-plane (dab , circle and triangle! bonds. In the
four Ca compounds, i.e., La1/2Ca1/2MnO3,Nd1/2Ca1/2MnO3,
(Nd1/2Tb1/2)1/2Ca1/2MnO3, and Tb1/2Ca1/2MnO3, dc is the

FIG. 1. Temperature dependence of~a! activation energyEac

@[d(ln r)/d(1/T); r is resistivity# and ~b! susceptibility x for
R1/2A1/2MnO3 . x was measured after cooling down to 5 K in the
zero field ~ZFC!. Downward arrows indicate the critical temper
turesTCO for the charge-ordering transition, determined from t
maximal point of theEac-T curve.
a
-

n

shortest among the three bond lengths. With this struct
the d3x22r 2 andd3y22r 2 orbitals are stable as compared wi
thed3z22r 2 orbital. Then, theeg electrons tend to occupy th
d3x22r 2 andd3y22r 2 orbitals, and hence, are easy to form t
d3x22r 2 /d3y22r 2 orbital alternation at low temperatures
cause the charge-ordering transition. By contrast,
(Nd1/2Tb1/2)1/2Sr1/2MnO3 and Tb1/2Sr1/2MnO3, one of thedab
is the longest. Such a Jahn-Teller-type distortion of
MnO6 octahedra fairly destabilizes the orbital alternatio
which is indispensable to the charge-ordering transition
the half-doped manganites.

To quantitatively estimate the stability of the respecti
eg orbital, we have calculated the Madelung potentialV for
each orbital20 based on the structural data. The Madelu
potential acting on a hole in thed3x22r 2,d3y22r 2, andd3z22r 2

orbitals is given by

V~d3x22r 2!5@V~rW01r dx̂!1V~rW02r dx̂!#/2, ~1!

FIG. 2. Variation of structural parameters forR1/2A1/2MnO3

against averaged ionic radius^r A& of the perovskiteA site: ~a! lat-
tice constants,~b! Mn-O-Mn angles,Qab andQc , ~c! Mn-O bond
lengths,dab anddc . Open and closed symbols stand for the Ca a
Sr compounds, respectively. Except for Tb1/2Sr1/2MnO3 and
(Nd1/2Tb1/2)1/2Sr1/2MnO3 @see ~c!#, error bar for the bond angle
@~b!# and bond lengths@~c!# is less than 0.2° and 0.004 Å, respe
tively.
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V~d3y22r 2!5@V~rW01r dŷ!1V~rW02r dŷ!#/2, ~2!

and

V~d3z22r 2!5@V~rW01r dẑ!1V~rW02r dẑ!#/2, ~3!

respectively. Here,rW0 indicates the position of the Mn ion
andr d (50.42 Å) is the radius where the radial charge de

FIG. 3. Critical temperatureTCO for the charge-ordering transi
tion for R1/2A1/2MnO3 against the difference of the Madelung ene
giesDV„[@V(d3x22r 2)1V(d3y22r 2)#/22^V&…. ^V& is the averaged
value for the three orbitals:d3x22r 2,d3y22r 2, andd3z22r 2. Hatching
is a guide to the eye.
-

sity of the Mn 3d orbital becomes maximum.x̂,ŷ, andẑ are
the unit vectors along the respective Mn-O bond directio
The magnitudes of the charge atA, Mn, and oxygen sites are
assumed to be12.5,13.5, and22, respectively, and the
conventional Ewald method is used. The largerV is, the
more stable the corresponding orbital becomes. The stab
of the d3x22r 2 /d3y22r 2 orbital alternation can be estimate
by the difference of the Madelung potentialDV:

DV5@V~d3x22r 2!1V~d3y22r 2!#/22^V&. ~4!

Here, ^V&„[@V(d3x22r 2)1V(d3y22r 2)1V(d3z22r 2)#/3… is
the averaged value. We plotted in Fig. 3 the charge-orde
temperatureTCO againstDV. If one sees the phase diagra
from left to right ~the stability of thed3x22r 2/d3y22r 2 orbital
alternation increases!, the CO state appears andTCO in-
creases. Thus, the orbital stability is an important factor
the charge-ordering transition in the structure-control
half-doped manganites.

Finally, let us compare the lattice effects of the pres
cubic system with those of the layered manganites. In
layered manganites, chemical substitution scarcely alters
in-plane Mn-O bond lengthdin or the in-plane Mn-O-Mn
angleQ in , and hence does not alter the in-planet value: for
example,Q in(din) is 178.9° ~1.934 Å! for La1.2Sr1.8Mn2O7
and 176.7° ~1.929 Å! for (La0.6Nd0.4)1.2Sr1.8Mn2O7.3 The
chemical pressure, on the other hand, changes
position of the apical oxygen, and modifies the orbi
stability via deformation of the MnO6 octahedra. In
fact, a lattice effect observed in several layer
systems, e.g., (La,Nd)0.5Sr1.5MnO4 ~Ref. 2! and
(La,Nd)1.2(Sr,Ca)1.8Mn2O7,3,21 has been ascribed to th
variation of the orbital stability. Even in the cubic system
orbital stability plays an important role on the charge/orbit
ordered state of the half-doped manganites.

This work was supported by a Grant-in-Aid for Scientifi
Research from the Ministry of Education, Science, Spo
and Culture, Japan.
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