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Orbital stability in the spin-ordered phase of bilayer manganites as investigated
by neutron-diffraction measurements
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Temperature variation of lattice structure has been investigated for ferromagnetig §G&Sy,Mn,0; and
layered-typeA-type) antiferromagnetic Nd$SMn,O,. We have found that distortion of the Mg@ctahedra
decreases in the spin-ordered phase for both the systems. We further estimated the relative stabilily of the
orbitals by means of Madelung potential calculation, and discussed the orbital state in the spin-ordered phase.

Doped  manganites  with  bilayer  structdre, pendence of the distortion of the MgOoctahedra of
Lay_ ¢St +2xMn,0;, have recently attracted considerable g, ,Sr; gVin,0,(x=0.4) by means of neutron-diffraction
interest due to the interrelation between magnetic structurtheasurements. They have found that the magnitude of the
and the orbital stability of the degenerateg stateS™®  Jahn-Teller distortion enhances in the ferromagnetic metallic
Akimoto et al® have investigated the stability of tilg,2_,>  (FM) phase. In the electrostatic point of view, the enhanced
(or dy2_y2) orbital at room temperature by Madelung poten-distortion of the MnQ octahedron stabilizes thk,2_ 2 state
tial calculatiof based on the structural data of structure-rather than thel,>_,2 state. This behavior is rather strange,
controlled (La_,Nd,); ASr,—,Ca)), gMn,0; at a fixed hole  since the in-plane transfer integral between the neighboring
concentration X=0.4). They have found a strong interrela- Mn sites would be suppressed with this orbital state.
tion between the orbital stability and magnetic structure: Here, we have found that the 20% Ca-doped manganite,
with increase of stability of thes,2_,2 orbital, the magnetic La(SK¢Ca ,),Mn,0;, at x=0.5 becomes FM belowl

structure changes from layered-type antiferromagngiic ~100 K [see Fig. Zc)]. Note that the mother material,
type) to ferromagneti¢F-type ones. Recently, Takaet al®  LaSp,Mn,O,, shows a charge-orderingCO) transition at
have directly observed thed, ,> orbital state in ~210 K. With decreasing temperature, the CO phase is sup-

NdSKrMn,0O,, analyzing x-ray-diffraction data by means of pressed and the low-temperature phase is dominated by the
the maximum entropy methodMEM). The compound A-type spin ordering? In order to investigate the orbital
shows a layered-type(A-type) antiferromagnetic spin- state in the spin-ordered phase, we have performed neutron
ordering below Ty~150 K, in which the ferromagnetic powder-diffraction experiments on the F-type
MnO, sheet alternates along the axis (intrabilayer ex-  La(Sk Ca,),Mn,0; and A-type NdSsMn,0,.8 The rela-
change coupling isegative)’~° Such a magnetic structure is tive stability of theds,2_,2 and dy2_,2 orbitals has been es-
well understood with thel,>_,2 state, which causes the fer- timated by difference in the Madelung potentiV' between
romagnetic double-exchange interactfowithin the MnO,  the twoey orbitals. Our results suggest that the orbital state
sheet and antiferromagnetic superexchange coupling b@f the FM state is a linear combination of tiog. . and
tween the adjacent shedtsithin the bilayej. Thus, the sta- ds,2_,2 orbitals, making a sharp contrast with tlgz_ 2

bility of the e orbital, which is governed by the lattice struc- state in the A-type spin-ordered phase.

ture through an electrostatic manner, has significant effects Melt-grown crystals of La(SrCa 2)-,Mn,0O; and

on the magnetic structures of bilayer manganites. NdSKLMn,0O; has been used for the neutron-diffraction mea-
Up to the present, many researchers have reportesurement to reduce the impurity phase. Crystals were grown
the lattice and magnetic structures for by the floating-zone method at a feeding speed of 10-20

Lay_ 5 Sh 4+ 2Mn,0,.57211"BEgpecially, Argyriouet al'>  mm/h.  Stoichiometric  mixture  of  commercial
and Kimuraet al*® have observed lattice structural changesLa,O;, Nd,O;z, SrCQ;, CaCQ, and MO, powder was

at the magnetic transition temperature in ground and calcined twice at 1250-1350 for 24 h. The re-
La, ,,Sr . »Mn,05, suggesting variation of the orbital sta- sulting powder was pressed into a rod with a size of
bility. Mitchell et al'! have investigated the temperature de-5 mm¢x 80 mm and sintered at 1350 for 48 h. The ingre-
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NASE;M,0, a1 280K Rap=7.92 =2.§7%). We listed prototypical results in T:.;\blle l.

_ Ri=2.57 First of all, let us see the temp_erature variation of the F-
1r and A-type magnetic moments. Figur@Pshows the A and

F components for La(§gCa 5) ,Mn,0O;: squares and circles
are for the F and A components, respectively. The magni-
tudes of the moments are determined by the Rietveld fitting
(FAT-RIETAN), in which we assume ferromagnetiantiferro-

O O T O A T O T magneti¢ arrangement of the ferromagnetic MapQayers.

Intensity ( 10* counts)
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T T ST The magnetic moments lie in the MpGheets for both the

020 40 60 80 100 120 140 components. The magnitude of the A componéopen
26 (degree) circles increases belowy~150 K, and becomes-1ug.

FIG. 1. The whole neutron powder diffraction pattetasoss of With further decrease O_f temperature, the F component ap-
NdSh, Mn,O, at 280 K. The solid curve is the result of the multi- P€ars below 100 K and increases upt8ug . Temperature
phase Rietveld refinement with a “327” main phase and a “214” variation of resistivity p shows a steep reduction below
impurity phase. Tc(~100 K) [see Fig. 2c)], indicating that the low-

temperature phase of La@@€Ca »),Mn,0; is ferromagnetic
dient could be melted congruently in a flow of oxygen. metallic(FM) one. Coexistence of the F and A components
Neutron-diffraction measurements were performed with themay be ascribed to the spin canting, similarly to the case of
Kinken powder diffractometer for high efficiency and high- La, ,Sr, gMn,0,.” Hereafter, we simply call the temperature
resolution measurementHERMES installed at the where F component appearsTas. Temperature variation of
JRR-3M reactor at the Japan Atomic Energy Research Instimagnetizatiorf M is the broken curve in Fig.(2)] shows a
tute, Tokai, Japaft Neutrons with wavelength 1.8196 A ferromagnetic behavior with saturated momektg of
were obtained by the 331 reflection of the Ge monochro~3.1ug, consistently with the Rietveld refinement. On the
mator, and 12-o—Sample-22’ collimation. Diffraction other hand, the A-type moment of Ng®m,O, [see Fig.
angle 2 is from 3° to 153°. Melt-grown crystal ingots were 2(b)] increases belowT (=110 K), and nearly saturates
crushed into fine powder and were sealed in a vanadiuni~2ug) at ~50 K.}” The broken curve represents the tem-
capsule with helium gas, and mounted at the cold head of perature dependence of in-plane component of susceptibility
closed-cycle He-gas refrigerator. The crystal symmetry is tefy,) .28
tragonal (4/mmmZ=2) at all temperatures. We have used Figure 3 shows the temperature dependence of the lattice
the RIETAN-97 program developed by Izumf,and analyzed constants, i.ea andc, of (a) La(SK ¢Cay ),Mn,0; and (b)
the powder patterns with the two-phase mo@d827” main ~ NdSprMn,0,.1° In the case of F-type La($§Cay ) ,MNn,0;
phase and “214” impurity phageWe show in Fig. 1 pro- [see Fig. 8], thec value decreases beloW. Such a be-
totypical results of the Rietveld refinement of Nd®gn,O; havior makes a sharp contrast with the case of
at 280 K. The final refinement is satisfactory, in whil, La, ,Sr; gMn,0,, in which thec value increases beloW.
andR, (reliable factor based on the integrated intensétse  In the A-type NdSyMn,O; [Fig. 3(b)], both the lattice con-
fairly typical of published structures R(,,=7.92%R, stants change beloW,, indicating a significant spin-lattice

TABLE |. Lattice constants and atomic positions of La{§&, ,) Mn,O; and NdSsMn,O, determined
from the neutron powder profiles. Two-phase Rietveld anal§8327" main phase + “214” impurity
phas¢ has been performed. The crystal symmetry is tetragohdm(mmZ=2). The atomic sites are
Al 2b [0,05], A 2 4e[0,0z], O12a[0,0,0], O2 4e[0,0z], O3 8y [0,3,z] and Mn 4e [0,0Z] (A is
the site of the rare-earth and alkaline-earth Jofifie impurity amount is also listed.

Compound Temperaturk)  a(A) c(A) A2(z) 02(2) 03(2) Mn(z)
280 3.84262) 19.9951) 0.31793) 0.19684) 0.09622) 0.09645)

NdSprMn,0O, 120 3.84129) 19.9318) 0.31835) 0.19624) 0.09612) 0.09597)
30 3.84243) 19.8975) 0.31886) 0.19734) 0.09683) 0.09547)

300 3.8688) 20.2135) 0.31724) 0.19686) 0.09633) 0.09498)

La(Sk gCa ») ,Mn,0; 110 3.86643) 20.1546) 0.31685) 0.197G7) 0.09614) 0.09518)
50 3.86586) 20.1267) 0.31685) 0.19667) 0.096Q7) 0.095Q9)

Compound Temperatur&) Rup(%) R (%) r(%)
280 7.92 2.57 12(®)

NdSprMn,O, 120 9.02 2.86 133)
30 9.81 2.55 133)

300 10.79 2.53 27(%)

La(Sk gCa ») ,MN,0; 110 12.62 2.46 29)

50 12.89 2.67 28(9)
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FIG. 4. Temperature variation of the Mn-O bondlengthgaf
La(Sr Ca »),Mn,0; and(b) NdSLMn,0O,.T¢ (Ty) represents the
critical temperature for the ferromagnet&ntiferromagnetictran-
sition. dyy.o(1) and dyn.o(2) are the out-of-plane bondlengths, and
dmn-o(3) is the in-plane bondlength.

becomes shorter belovis. Such a shrinkage of the
dun-oz), Or the release of the Jahn-Teller-type distortion of
the MnQ; octahedra, is opposite to the case of
La, ,Sr; gMn,0,.11 On the other hand, in Nd@vin,O; [Fig.

FIG. 2. Temperature dependence of magnitude of the ferromag#(b)], dun-o¢1) (Open circley elongates andiy,.q) (closed

netic (F)

and antiferromagnetic (A) components of (a)

La(Sp gCa »)2Mn,0; and (b) NdSLMn,O;. T and Ty represent
the critical temperatures for the ferromagnetic and antiferromageorbitals. The orbital stability can be evaluated by the Made-
netic transition, respectively. The broken curveanis the magne-
tization (M), which was measured in the field of 100 mT after Madelung potentials acting on a hole in tigz_,2 and
cooling down to 5 K in the zero fiel@ZFC). The broken curve in
(b) is the in-plane component of susceptibility.{) at 10 mT mea-

sured under the ZFC conditiofic) The temperature variation of

resistivity p of melt-grown La(Sy_,Ca)Mn,O; crystal. Thin
curves {=0.00 andy=0.05) are the in-plane component @f

circles shrinks belowT,.
Now, let us proceed to the relative stability of tieg

lung potential$®® for the d,2_,2 and ds,2_2 orbitals® The

d;,2_,2 orbitals are given bW(dXz_yz)=V(ﬁ)+rd%), and
V(dsyz_2) =[V(ro+r42) +V(ro—rq2)1/2,  respectively.
Herer_()) indicates the position of the Mn ion ang(=0.42
A) is the radius where the radial charge density of tie 3
orbital becomes maximunx. andz are the unit vectors along

coupling. Here, we investigate the details of the lattice structhe crystallographia andc axes, respectively. Based on the
tural change induced by magnetic ordering. We show in Figstructural data obtained by the neutron-diffraction experi-
4 three kinds of Mn-O bondlengths, i.e., out-of-planement, we have calculated the temperature variation of the

[ dvin-o(1) @nddyin.o(2); O(1) locates at the central position in
the bilayer, while @2) locates at the outer side of the bi-

layer] and in-plane @un.oz)) bondlengths, of (a)
La(SpCa),Mn,0;, and (b) NdASHLMn,O;.  In
La(Sk ¢Ca 2),Mn,0; [Fig. 4@)], dwn.orz (closed circles
3.88 @ o
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FIG. 3. Temperature variation of lattice constants @
La(Sp gCa »),2Mn,0; and(b) NdSLMn,0;.T(Ty) represents the
critical temperature for the ferromagnetiantiferromagnetictran-

sition.

difference of the Madelung potentials between ®yoorbit-
als: AV=V(ds,2_,2) —V(dy2_y2). The d,2_,2 orbital be-
comes stable aAV decreases. The results are plotted in Fig.
5 together with the data point&closed squaresfor the
F-type La ,Sr; gMn,0,.° With decrease of temperature, the
AV value(closed circlesof La(Sk ¢Ca ») ,Mn,0O; gradually
decreases, and hence e 2 orbital becomes stable. Op-
positely to this case, théV value (closed squargsof
LaSprMn,O; rather increasegthe ds,2 2 orbital becomes
stable at low temperature. Here, we should mention thst
values for both the ferromagnetic systems converge at
~0.06-0.07 eV at the lowest temperature. This suggests that
the orbital state in the FM phase is a linear combination of
thed,2_,2 andds,2_,2 orbitals. On the other hand, theV
value of the A-type NdSMn,0O, steeply decreases below
Tn(=110 K) down to 0.02 eV. Such a large reduction of the
AV value suggests that thi2 2 orbital dominates in the
A-type antiferromagnetic phase, consistently with the MEM
analysis on NdSMn,0,.°

The orbital mixing in the FM state can be ascribed to the
subtle balance between the three-dimensidB88l) double-
exchange interaction mediated by tbg electrons and the
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FIG. 5. Temperature variation of difference of the
Madelung potentials AV[=V(d3,2_,2) —V(ds2_,2)], where
V(ds2_2)[V(dy2_y2)] is the Madelung potential for the
d3z2_r2(dy2_y2) hole. Thed,2_,2 orbital becomes stable @8V de-
creases. Closed circles, closed squares, and open circles stand
La(Sp Ca »),Mn,0;, La; ,Sr gMn,0,, and NdSsMn,O;, respec-
tively. Structural parameters of Lgr gMn,O; were obtained
from Ref. 9.

kinetic energy gain of they-electron system. To realize the
3D double-exchange couplirt§the gy electrons should hop
both to the in-plane and out-of-plane directions. Then ghe
electrons should share thds,2_,2 character, since the
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polarization?® Accordingly, optimal mixing of thed,z_2
andd,,2 2 orbitals is realized to minimize the total energy
of the 3D FM phase. Such a picture on the orbital state is
consistent with the chemical pressure effect on the bilayer
manganites: with an increase of stability of thds,2_,2 or-
bital, the low-temperature phase changes from the A-type
antiferromagnetic, and the FM to paramagnetic insulating
ones. Okamotet al? have theoretically investigated the or-
bital state of bilayer manganites based on the double-
exchange Hamiltonian with explicitly taking into account the
orbital anisotropy. Consistently with our experimental re-
sults, they have obtained an orbital state of the linear com-
bination of thed,2_,2 andds,2_2 orbitals.

In summary, we have investigated the orbital states of
bilayer manganites by means of Madelung potential calcula-
tion based on the structural parameters. The obtained results
suggest that the FM phase is the mixed state ofdthe 2
andds;,2_ 2 orbitals, making a sharp contrast with tthe 2
state in the A-type antiferromagnetic phase of Nd&r,O.
fhus, the orbital state is strongly coupled with the spin state
in the bilayer manganites. To understand the physics of the
doped manganites in a true sense, detailed investigations on
the orbital states is indispensable.
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d,2_2-electron has zero transfer integral between the adjaPrecursory Research for Embryonic Science and Technology

cent MnG, sheets. The kinetic energy of tieg-electron sys-
tem, however, fairly loses with the perfeatl;,2_,2
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