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Lattice effects on the charge-ordering transition inRy 5Sr; sMnO 4
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Magnetic and transport properties are investigated for single crystals of layered-type—doped manganites
Ro.sSf1 sMnO, with systematic variation of the averaged radiys of the trivalent rare-earth ion&3*.
LagsSr; sMnO, (R=La) shows a charge-orderin@O) transition atT-o=230 K. With a decrease of the
in-plane Mn-O bond lengthy,— o(iny » Tco decreases and eventually the transition disappeaR<ddd. Such
a remarkable lattice effect on the CO transition is in sharp contrast to the negligible lattice effect in the
isostructural layered nickelatdsS0163-182€07)02447-9

Among the barely metallicc-electron systems, the man- important role of the orbital degree of freedom coupled with
ganese oxides are most extensively investigated because thie JT instability in the CO transition for layered manganites.
their unusual magnetic and transport behaviors originating in  Single crystals oRy sSr; sMNO, (R=La, LagsNdy 5, La
the strong coupling between tleg electronst,y spins, Jahn-  ,Ndg 75, Nd, and Sm were grown by the floating-zone
Teller (JT) instability, andey-orbital degree of freedom. In  method at a feeding speed of 20mm/h. A stoichiometric mix-
particular, perovskite-type compounBs_,A,MnO5, where  ture of commercial LaO3, Nd,O3, Sm,03, SrCO;, and
R and A are the trivalent rare-earth and divalent alkaline-Mn 30O, powder was ground and calcined two times at 1300
earth ions, respectively, show the paramagnetic-to°C for 20 h. Then the resulting powder was pressed into a
ferromagnetic behaviors as well as large negativaod with a size of X80 mm? and sintered at 1350 °C for
magnetoresistantenear aboveT.. These phenomena are 30 h. The ingredient could be melted congruently in a flow
basically understood within the framework of double- of oxygen. Large single crystals, typically 4 mm in diameter
exchange(DE) theory?? which includes only the transfer and 20 mm in length, were obtained with two well-defined
integralt of the e, electrons and the on-site exchange inter-facets, which correspond to the crystallograpaie plane.
action (Hund's-rule couplingJy) between the itinerang, Redox titaration indicates that the Mn valence is 3.50
electrons and locarizety, spins S=3/2). By contrast, in  +0.04 for all the melt-grown crystafs.Powder x-ray-
manganese oxides with a layered structure, e.g., imiffraction measurement at room temperature and Rietveld
La;_Sri.,Mn0O,*®° the MnO, sheets are isolated by two analysid® indicate that the crystals were single phase without
La(SnO planes. The resultant confinement of thecarriers  detectable impurity. The crystal symmetry at 300 K is tetrag-
in two dimensions should reduce the one-electron bandwidtbnal (I4/mmm Z=4) over the whole concentration range.
W and enhance the other instabilities. One of the most pro- The CO transition in layered manganites shows up as a
totypical examples may be the charge-orderi@®) transi-  steep rise of resistivity and a suppression of susceptibility
tion, i.e., real-space ordering of the doped carriers, observeg.>!! Figure 1 shows the in-plane component of resistivity
in La;_,Sr;.,MnO, (x=1/2) atTco=230 K A similar  p,, and magnetic susceptibility,, (=M ,,/H; M,y is in-

CO transition is observed for other transition-metal oxidesplane component of magnetizatjofor a single crystal of
with layered structures, e.g., La,Sry,NiO, (x=1/3) (Ref.  LagsSr;sMnO, (R=La). For four-probe resistivity mea-

6) and La_,Sr,CuO, (x=1/8)." In particular, Cheong surements, the crystal was cut into a rectangular shape, typi-
et al® have reported thaf . in layered nickelates is nearly cally of 3x1x1 mm?, and electrical contacts were made
independent of the ionic radius of the divalent alkaline-earthwith a heat-treatment-type silver paing,, was measured
ions. under a field ofugH=0.5 T after cooling downd 5 K in

In this paper, we report a significant suppression of thezero field(ZFC). With decreasing temperature, thg, value
CO transition in layered manganit& sSr; gMnO, with a  steeply increases beloW.o=230 K (indicated by a down-
decrease of the average radiys of R®" (chemical pres- ward arrow accompanying a suppression gf,. Thus we
sure), which makes a sharp contrast with the layered nick-can monitor the CO transition with use of these anomalies
elates. With a decrease p§, T decreases and eventually observed in thep-T and y-T curves. The structure of the
the transition vanishes f&®=Nd. We have ascribed the sup- charge<{and orbitaly ordered state of layered manganites has
pression of the transition to the increasing out-of-plane statibeen investigated by several researchers. Stermited!?

JT distortion of the MnQ@ octahedra and to resultant stabili- performed neutron-scattering measurements on a single crys-
zation of theds,2_,2 state. This observation suggests thetal of Lagy sSr; sMNO 4 and found superlattice reflections cor-
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FIG. 1. In-plane component of resistivityp{,) and magnetic
susceptibility (,,) for a single crystal of LgsSr;sMnO,. A
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downward arrow indicates the charge-ordering transition.

TABLE IlI. Typical bond lengths foR sSr; sMnO, at 300 K.

R dMnfo(in) (A> dMnfo(out) (A) dMnfo(out)/dMnfo(in)

La 1.93163) 2.001) 1.04
Nd 1.92032) 2.011) 1.05

combination 12-Blank-Sample-18 collimator. Melt-grown
crystals were crushed and sealed in a vanadium capsule with
helium gas. Results of the Rietveld analysis are summarized
in Table 1I. Substitution of the smaller Nd ions for larger
La" ions increases the out-of-plane bond lendth - o(our)
and hence increases the static out-of-plane JT distorton (
=dun- o(ouyy/dmn- o)) from A~1.04 forR=La to ~1.05
for R=Nd. Note that thes@& values are much smaller than
that for LaMnO; [A~1.09 (Ref. 14]. A similar chemical
pressure effect is observed in the double-layered manganites
R; 55 gMn 04,2 in which the A value increases from
~1.02 forR=La to ~1.03 for R=Nd. The chemically in-
duced static JT distortion and resultant stabilization of the
ds,2_,2 state are expected to influence the magnetic and
transport properties for layered manganites.

We show in Fig. 2 the temperature dependence of resis-

responding to an alternating Mi/Mn** pattern with wave

vector (1/2, 1/2, Q below Tg. They further found a mag- tivity up to ~500 K for single crystals oRgsSr{ sMNOy,:

netic transition affy~ 110 K far belowT g, indicating that  Solid curves are for the in-plane componepty) and bro-
the spin ordering is not a main driving force of the CO tran-ken curves the out-of-plane componept). At room tem-
sition. The electron-diffraction measurements,however, perature, all the compounds show insulating behaviors with
indicate growth of fourfold modulation along tj¢10] and  an activation energy of,;~100-110 meV {140-150

[110] directions belowTco. Recently, Murakamiet al*3

performed synchrotron x-ray experiments on a single crystal
of LagysSr; sMnO, and concluded that the charge ordering
with wave vector(1/2, 1/2, ) accompanies an orbital order-
ing, i.e., an alternatin@,-orbital pattern, with wave vector
(1/4, 1/4, Q.

Lattice constants were obtained by Rietveld analysis of
powder- x-ray-diffraction patterns and are listed in Table |
together with the ratio of the lattice constaria. With de-
creasing g, dwn-oin) (=2/a) steeply decreases from 1.932
A for R=La to 1.916 A forR=Sm. Accordingly, the ratio
c/a increases fron~3.218 for R=La to ~3.230 for R
=Sm, suggesting the increasing static JT distortion of the
MnOg octahedra along the axis. To determine the magni-
tude of the JT distortion, neutron powder-diffraction mea-
surements were performed at 300 K forgs®r; sMnO, and
NdgsSr, sMnO, with a high-efficiency powder diffracto-
mater with the 150 detector system HERMES installed at the
JRR-3M reactor in Japan Atomic Energy Research Institute,
Tokai, Japan. Neutrons with wavelength 1.819 A were ob-
tained by the(331) reflection of Ge monochromater and a

TABLE I. Lattice constants foR, sSr, sMnO, at 300 K.

R a(d) cA) alc

La 3.86326) 12.43Q1) 3.2175
LagsNdg s 3.85243) 12.40975) 3.2213
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Ro.sSf1 sMNnO, with variation of the trivalent rare-earth ioR3*.

Solid curves are for the in-plane component, ) and broken
curves for out-of-plane componentpd). Arrows indicate the
charge-ordering transition.
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FIG. 3. Temperature dependence of in-plane component of suss-m In the case foR=La. v is nearly isotronic except for
ceptibility (xap) for R sSrisMnO, with variation of the trivalent ) —hka x| y P P

rare-earth iorR3*. Arrows indicate the charge-ordering transition. the low-temperature region<(20 K). A similar behavior is
The inset shows the anisotropy of susceptibility for La and Sm. observed forR=LagsNdps and L,30-75Nd0-25 (not ShOYm- .
The susceptibility data were measured under a fieldg#=0.5 T  These make a sharp contrast with Sm compound, in which
after cooling downa 5 K in zero field(ZFC). significant enhancement of,,, is observed as compared to
Xc- Plotted in Fig. 4 are the thus obtained critical tempera-
tures for CO transition foR,sSr sMNO, as a function of
meV) for pap (pc)- In LagsSrisMnO,4 (R=La), the resis- g, ... with decreasingdy, o, the CO state(the
tivity steeply increasing belowco=230 K (indicated by an  hatched regionis suppressed and finally disappears around
arrow) and then the magnitude &, jumps up to~200 meV  dy,_ogin)~1.922 A. This observation indicates that the re-
(~210 meV for p,p, (pc). A similar anomaly is observed in  pulsive Interaction between the, electrons(or the small
the p,,-T curve for R=LaggNdys at ~160 K© indicat-  polaron$ is not the dominant driving force of the CO tran-
ing that chemical substitution fairly suppresses the CGsition since such an interaction is expected to enhance with a
transition. The absence of thermal hysteresis in thalecrease of the intersite distance.
resistivity anomaly suggests the second-order nature of The suppression dfco with decreasinglyn— o(in) implies
the transition. In the case of N@Sr, sMnO, (R=Nd) and  that thee,-orbital degree of freedom plays an important role
SmgsSry sMnO,4 (R=Sm), no trace of the CO transition is in the transition since the increasing static out-of-plane JT
observed. We further measured the temperature dependend®tortion of the MnQ octahedra stabilizes thi,2_ 2 state
of [001] electron-diffraction patterns foR=Nd and con- and changes the character of tagorbital. In the case of
firmed that no traces of the superlattice reflections are obdoped manganites, the orbital degree of freedom of barely
served down to 77 K. mobile ey carriers strongly couples with the JT distortion. In
Now let us proceed to the magnetic properties foran extreme case, e.g., in LgCa;,MnO3,}" the charge and
Rp5Sr; sMnO,. Figure 3 shows the temperature dependencerbital ordering take place &ico~155 K from the ferro-
of the in-plane component,, of susceptibility measured magnetic state accompanying a large structural change origi-
under a field ofugH=0.5 T after cooling downa 5 K in  nating in the cooperative JT distortion. Then it is probable
zero field. ForR=La, the y,,-T curve increases with de- that the charge-ordered state in layered manganites is stabi-
creasing temperature and then becomes nearly temperatuiged by concomitant cooperative JT distortion within the
independent below -o~230 K. The suppression gf,, be-  MnO, sheet or, equivalently, the orbital ordering. Murakami
low T¢o has been ascribed to the weakened DE interactioet all® proposed that the charge ordering of the layered man-
due to locarization of the, carriers® Partial substitution of ganites accompanies an orbital ordering with wave vector
the smaller Nd* ions for larger L&" ions shiftsToo to-  (1/4, 1/4, Q. According to this scenario, the observed sup-
ward the low-temperature side from230 K for R=La and  pression of the CO transitiofsee Fig. 4 is interpreted as
~160 K for R=LagsNdy5to =120 K for R=Lag »,4\d, 75, follows. For R=La with smaller static JT distortion along
as indicated by downward arrows. HRr=Nd and Sm(thin  the ¢ axis, the charge- and orbital-ordered states are easily
curves in Fig. 3, the y,,-T curves monotonically increase realized with a slight modification of the in-plane oxygen
down to~ 20 K, indicating the absence of the CO transition. positions. With decreasindy,—o(iny, however, the orbital-
The inset of Fig. 3 shows the anisotropyyofor R=La and ordered state within the MnOsheet is difficult to realize
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since thee, electrons are dominated by tlog,2_,2 charac- In conclusion, we have observed a significant suppression
ter. This is why the CO state is destabilized in the small-of the CO transition in LgsSr; sMnO, with the substitution
dmn-o@ny cOmpounds. Consistently with this, Mizokawa of the smaller Nd™ (or Sm*") ions for La®" ions. We have
and Fujimart® have performed an unrestricted Hartree-Fockascribed the suppression to destabilization of the orbital or-
calculation on the multibang-d model and found that a dering within the MnG sheet due to the increasing out-of-
decrease of the JT distortion destabilizes the charge- anglane static JT distortion. Our observation suggests that the
orbital-ordered states fd®o sSr; sMNO . character of the, electrons can be controlled by the appli-

Finally, it should be mentioned that lattice effects on thecation of the chemical pressure, which will lead utbital
CO transition is negligible in layered nickelates physics

Las;A1,5NiO 4 (A=Ca, Sr, and Bg® in which the NP* (or
Ni®*) ions are free from the JT instability. By contrast, the ~ The authors are grateful to Y. Murakami for fruitful dis-
charge-ordering phenomenon of tegcarriers(or the small cussion. This work was supported by a Grant-In-Aid for Sci-
polarong in layered manganites is strongly coupled with theentific Research from the Ministry of Education, Science,
eg-orbital degree of freedom mediated by the strong JT inSports and Culture of Japan and also from Murata Science
stability inherent to the MA™ (d*) ions. Foundation and Research Foundation for Materials Science.
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