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Reconsideration of the lattice effect on the charge-ordering transition of doped manganites

A. Machida
Department of Crystalline Materials Science, Nagoya University, Nagoya 464-8603, Japan

Y. Moritomo
CIRSE, Nagoya University, Nagoya 464-8601, Japan
and PRESTO, JST, Tokyo 102, Japan

K. Ohoyama, S. Okamoto, S. Ishihara, and S. Maekawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

A. Nakamura
CIRSE, Nagoya University, Nagoya 464-8601, Japan
(Received 16 March 2000

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 regpedtivals 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 intedrbétween the neighboring Mn sites.

Perovskite-type doped manganif®s_ ,AMnOz whereR  this trend. In  (Ng_,Sm));,Sr,MnO;,"* the charge-
andA are trivalent rare-earth and divalent alkaline-earth ionsordering temperatureTeo is ~150 K at y=0((ra)
respectively, have three-dimensional networks of the MnO =1.355 A), but the transition disappears yat 0.84((r »)
octahedra. Variation of the averaged ionic radiug) of the ~ =1.342 A) even though the value bfs fairly suppressed.
perovskiteA site modifies the Mn-O-Mn angle, bond length, Judging from the fact that the charge-ordering transition ac-
and so on, and affects the magnetotransport propertiegompanies the orbital alternation, variation of the orbital sta-
Among the lattice structural changes induced diyemical  bility induced by the chemical pressure should affect the
pressure the variation of the Mn-O-Mn angl® has been charge-ordering transition. Here, we have investigated stabil-
focused. This is because suppression of the Curie temperay of the respectives, orbitals by means of Madelung po-
ture T with decrease ofr,) has been ascribed to the re- tential calculations based on the structural data at room tem-
duced transfer integrd[ «sin(®/2)] between the Mn sites. perature obtained by neutron powder diffraction
Radaelliet al* have experimentally confirmed this trend at a experiments. We have found a close correlation between the
fixed x(=0.3). On the other hand, a chemical pressure effecbrbital stability at room temperature and the ground state,
for the layered manganiteR(A),.Mn,03,,, (n=1,2) is indicating that the orbital stability governs the charge-
different from that for the cubic perovskite. Moritonev al>  ordering transition of the half-doped manganites.
have observed suppression of the charge/orbital-ordering A series of ceramics compound,A;,MNO; (R=La,
temperature of single-layer kgSr, sMNO, with substitution  Pr, Nd, Nd,,Tb;;», and Th,A=Sr and Ca was synthesized
of the Nd* ions for L&" ions, and have ascribed it to the by solid-state reaction in air atmosphere. Stoichiometric mix-
elongated Mn@ octahedra and resultant unstabilizedture of commercial LgO;,Pr0O3, Nd,O3,Th,0,
dsx2_r2/d3y2 2 orbital alternation. Akimotoet al® have SrCo;,CaCQ, and MO, powder was well ground and
found a correlation between the orbital stability at room tem-calcined two times at 1250—-1350°C for 24 h. Then, the re-
perature and magnetic structures in the structure-controllegulting powder was pressed into a disk with a size of
bilayer manganites at a fixed{=0.4). These experimental 20 mm¢ x4 mm and sintered at 1250-1350°C for 24 h.
observations indicate that the chemical pressure effects in tHeietveld analysi& of neutron powder patterns indicates
layered manganites have an aspect ofdhgtal control. that investigated compounds were single phase

The charge-ordering transition of the cubic manganiteswithout detectable impurities. The crystal symme-
e.g., Nd,Sr,Mn0;* accompanies an antiferromagnetictry is ortho rhombic PbnmzZ=4) except for
spin ordering with the CE-type structute’, as well as the  Lay,Sr,,MnO3, (LayNdyj)1Sh,MNO;, Pry,»Sk,,MnOs,
dsx2_r2/d3y2_,2 orbital alternation. Such an orbital-ordered and Nd,,Sr;,MnO; (IbmmZ=4). Neutron powder dif-
state has been observed by anisotropy of the tensor of suaction measurements were performed with the Kinken
ceptibility scattering measurement in M&r;,MnO; (Ref.  powder diffractometer for high efficiency and high-
8) as well as by the electron microscope in8a,,Mn0;.°  resolution measuremehts (HERMES installed at the
The chemical pressure effect on the charge-ordering trans#RR-3M reactor at the Japan Atomic Energy Research Insti-
tion has been regarded as controltafith change of(r 5): tute, Tokai, Japan. Neutrons with wavelength 1.8196 A were
the smallert becomes, the more stable the charge-orderedbtained by the 331 reflection of the Ge monochromator, and
state become¥. However, we know a serious exception on 12'-»-Sample-22 collimation.
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TABLE I. Lattice constants and atomic positions fg,A;,MNO; determined from neutron powder
profiles at room temperaturgg means oxygen occupancy determined by Rietveld analysis. The crystal
symmetry is orthorhombiflbmm,Z=4 for La,,Sr;;,MnO;, (Lay,Nd; ) 1/2Sh,,MNO3, Pry .St ,MnO3, and

Nd,,Sr,,,MnOs;, andPbnmZ=4 for other sampléds The atomic sites arB/A,4e[x,0,5], Mn, 4b[ 3,0,0],
O(1), 4e[x,7,7], O2), 89g[7,72] for Ibmm symmetry andR/A,4c[x,y,z], Mn, 4b[3,0,0], O(1),

4c[x,y,%], 0(2), 8d[x,y,z] for Pbnmsymmetry.T. and T are the Curie and charge-ordering tempera-
tures, respectively.

a(A) b (A) cB) Ry Tc((K) TeoK) g

Lay,StyMNnO; 5.44125) 5.44185) 7.76432)  7.97 360 1.02(6)
(LagoNdyj) 1,Sn,,Mn0O;  5.47833) 5.45123) 7.66543)  7.36 308 0.991(5)
Pr,,St,,MnO; 5.4131) 5.4081) 7.75416)  3.16 265 0.9817)
Nd,,Sr,,MnO; 5.44082) 5.39862) 7.58323)  6.36 265 150  0.999)
(Ndy5Tby»)1,Sh,MNO;  5.41048) 5.3998) 7.60526)  5.98 280 0.9446)
Tby,SrMNO; 5.40517) 5.40787) 7.61534)  3.58 0.9993)
Lay,Cay,,MnO; 5.42433) 5.41563) 7.63342)  6.19 230 140  1.01@)
Nd,,Ca;,,MnO; 5.38152) 5.40262) 7.59742)  5.24 223 1.008)
(Ndy5Tby)1,Ca,MNO;  5.35683) 5.4153) 7.55034)  5.38 240  1.000)
Thy,Cay,,MnO; 5.32062) 5.44492) 7.44773)  5.63 289  1.00(5)
RIA o(1) 02
X y X y X y z
0.0181) 0.9661) 0.005G8)
—0.0006(9) 0.957¢7) 0.02153)
—0.026(3) 0.06(2) —0.008(1)
0.00186) 0.94606) 0.02453)
—0.003(2) 0.017) 0.9452) 0.4962) 0.2272) 0.7672) 0.03046)
0.0022) 0.024@8)  0.9402) 0.4922) 0.2202) 0.7752) 0.03316)
0.00119) 0.01845)  0.94177)  0.49077)  0.22476)  0.77746) 0.031G3)
0.00459) 0.03164)  0.93318)  0.48945  0.21384)  0.78534) 0.03643)
0.00559) 0.040G5)  0.92978)  0.484%6)  0.21025)  0.79035) 0.03993)
0.00985) 0.05045) 091785  0.48035  0.20663)  0.79384) 0.04232)

@A-type antiferromagnetic metallic phase appears at low temperdReé. 19.
®The magnetization at low temperature- {ug under 0.5 7 is much smaller than the ideal value

(=3.5 ug).

Figure 1 shows temperature dependencéapfctivation  =1.320 A; broken curve of Fig.(#)], and the curve mo-
energyE,J =d(In p)/d(1/T), wherep is resistivity] and (b) notonously decreases with decrease of temperature. In addi-
susceptibilityy for RyA;,MNO;. For four-probe resistivity tion, the xy-T curve of Th;Sr,MnNO; shows Curie-Weiss
measurements, the sample was cut into a rectangular shafeshavior down to~40 K [broken curve of Fig. (b)]. Simi-
typically of 3x2x1 mn?, and electrical contacts were larly, there is no trace of the charge-ordering transition in
made with a heat-treatment-type silver paint. TBg:T  (Ndy,Thy)1,Sr,MNO;  ({ra)=1.338 A; not showp
curve of Th,Ca,,MnO; has a peak at289 K due to the Sundaresaret al!® and Kasperet al!’ have investigated
charge-ordering transition. The transition temperafliggy =~ magnetic properties dR; _,S,MnO; (R=Eu, Gd, Th, Dy
was defined as the maximal poiownward arrow of the  and Y) at x=0.5, and have observed spin-glass behavior
E,cT curve. In the case of Ca compoun@mlid curvey,  at low temperaturé® We think that the low-temperature
Tco decreases with increase df): Tco~289 K (Ref.  spin state of Th,Sr;,MnO; and (Nd,»Thyp)1/2Sr,,MNO3
14) for Thy,Cay,MnO5({ra)=1.270 A), ~223 K for is also spin-glass-like. Looking at Table [Teo is
Ndy,Ca,MnO5((ra)=1.305 A), and =~140K for ~223K for  Ndy,Ca,MnOs(({ra)=1.305A) and
Lay,Ca,MnO5({r,)=1.350 A). This trend is consistent ~140 K for La/,Ca,MnOs((ra)=1.350A). So, we
with the recent work done by Fontcubertt al’® The could expect the charge-ordering transition at
charge-ordering transition accompanies the CE-type spin—200 K for  Thy,Sr,,MnO5((r,)=1.320 A) and
ordering, which causes the reduction of thel curve. Fig-  (Ndy,5Thy) 15Sr,,MNO5({r,)=1.338 A), if the transition
ure 1b) shows they-T curves forR;,A;,MnO;. x was  were governed by thér ) value.
measured under a field pfgH=0.5 T after cooling down to Now, let us proceed to the overall structural feature of
5 K in the zero field(ZFC), using a superconducting quan- R;;,A;,MnOs. We have used theIETAN-973 program®? and
tum interference device magnetometer. have analyzed the neutron powder patterns at room tempera-

Curiously enough, there is no trace of the charge-orderingure. The obtained lattice parameters, as well as oxygen oc-
transition in the E,T curve of Th;,Sr,MnO; [{ra) cupancy, at room temperature are listed in Table I. We also
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FIG. 1. Temperature dependence (af activation energyE,. 1.90 E
[=d(In p)/d(1/T); p is resistivity] and (b) susceptibility y for ’ |

R12A1,MNO;. x was measured after cooling dowm 5 K in the 1.30 1.35 1.40
zero field (ZFC). Downward arrows indicate the critical tempera- <> (A)
tures Tp for the charge-ordering transition, determined from the 4
maximal point of theE, T curve. FIG. 2. Variation of structural parameters f&;,A;,MnO;
against averaged ionic radigs,) of the perovskiteA site: (a) lat-
listed Tco andT¢, which were determined from temperature tice constants(b) Mn-O-Mn angles®,, and®., (c) Mn-O bond
dependence dE,.and magnetizatioM, respectively. Figure lengths,d,, andd.. Open and closed symbols stand for the Ca and
2 shows thus obtained structural parameters agéipst (a) Sr compounds, respectively. Except for ;58r,MnO; and
lattice constants(b) Mn-O-Mn angles®, and (c) Mn-O  (Ndy;Tby;5)1/,S1,,MnO; [see(c)], error bar for the bond angles
bond lengthsd. Open and closed symbols stand for the Cal(b)] and bond length§(c)] is less than 0.2° and 0.004 A, respec-
and Sr compounds, respectively. Variation of the lattice confively.

stantsa, b, "’_‘”dC/\E [Fig. 2@)], as well as of th@® values  ghortest among the three bond lengths. With this structure,
[Fig. 2b)] is nearly scaled to(rn) irrespective of the haq , , andds,2_,2 orbitals are stable as compared with
alkaline-earth species. Note that there are two Mn-O-Miyneq_, , orbital. Then, thee, electrons tend to occupy the
angles, i.e., out-of-planed(, squarg and in-plane ©a,, ¢, ", anddz,2_,2 orbitals, and hence, are easy to form the
circle) angles, in thePbnmsetting. The average® value dax2—,2/d3y2_,2 orbital alternation at low temperatures to
increases almost linearlly witlr»): (0)=—34+148ra).  cause the charge-ordering transition. By contrast, in
A similar interrelation bletweel(1®> and(r,) has been re- (Ndy/5Tby) 1,5, ,MnO; and Th ,Sr,,MNOs, one of thed,,;,
ported by Radaellet al.” at x=0.3: (0)=—-7+124rx). s the longest. Such a Jahn-Teller-type distortion of the
Here, La;Sn,MnOs, Pr;SnMnOs, and (LaoNdi2iz  MnOg octahedra fairly destabilizes the orbital alternation,
SrMnO; are known to be metalli¢ down to the lowest yhich is indispensable to the charge-ordering transition of
temperature, dge to the large value, or the large one- ine half-doped manganites.
electron bandwidthw. _ _ To quantitatively estimate the stability of the respective
Now, let us proceed to the distortion of the MiiOCta- ¢ orbital, we have calculated the Madelung potentigbr
hedra of the insulating manganites. In fPlenmsetting, there  a5ch orbitd® based on the structural data. The Madelung

are three k_inds of Mn-O_ bonds, i._e., out-of-pland, ( potential acting on a hole in thiy,> 2,ds2 2, andda,e 2
square and in-plane @, circle and trianglebonds. In the  gppitals is given by

four Ca compounds, i.e., LaCa,,MnO3,Nd;;,Ca;,MnOs, R A ) A
(Ndl/szl/z)l/ang_/zMno:;, and TQ/2C61/2MI’]O3, dC iS the V(d3x2,,2)=[V(l’0+rdX)+V(rO*I’dX)]/2, (1)
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FIG. 3. Critical temperatur& o for the charge-ordering transi-
tion for Ry,A1,MNO; against the difference of the Madelung ener-
giesAV(=[V(dgy—r2) +V(dgy2_2) [12—(V)). (V) is the averaged
value for the three orbitalsls,2_,2,dgy2_,2, andds,2_ 2. Hatching
is a guide to the eye.

V(day2_2)=[V(fo+rgy) +V(re—raN1/2,  (2)
and
V(dsz_2)=[V(ro+rg2)+V(ro—rg2)1/2, (3

respectively. Herefo indicates the position of the Mn ion

sity of the Mn 3 orbital becomes maximunx,y, andz are

the unit vectors along the respective Mn-O bond directions.
The magnitudes of the charge/AtMn, and oxygen sites are
assumed to ber2.5+3.5, and—2, respectively, and the
conventional Ewald method is used. The lardéiis, the
more stable the corresponding orbital becomes. The stability
of the d3,2_,2/d3y2_,2 orbital alternation can be estimated
by the difference of the Madelung potenti&alV:

AV=[V(dzs2_,2)+V(dzy2_,2)]/2—(V). (4)

Here, (V)(=[V(dax2—r2) +V(d3y2_;2) +V(dz2_,2)]/3) is

the averaged value. We plotted in Fig. 3 the charge-ordering
temperaturel . againstAV. If one sees the phase diagram
from left to right (the stability of theds,2_2/d3y2_ 2 orbital
alternation increasgsthe CO state appears anidg in-
creases. Thus, the orbital stability is an important factor for
the charge-ordering transition in the structure-controlled
half-doped manganites.

Finally, let us compare the lattice effects of the present
cubic system with those of the layered manganites. In the
layered manganites, chemical substitution scarcely alters the
in-plane Mn-O bond lengthd;, or the in-plane Mn-O-Mn
angle®;,, and hence does not alter the in-planalue: for
example,®,,(d;,) is 178.9°(1.934 A for La, ,Sr, gMn,0;
and 176.7°(1.929 A for (LaggNdy 41 25K gMN,0,.2 The
chemical pressure, on the other hand, changes the
position of the apical oxygen, and modifies the orbital
stability via deformation of the Mng octahedra. In
fact, a lattice effect observed in several layered
systems, e.g., (La,Ng}Sr,gMnO, (Ref. 2 and
(La,Nd), Sr,Ca) gMn,0;,>?* has been ascribed to the
variation of the orbital stability. Even in the cubic system,
orbital stability plays an important role on the charge/orbital-
ordered state of the half-doped manganites.
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andry (=0.42 A) is the radius where the radial charge den-and Culture, Japan.
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