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Lattice effects on the chajge/orbital-ordering transition of doped manganites, if2/3Cai/3Mn03
(i?=La, Pr, Nd, Ndi/2Tbi/2, and Tb), have been investigated changing the averaged ionic radius
{tr) of the raxe-eaxth ions (chemical pressure). We have performed neutron powder diffraction
experiments at room temperature and have found a close correlation between the charge-ordering
transition and the shape of the MnOe octahedra. In comparison with the half-doped manganites,
interrelation between the orbital stability and the chaxge/orbital-ordering transition is discussed.
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§1. Introduction

Perovskite-typc doped manganites i?i_a;Aa;Mn03,
where R and A are trivalent rare-earth and divalent

alkaline-earth ions, respectively, have three-dimensional

networks of the MnOe octahedra. By changing the aver
aged ionic radius {ta) of the perovskite A-site, the Mn-
0-Mn angle, or the transfer integral t between the neigh
boring Mn sites, is modified {chemical pressure)^ It is
well known that the Curie temperature Tc is suppressed
with decrease of the {r^)-value. Radaelli et al}^ have
performed a systematic neutron structural analysis at a
fixed X (= 0.3), and have observed a close correlation be
tween the t-value and Tc- Similar to the case of the Curie

temperature, the chemical pressure effect on the critical

temperature Tco for the charge-ordering transition have
been regarded as control of t. In the doped mangan
ites, it is established that the charge-ordering transition
accompanies d3j.2_^i/d3y2_r2 orbital alternation, and
that the shape of MnOe octahedra relates to the sta
bility of the Mn e^-orbitals.^^ Recently, Machida et al.*^
have reexamined the interrelation between the structural

parameters and Tco of the half-doped (a:=l/2) mangan
ites, Ri/2Ai/2Mn03. They have found a close correla
tion between Tco and the shape of the MnOg octahedra:

Tco is governed by the orbital stability.
To confirm that the above-mentioned trend is applica

ble to the other hole concentration, we have extended our
research to the a: = 1/3 system. We found a close corre
lation between the orbital stability, which was estimated
from the shape of the MnOe octahedra in an electrostatic
manner, and the charge-ordering transition. This result
indicates that the orbital stability is an important fac
tor for the charge-/orbital-ordering transition of doped
manganites.

§2. Experimental

A series of ceramics compounds, R2/3Cai/3Mn03
(R=La, Pr, Nd, Ndi/2Tbi/2 and Tb), was synthesized
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Fig. 1. Temperature variation of (a) activation energy Eac [=
d(lnp)/d(l/T); p is resistivity] and (b) magnetization M for
H2/3Cai/3Mn03. M was measured after cooling down to 10
K in the zero field (ZFC). Downward arrows indicate the critical
temperatures Tco for the charge-ordering transition.

by solid state reaction in an air atmosphere. Neutron
powder diffraction measurements were performed with
the Kinken powder diffractometer for high efficiency and
high resolution measurements (HERMES)®^ installed at
the JRR-3M reactor at the Japan Atomic Energy Re
search Institute, Tokai, Japan. Neutrons with wave
length 1.8196 A were obtained by the 331 reflection of
the Ge monochromator, and 12'-B-Sample-22' collima-
tion. We have analyzed the neutron powder patterns
at room temperature with RlETAN-97^ program,®' and
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Tablel. Lattice constants and atomic positions for i72/3Cai/3Mn03 determined from neutron powder profiles at room temperature, g
means oxygen occupancy determined by Rietveld analysis. The crystal symmetry is orthorhombic (Pbnm\ Z—i). The atomic sites
are R/Ca ic[x,y, j], Mn 46[i,0,0], 0(1) ic[x,y, j], 0(2) 8()![a;,?/,z]. Tco and Tq are the charge-ordering and Curie temperatures,
respectively. We also listed the Mn-O bondlength, dx dy, and d^

a (A) 6(A) c (A) Rwp (%) Hi (%) Tco (K) To (K) 9

La2/3Cai/3Mn03 5.4737(3) 5.4595(4) 7.7124(4) 3.56 2.02 — 260 1.015(5)

5.4277(3) 5.4532(2) 7.6687(4) 4.28 2.69 207 —
1.018(5)

Nd2/3Cai/3Mn03 5.4097(3) 5.4625(2) 7.6493(4) 4.79 2.08 213
—

0.999(5)

(Ndi/2Tbi/2)2/3Cai/3Mn03 5.3659(3) 5.5042(2) 7.5640(4) 4.20 1.93 — —
0.980(6)

Tb2/3Cax/3Mn03 5.3249(2) 5.5519(1) 7.4776(2) 4.53 2.00
— —

0.995(5)

R/Ca 0(1) 0(2)

X y X y X y z dx (A) dy (A) dz (A)

0.003(1) -0.0205(8) 0.937(1) 0.506(1) 0.2748(9) 0.7227(9) 0.0329(5) 1.951(7) 1.969(7) 1.959(1)

0.009(2) -0.0335(9) 0.931(1) 0.5118(8) 0.2857(6) 0.7132(5) 0.0377(4) 1.959(5) 1.971(5) 1.954(1)
0.0075(9) -0.0388(6) 0.931(1) 0.5141(7) 0.2882(6) 0.7090(5) 0.0398(4) 1.956(4) 1.983(4) 1.950(1)

0.0116(7) -0.0494(5) 0.9183(7) 0.5188(7) 0.2915(5) 0.7046(5) 0.0420(3) 1.956(4) 1.995(4) 1.943(1)

0.0121(5) -0.0603(4) 0.9116(5) 0.5233(5) 0.2965(4) 0.6992(4) 0.0457(3) 1.958(3) 2.020(3) 1.9322(8)

have found that the investigated compounds were single
phase without detectable impurities. The crystal sym
metry is orthorhombic (Pimm; Z=4). Thus obtained
lattice parameters, as well as oxygen occupancy, at room
temperature are listed in Table I.
In order to determine Tco and Tc, we have measured

temperature variation of resistivity p and magnetization
M. Figure 1 shows temperature variation of (a) activa
tion energy Pac [= d(lnp)/d(l/T), where p is resistiv
ity] and (b) magnetization M of P2/3Cai/3Mn03. The
Pac-T curve of Pr2/3Cai/3Mn03 (thick solid curve) and
Nd2/3Cai/3Mn03 (thick dashed curve) have a peak due
to the charge-ordering transition. Tco was defined as the
maximal point (downward arrow) of the Pac — T curve.
On the other hand, in (Ndi/2Tbi/2)2/3Cai/3Mn03 (thin
solid curve) and Tb2/3Cai/3Mn03 (thin dashed curve),
the Pac — T curves have no peaks, indicating absence
of the charge-ordering transition. M was measured un
der a field of poH=0.5 T after cooling down to 10 K in
the zero field (ZFC). In La2/3Cai/3Mn03, ferromagnetic
transition was observed at w 260 K (not shown). Tc was
determined from an inflection point of the M — T curve.
Thus determined Too and Tc are also listed in Table I.

§3. Results and Discussion

In Fig. 2, thus obtained (a) Tc and (b) Too are plotted
against the averaged Mn-O-Mn angles (0) calculated
from the structural parameters (see Table I). Open and
closed circles represent the x=l/3 and x=l/2^' systems,
respectively. One may observe a close correlation be
tween (0) and Tc in Fig. 2(a): with decrease of (0),
Tc decreases from ~ 360 K and then disappears around
(0) ~ 160°. Such a close correlation should be as
cribed to the geometrically suppressed t [t oc sin(0/2)].
On the other hand, there appears no correlation be
tween Too and (0) [see Fig. 2(b)]; in spite of smaller
(0)-value, the charge-ordering transition is absent in
(Ndi/2Tbi/2)2/3Cai/3Mn03 and Tb2/3Caiy3Mn03. Re
cently, we have investigated the lattice effect on the
charge-ordering transition of Pi/2>li/2Mn03, and found
that the chemical pressure effect on the charge-ordering

400

(a) Si.AMnOj

300
Lj( a

(Nd,Tb)Ca200

ToCa
NdCa

PrCa

9

400

300

NdCa^zS
R 200

PrCa

TbCa

rNd,Tb)Ca

LaCa

y

^4 3 .
A  •

4
A

<0> (degree)

Fig. 2. (a) Curie Temperature and (b) critical temperature Tco
for the charge-ordering transition of Ki-x^xMnOa (x=l/2 and
1/3) against the averaged Mn-O-Mn angle (0) calculated from
the structural parameters. Open and closed symbols represents
the x=l/3 and x=l/2 systems, respectively. Triangle (circle)
presents that the sample (does not) show the charge-ordering
transition. Hatching is a guide to the eye. Number indicates
that the data were cited from Ref. 2: 1. Lai/2Sri/2Mn03,
2. (Lai/2Ndi/2)i/2Sri/2Mn03, 3. Pri/2Sri/2Mn03,
4. Ndi/2Srx/2Mn03, 5. (Ndi/2Tbi/2)i/2Sri/2^^*^3) 6.
Tbi/2Sri/2MnOs, 7. Laxy2^®'i/2^^^33 Ndx^2^^i/2^^^3)
9. (Ndx/2'^'^l/2)l/2^®'l/2^^^3> fO- Tbx/2^^1/2^^^3-

transition has an aspect of orbital control, besides the

control of In other words, the stability of the Cg-
orbitals is an important factor for the charge-ordering
transition. Note that the /d3y2_x2 orbital alter
nation is established in the charge-ordered phase.^^
To estimate the relative stability of the respective eg-
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Here, dx, dy, and dz indicate the Mn-0 bondlength and
Trf (=0.42 A) is the radius where the radial charge density
of the Mn 3d orbital becomes maximum. The larger Vi

are, the more stable the corresponding orbital becomes.
The stability of the d^^'^-r'^/dzy'^-r^ orbital alternation
can be estimated from the difference of the potentials
AV;

= {Vx + Vy)l2-{V). (3.4)

Fig. 3. Critical temperature Tco of the charge-ordering transition
for /ti-xAiMnOs (i=l/2 and 1/3) against the relative orbital
stability AV (see text). Open and closed symbols represents
the x=l/3 and x=l/2 systems, respectively. TViangle (circle)
presents that the sample (does not) show the charge-ordering
transition. Hatching is a guide to the eye. Inset shows mapping
of the data points into the AV-| Vx —Vy \ plane. Number indi
cates that the data were cited from Ref. 2: 1. La]/2Sri/2Mn03,
2. (Lai/2Ndi/2)i/2Sri/2Mn03, 3. Pri/2Sri/2Mn03,
4. Ndi/2Sri/2^o03, 5. (hIdi/2f'f^i/2)i/2S''i/2^o03, 6.
Tbi/2Srj^2 0O3, 7. Lajy2^^^!/2^f0O3, 8. Nd2^2f^^i/2^'fo03,
9. (Nd2y2Tb2/2)l/2f^^l/2^o03, and 10. Tb2/2Ca2/2^o03.

orbitals, that is, and d3^2_r2, we have
calculated the electrostatic potentials, Vx, Vy, and Vz,
based on the structural data shown in Table I. For the

dsx^-r^ orbital, we calculated the potential Vx acting on
the two e/2-charges located on the Mn-0 bonds along
x-direction:,

K = 2[V{dx - ra) + V{dx + U)

+2Vi^dl+rl) + 2V{^Jdl+rl)], (3.1)
where V{r) is the electrostatic potential between 0^~
and the e/2-charge. Similarly, we calculated the poten
tials, Vy and Vz, for the d3y2_x2 and daz^-r^ orbitals as

Vy = 2[V{dy - U) + V{dy + Trf)

+2V{yJdl+rl) + 2V{yJdl+rl)], (3.2)

Vz=2[V{dz-ra) + V{dz+rd)

+2V{yJd[i+rl) + 2V{^c%+rl)]. (3.3)

Here, (V^) [= {Vx +Vy + Vz)/3] is the averaged value.
In Fig. 3, we plotted Tco against Al^. Triangle shows

the charge-ordering transition, while circle does not show
it. If one sees the phase diagram from left to right
(the stability of the d^x'^-r'^ Id3y2_r2 orbital alternation
increases.), the COI state appears and Tco increases.
However, there are exceptions on this trend (see open
circles at AF = 0.034 and 0.06 in Fig. 3), suggesting
that an extra factor is needed for the charge-ordering
transition. We mapped in the inset of Fig. 3 the data
points against AF and | Vx — Vy |, the latter of which
represents the relative stability between the dsx^-r^ and

dsy^-r^ orbitals. The triangles (the samples that show
the charge-ordering transition) gather in the lower right
corner. This suggests that the large AF as well as the
small \Vx—Vy\ are necessary conditions for the charge-
ordering transition. Intuitively speaking, the negative
Jahn-Teller distortion, that is, two long and one short
bonds, is needed for the charge-ordering transition.

§4. Summary

We have investigated the interrelation between the

charge-ordering transition and the orbital stability of
doped manganites by means of neutron structural anal
ysis. We have found that the chemical pressure effect on
the charge-ordering transition has an aspect of orbital
control for not only in the half-doped {x = 1/2) system
but also in the a;=I/3 system.
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