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Charge ordering and phase competition in the layered perovskite LaSMn,0-
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Charge-lattice fluctuations are observed in the layered perovskite manganig®lhaSy by Raman spec-
troscopy at temperatures as high as 340 K, and with decreasing temperature they become static, forming a
charge-orderedCO) phase belowl -.o=210K. In the static regime, superlattice reflections are observed by
neutron and x-ray diffraction with a propagation vectdf4, —1/4, 0. Crystallographic analysis of the CO
state demonstrates that the degree of charge and orbital ordering in this manganite is weaker than that in the
three-dimensional perovskite manganites. Belby=170 K, typeA antiferromagnetisn{AF) develops and
competes with the charge ordering, causing it to eventually melt b&fow100 K. High-resolution diffraction
measurements suggest that the CO and AF states do not coincide within the same region of material, but rather
coexist as separate phases. The transition to Aypatiferromagnetism at lower temperatures is characterized
by the competition between these two phases.

| INTRODUCTION ganites. For example, the natural stacking(lof, SYMnOg
perovskite bilayers separated Klya, SH)O blocking layers
The competition between charge, lattice, and spin degredsrms the framework of tunneling structures and spin valves
of freedom can be delicately balanced to form materialdn a single chemical phase, as opposed to the larger scale
where electrons localize on alternate transition metal sites ofieterostructures obtained by thin-film depositidn.
a lattice. So-callectharge-ordered CO) lattices have been Recently, CO has been reported in layered b&tB;0;
observed for a number of transition-metal perovskites and*=0-5). However, unlike the 3D perovskite compounds,
are fundamental in the understanding of the physical propef’® CO state is stable only over a limited temperature range
ties of many of these materials. For example, the formatior(’vlo_o_200 K).' Th!s suggests that the lower d_|men3|onal|ty
of dynamic charge ordering fluctuations has recently beelg?f this mat.enal dwectjy effects the competition between
reported in superconducting LgSr 1:Cu0, (Ref. 1) and g_harge, Iat_tlce_, and spin deg_rees of free_dom. _Cha_rge and or-
YBa,CO,_, .2 while in PpCa, MnO,, a ferromagnetic ital orderm_g in the manganite perovskites bring into focus
27— 078 3VINDs, 9 he overall issue of the influence of electron-phonon cou-
metallic phase forms from the melting of a charged-ordere

. A : ling on the transport and magnetic properties of these ma-
lattice when irradiated with x-ray5The fundamental phys- terizgls. P g prop

ics governing these phenomena is applicable to a wide range | this paper we report neutron, x-ray, and resonant Ra-
of materials including linear chain systems, conducting or,an scattering measurements on L8r,0,. We find that
ganic materials, and magnetic semiconductdrs. charge-lattice fluctuations arising from perturbations in the
The observation of colossal negative magnetoresistanq@cal crystal structure from hoppire carriers are evident in
(CMR) in the layered manganites 4.8,Sn  ,Mn;0; (Ref.  resonant Raman measurements as high as 340 K. With de-
6) has provided the opportunity to study the strong interplaycreasing temperature these fluctuations become static below
among charge, spin, and lattice degrees of freedom in ref.,=210K and superlattice reflections indicative of charge
duced dimensions, and also to explore novel phenomena thatdering are observed using both neutron and x-ray diffrac-
are not found in the three-dimensior{8D) perovskite man- tion. Analysis of single-crystal neutron diffraction data
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shows that the structure of Lg®n,0O; is characterized by
partial charge localization, as measured from the degree of
structural distortion around nominally Mh and Mrf* sites.
With decreasing temperature the development of the CO
phase is disrupted by the onset of a typantiferromagnetic
(AF) ordering of Mn spins aly=170K. As the CO lattice
melts and disappears belol#¥ = 100K, charge-lattice fluc-
tuations reappear and remain at low temperatures. The com-
petition between the charge-ordered and t¢p&F phase is
highlighted by the broadening and eventual splitting of dif-
fraction profiles. This behavior suggests that charge ordering
and antiferromagnetism do not coincide in these materials,
but rather coexist as separate phases. At low temperature we
find evidence for only a typé-antiferromagnetic insulating
phase.

Il. EXPERIMENT

Neutron diffraction data from a single crystal of
LaSrLMn,O; (x=0.5) were measured as a function of tem-
perature(300—20 K using the single-crystal diffractometer
(SCD) at the Los Alamos Neutron Science Center, Los Ala-
mos National Laboratory. The crystal was cleaved from a
boule prepared by the optical floating-zone method. Single
crystals from this boule have also been characterized with
resistivity and inductively coupled plasm{$CP) spectros-
copy measurements. The resistivity measurements ilhe
plane showed a broad peak between 210 and 150 K associ-
ated with charge orderinfsee Fig. 1a)] and are in agree-
ment with the measurements of Kimweaal® ICP measure-
ments gave a composition of=0.50(2) for the single-
crystal sample.

A powder sample of LaSkn,O, was also prepared from
sol-gel precursors. Stoichiometric amounts of (QH),,
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MnO, and SrCQ were dissolved in glacial acetic acid and

stirred for several hours at about 80 °C. After boiling off all  FIG. 1. (a) In-plane resistivity as a function of temperature from
the acid, the resulting pink gel was dried at 400 °C for 4 h,a LaSgMn,0O; single crystal.(b) Temperature dependence of the
annealed at 1400 °C for 24 h, and quenched to room temd.75,2.25,0 superlattice reflection measured from the single-
perature, all in air. The powder sample was characterized bgrystal sample using neutron diffractidsolid symbol$ and the
x-ray powder diffraction measured from 300 to 20 K on the(0.25,1.75,0 superlattice reflection measured from the powder
high-resolution powder diffractometer X7A at the National sample using x-ray diffractiofppen symbols (c) Temperature de-
Synchrotron Light Source, Brookhaven National Laboratory.pe”dence of th€l11) type-A antiferromagnetic reflection measured
For this experiment the sample was mounted in a 0.4 mnffom the single-crystal sample using neutron diffractit. Tem-
glass capillary, and data were collected using a wavelengtférature dependence of the intensity of the in-plane M&-Oond

of 0.8 A and a GEL11)/Ge220) monochromator-analyzer Pending mode &;) and the coupled resonant modés). Each
combination. From the linewidths of the x-ray diffraction point re_plresents an integration of the observc_ed spectra from 440 to
data, we estimated the compositional fluctuations to bé545 cm . The dashed line through the data is a guide to the eye.
+0.02[i.e., x=0.50(2)].

The powder sample was also used in measuring resonant
Raman scattering as a function of temperat(ir@-340 K
using laser wavelengths of 2.41, 2.54, and 2.7 eV. Measure- Room-temperature neutron and x-ray diffraction measure-
ments were made in a backscattering configuration using aments for both single-crystal and powder samples were con-
Ar*-jon laser excitationi3 mW incident powercoupled to a  sistent with the well-known4/mmmocrystal structuré! On
Notch filter 0.5 M ARC single spectrograpgh800 lines mm-  cooling these samples belolo=210K, weak superlattice
1/400 blazg¢ and a Princeton Instrument 54512 charge- reflections with a propagation vectay=(1/4,1/4,0) were
coupled diodg/CCD) array for detection. Temperature con- observed, in agreement with measurements reported by
trol at +1.0 K was provided by an APD closed-cycle He Kimura et al® The intensities of the superlattice reflections
cryostat controlled by a SI9620-1 temperature controllerapproximately track the in-plane resistivity, reaching a maxi-
Our data confirmed that power densities over 5 mW result itTmum at~150 K with decreasing temperature and disappear-
irreversible photodamage to the manganite sample as oling belowT* =100K in our single-crystal neutron measure-
served previously in LaMn@by lliev et al1° ments[see Fig. 1b)].° This is in sharp contrast to the perov-

Ill. CHARGE ORDERING AND PHASE COEXISTENCE
IN LaSr,Mn,0,
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O3) 0(37) La,Sr(2) N2
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FIG. 2. (Color The crystal structure of the CO state of Lg8n,0,. The black thick lines show the cell of the parédtmmmstructure,
while the thinner green lines shows the size of #R&, X 2v2a,Xx ¢, supercell. Arrows show the displacement of atoms from the parent
I4/mmmstructure. Atoms labeled d$) indicate equivalent sites in tH&/mmmsetting. Various Mn-O bond lengths are shown.

skite La,,Cay,MnO; where the CO state is stable to at leastthe charge ordered structure are entirely contained in the
5 K.12 We observe a similar decrease in intensity-®0 K  weaker superlattice reflections.
in the powder samplgFig. 1(b)], but the superlattice reflec-  During the analysis of the single-crystal data, we found
tions do not disappear completely and are still visible athat displacements from the average structure alondoghe
20 K. We attribute this to extrinsic effects such as pinning byand ¢ directions did not compute significant intensity for
grain boundaries or point defects. We also note that theuperlattice reflections, while displacements alagglid. In
widths of the superlattice reflections in both the single-the final model, only displacements aloagwere refined for
crystal and powder samples remain close to the instrument#iie Mn(1’) site (labeled at MA™ in Fig. 2), its surrounding
resolution over the temperature ranges in which they are olexygen atom$O(3), O(3'), O(1'), and G2')] and the La and
served, suggesting coherence lengths of hundreds to tho&r atoms above and below the Mf) site [La, S(1’) and
sands of angstroms. In addition to these superlattice refled-a, S{2')]. The superstructure was refined using only super-
tions, magnetic reflections are observed belqy=170K in  lattice reflections as their low intensiti¢s 0.7% of the par-
our single-crystal measurements, consistent with a fype-ent Bragg reflectiondo not contribute significantly to the
AF phasgFig. 1(c)]. overall x? of the refinement when all observed reflections are
A detailed crystallographic description of the charge andconsidered. The final refinement produced a weigéalc-
orbital ordering in LaSiMn,O; is obtained by analyzing the tor wR(F?) of 20.1% for the refinement using superlattice
single-crystal neutron diffraction data measured at 160 Kreflections only and 7.75% for all reflections. Refined crys-
The additional superlattice reflections can be indexed on gallographic parameters for the charge-ordered structure of
commensurate orthorhombic supercell af~v2a;, by LaSrLMn,O; are given in Table I.
~2v2a;, Cy=c; (Wherea, andc, are the parent tetragonal =~ Two distinct Mn sites are identified from the analysis of
lattice constanisas shown in Fig. 2. The observation of the single-crystal neutron diffraction datsee Fig. 2 con-
these superlattice reflections by neutrons and x rays clearlgistent with a structural distortion arising from the localiza-
suggests that they arise from structural changes as oppostidn and ordering o, carriers. The Mfi) site exhibits two
to the magnetic ordering as suggested by Kuteital* In  short in-plane Mn-O bonds of 1.9¢8 A and two long
addition, recent polarized neutron measurements from thieonds of 1.96¢1) A, the latter corresponding to occupied
same single-crystal sample used in this work clearly showls,2 2 orbitals extended along the bond axis. The second
that the superlattice reflections reported here exhibit no sigsite, Mn(1’), has two similar pairs of in-plane Mn-O bonds
nificant magnetic componelt The observed extinction con- of 1.9181) A and 1.9061) A (see Fig. 2 The apical oxygen
ditions for the superstructure reflections are consistent witldistances for both Mn sites are 1.92LA for the Mn-Q(1)
space groufBbmm This reduced symmetry provides for two and 1.9442) A for the Mn-Q(2) bond. Differences in elec-
different Mn site{Mn(1) and Mn(1’)], where the surround- tron density between the two Mn sites are evident in the
ing in-plane oxygens can relax in both thg andb, direc-  bond valence sums;; , where we obtain values of 3.67 and
tions (see Fig. 2 compared to the pare/mmmstructure.  3.87 for the Mril) and Mn(1') sites, respectively. These val-
We note here that betwe€h.o and T* only an average ues suggest that the ionic model of CO in La&n,0, in
structure description of Lagvin,O; can be obtained using which discreet MA™ and Mrf* sites exist due to the local-
the parent space group symmetd/mmm The details of ization ofeg carriers, is oversimplified and a large degree of
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TABLE |I. Crystallographic parameters for the CO state of TABLE II. Crystal and magnetic structure parameters for
LaSKpLMn,0; at 160 K as measured using single-crystal neutron dif-LaSr,Mn,0; at 20 K determined using single-crystal neutron dif-
fraction measurements. For the average structure refinements, 9@@ction. At 20 K no superlattice reflections were observed. The
reflections were used andweR(F?) of 7.8% was obtained. For the crystal structure was analyzed using the tetragbfh mmcrystal
superstructure refinements, 1901 superstructure reflections westructure(Ref. 11). The magnetic structure was analyzed in term of
measured, 1046 of which have-0 and 68 havé>3c. The lattice  a typeA Mn spin arrangement; Mn spins lie ferromagnetically
constants were found to ba=5.443(4) A, b=10.194(4) A, ¢ within MnO, along theab plane, while the coupling between sheets
=19.816(15) A. They coordinates were not refined. Temperatureis antiferromagnetiqRef. 17. In all, 624 reflections were mea-

factors were constrained as followdJ(Mn(1))=U(Mn(1")), sured. Least-squares refinement of the model produce®@ ?2)
U(La,SK1))=U(La,Si1"))=U(La,SK2))=U(La,Sr(2)), and for  of 9%. The lattice constants were found to &e3.852(3) A, ¢
the oxygen atomsU(O(1))=U(O(1')), U(O(2)=U(O(2")), =19.76(2) A. Various Mn-O bond lengths computed from the

U(O(3))=U(0O(3")). Various Mn-O bond lengths computed from structural parameters are also given below.
the structural parameters are also given below.

e X y z Uso(A?)

X y z Uso (A7) Mn®* (1) 0 0 0.0970116) 0.0053)
MR (1) 0 0 0.096964)  0.00211) .= 2.63(6)
Mn*(1’) 050682 025  0.09696)  0.00211)  LaS(1) 0 0 05 0.0012%)
Las(l) 0 0 0.5 0.00511)  LaSI2) 0 0 0318188  0.00243)
La,Sr(l) 052185 025 05 0.005)  O(1) 0 0 0 0.00646)
LaS(2) 0 0 0.3178%)  0.00511)  O(2) 0 0 0.951613 0.00685)
LaSr(2) 050735 025  03178®)  0.00511)  0O(2') 0.5 0 0.0949()  0.00473)
o) 0 0 0 0.009&)
o(1') 051647) 025 0O 0.000) ~ Mn(-OM)  1.9164) A
02) 0 0 0195083  0009g4)  Mn(1-0(2)  1.9395 A
0(2') 050384 025  019508) 000944y  Mn(@-03) 1929113 A
0(3) 0.25882) 0.125 0.0949®)  0.00771)
0(3') 0.751G2) 0.125 0.0949®)  0.00771)

in LaSrLMn,O; and Lg,,Ca;,MnO; is essentially identical
a s would suggest that a similar magnetic ordering would be
M”3+(1)'O(3) 1.9231) A M”4+(1)'O(3), 1.9181) A observed in both compounds. Surprisingly, our low-
Mn**(1)-0(1) 192120 A Mn™(D)-O(1) 192120 A temperature neutron diffraction measurements show new
Mn®*(1)-0(2) 1.9442) A Mn*(1)-0(2') 19442 A magnetic reflections indicative of a tygeantiferromagnetic
ordering’ as well as nuclear reflections consistent with the
well-known I 4/mmmecrystal structuré! In the typeA anti-
covalency involving Mnd orbitals and Op orbitals may  ferromagnetic structure, Mn moments form ferromagnetic
exist. MnO, sheets that are antiferromagneticaly coupled along the
The structural model of the charge-ordered state inc axis and within and between perovskite bilayésse Table
LaSrpMn,0; presented here is essentially the same as thaf for crystal and magnetic parameters determined at 20 K
proposed by Goodenouth and recently observed by The observation of CE-type orbital ordering and tyben-
Radaelli etal’® for the manganite perovskite tiferromagnetism is contrary to Goodenough’s rules for fer-
Lay,Ca,MnO;. However, a clear difference exists in the romagnetic and antiferromagnetic rO-Mn** coupling.
bond valences of the Mn sites. For |:£a,MnO;, the  This suggests that in the case of weak charge and orbital
nominally Mrf* and Mr** sites have bond valance values of ordering, the application of Goodenough's rules to predict
3.9 and 3.5, respectively, suggesting that the degree of magnetic structure may not be entirely appropriate.
charge ordering in Lagn,0O; is smaller than that observed  The resolution of this apparent contradiction between the
in the perovskite manganites. In addition, the parti#hrge observation of CE-type charge and orbital ordering and
ordering is also reflected in a partiabital ordering; charge type-A antiferromagnetic ordering lies in the competition of
is shared unequally betweemy._,2 and ds,2_2 orbitals.  between the CO and AF phases. Bel®wy, the resistivity
Typically, filled Mn®* d,,2_ 2 orbitals produce a bond length increases as the charge-lattice fluctuations become ttatic
of ~2.1 A, larger than the value of 1.962 A observed forbelow). However, the decrease in resistivity and in the inten-
LaSpMn,0O,, while empty d,2_,2 orbitals have a bond sity of the superlattice reflections with decreasing tempera-
length of 1.91 A, smaller than the 1.923 A observed inture coincides with the onset of antiferromagnetism. Interest-
LaSKpMn,0,.'® These values suggest that the former orbitalingly, the temperature dependence of the peak width of the
is underoccupied, while the latter is not completely empty. (0010 Bragg reflection provides insight into the competi-
As described by Goodenoufgtin the 1950s, the ordering tion between these two phases. It is common to use the
of Mn dj,2_,2 orbitals in Lg,,Ca,MnO; gives rises to stag- (0010 reflection to probe the homogeneity of a layered
gered ferromagneticinteractions between filled Mii and  manganite sample, as it is a good indicator of the distribution
empty Mrf* d orbitals andantiferromagneticinteractions of c-axis lattice parameters and is free of overlap from
between empty M and Mrf* d orbitals. The arrangement nearby reflectioné!’ Using high-resolution synchrotron
of Mn spins that arises from these interactions is known ag-ray diffraction, we find that th€0 0 10 reflection at high
the CE magnetic structure. That the orbital ordering observetemperatures is symmetrical, the only significant change be-

Mn®t(1)-0(3')  1.96a21) A  Mn*"(1)-O(3')  1.9061) A




PRB 61 CHARGE ORDERING AND PHASE COMPETITION IN ... 15 273

ing the continuous shift towards highe#é as thec-axis lat- 700 . f ; , r
tice parameter contracts with decreasing temperatiig
4). Below Ty a high-angle shoulder develops, marking the 600
formation of a new phase with a slightly lower value of the
c-axis lattice parameter. The loss of intensity from the origi- 500
nal peak makes it clear that the new magnetically ordered
phase is forming at the expense of the CO phase formed at a £ 400
higher temperature. By 125 K there are nearly equal amounts 5 300
of the two phases, and by 50 K the new phase has almost
entirely consumed the first. This suggests that the #ypd- 200
phase and the CO phase do not coincide in the material, but
rather coexist as separate and distinct phases. We note thal 100
this phase coexistence separates the magnetic and charge S
lattice degrees of freedom in the system and thus lifts the 0 ) ‘ ) ) ,
apparent contradiction between CE-type charge ordering and 22.9 23 231 232 233 234 235
type-A antiferromagnetism. 26 (deg)
The development of the typ&AF phase correlates with a
decrease in the resistivity of the material beldwy and FIG. 3. The temperature dependence of {8 10 peak profile

suggests that charge carriers in the AF phase become delmeasured using high-resolution x-ray diffraction.

calized compared to the CO phase. Thus the coexistence here

between the .CO and AF pha_ses also hlghllg_hts t_he COEXISE Gramatic increase in the Raman intensity may be observed,
ence of two different electrqnlc states. A similar plctgre has, s reported, for example, in YBawO, and
been proposed for the coexistence of a ferromagnetic met “ay St 3 Ni0, 242

lic phase and a charge-ordered phase i®a MnO;.318 16720337 ~4
Indeed the photoinduced insulator-metal transition observe%r
in that material is somewhat analogous to the transition fron?e
charge ordering to an antiferromagnetic insulator in

LaSpMn,0;. However, theelectronic phase separatiom all excitation wavelengthgsee Fig. 4, consistent with the

Pry Ca sMnO5 is somewhat different from what we find in _;
: : ; . single-crystal Raman measurements of 4Sx; gMn,O; b
LaSrLMn,0; in that the charge in both the CO and AF phasesRo?nerogt al® In particular, we observef(li th(la'?plaﬁeivln)-/

is essentially localized and in that the separation occurs beb(3) bending mode &) at 456 cni* and theapical Mn-
tween a charge-ordered state and an antiferromagnetic inSE)'(Z) stretching ) mgde at 575 cmit (Ref. 26 at 300 K
2 .

lator. s e .
. . for all three excitation wavelengthisee Figs. &) and 2 for

We.note hgre that. although the .orb|ta| order.mg we Ob'Iabeling of atom$ Moreover, the spectrum taken at 2.41 eV
serve is consistent with the CE-antiferromagnetic structure6514 nm clearly shows two peaks that exhibit a resonant
the observation of typé- antiferromagnetism is suggestive enhancement yat aoproximatel 490cHs))  and
of a completely differerillt9 orbital ordering as discussed by630 e H(v2) at 300 szs indicatgd by arrowg n Fig. 4
Mizokawa and Fujimort® Type-A antiferromagnetism is V2 ' s
consistent with chajrge order)i/rl?g where Ebechar%]e resides Correlations among the intensity.variations of these new
in Mn3+dxz,yz orbitals in theab plane as opposed s 2,2 resonant Raman modes as a function of temperature and fre-

as found in LaSMn,0, and La,,Ca,,MnOs. At any tem- guency provide insight into the lattice instabilities near the

perature we find no evidence of additional superlattice reflecgo and AF transitions. The resonant enhancement is consis-

tions with propagation vectof=1/2, =1/2, O or (,0,1) tent with a break in the symmetry of the electronic ground
which may indicate such an orbital c;rdering 'R,ecéntIyState of the system that gives rise to a resonance condition

Takataet al2° have shown that in the type-antiferromagnet with an available excite@lectronicstate in LaSVn,O; as
NdSLMn,O,, charge density measurements are consistent

Raman scattering spectra were measured using three dif-
ent energieg2.41, 2.54, and 2.7 ey as a function of
mperature from the powder sample of La%n,0, (Fig.

4). The expected\;;Mn-O lattice vibrations are observed at

with charge residing in Mul,2 - orbitals in theab plane, in 00K K 7K Yy ]
the absence of any charge ordering, and a similar orbital 5 3, v, s ‘,('\V
ordering may occur in Lag¥n,O, at low temperatures. PO A Vel AS A AR
g may in Oy P WA RAL L
Z/’!/ T M, _/ T M"‘! Lo T
IV. LATTICE INSTABILITIES IN LaSr  ,Mn,0; 24lev j

Raman scattering involves the inelastic scattering of light
by electrons and thus provides a tool to probe not only the, ., ..¢ | v
lattice vibrations of a system, but also variations in charge E N

4
density??? The technique of resonant Raman scattering, 27ev i 1 "f/?‘*“
where the light involved in the scattering process is resonan
with a strong electronic transition or absorption edge is well
known and has been extensively used in semiconductors ana
high-T, materials?® In particular, if the energy of incident FIG. 4. Raman spectra measured at 300, 140, and 77 K using
light is close to or in resonance with an electronic transition excitation wavelengths of 2.41, 2.54, and 2.7 eV.
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frequencies of thé; and §; modes and their respective tem-
perature dependences suggest that they are coupled and of
the same percentage. In addition, the plateau in the tempera-
ture dependence of the frequency correlates with the obser-
vation of superlattice lines in the neutron and x-ray data and
agrees with the symmetry of th# and 6; modes as they
arise from in-plane vibrations. Similar resonant behavior has
been observed in the charge-ordered nickelate
La; 651530, ; resonant Raman modes appeaiTgg re-
sulting from the different in-plane Ni-O bonds. Similarly,
here the resonant Raman behavior of in-plane MB}@i-
brations arises from the different bond lengths associated
with the nominally Mii*Og and Mrf* Og octahedra. Our ob-
servations differ compared to the LaSr, 3NiO, compound

in that thes; mode is observed in the 2.41 eV spectra as high
as 340 K, suggesting that critical charge fluctuations are
present prior to the CO transition at 210 K. Associated with

FIG. 5. Raman spectra as a function of temperature measurégharge fluctuations, a Jahn-Teller coupling to phonon modes
using an excitation wavelength of 2.41 eV.

is expected, as the crystal structure would be modulated lo-
cally around hoppinggy charge carriers. With decreasing

has been observed in TTF-TCNQ and MX-linear chaintemperature our measurements suggest that charge-lattice

complexes.

fluctuations become static, in agreement with the observed

In Fig. 5 we show the temperature-dependent resonarstymmetry lowering afl .o and increase in resistivity ab
Raman spectra measured using an incident laser energy ef Tco. Furthermore, Raman intensity is also observed in the
2.41 eV. These spectra reflect both the effects of the charg254 and 2.7 eV spectra where thg mode is expecte(see
ordering, as seen in the resonant behavior and also the phasigy. 3), which indicates a lowering of the crystallographic
coexistence of the CO and AF phases as discussed in tlgymmetry.
previous section. As we shall show below, changes in the An overall increase in the intensity of the in-plane modes
in-plane modes are sensitive to the charge ordering transwith decreasing temperature is also seen in Fid), where
tion, while the apical modes are sensitive to the magnetithe temperature dependence of the in-plane M&)r®end-
ordering and phase coexistence as discussed in the previoing) mode intensity has been integrated from 440 to 545
section. We shall deal with the two effects separately.

In-plane modesThe temperature dependence of the fre-ordered region and reflects a redistribution of the electronic
quencies of thed; and 53 modes shows an anomalous be- spectra that tracks the resistivity of the material as well as the
havior [see Fig. 6a)]. The 6; mode softens by 3 cnt be-
tween 340 and 240 K, while both modes show an anomalyere that although there is an overall enhancement in the
between 240 and 120 K where their frequency is constant agtegrated intensity of the in-plane Mnt8 modes, the tem-

a function of temperature. Below 120 K, both modes returrperature dependences of the widths of these modes are pecu-
to a classical behavior and harden. The similarities of thdiar [see Fig. €a)]. The width of thed; mode shows an
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abrupt decrease &i-o consistent with the observed phasein La;,Ca;,MNnO;. The measurements presented in this pa-
transition. However, thé; mode shows the opposite behav- per do not probe similar anomalies in the infrared spectrum
ior. Considering that the diffraction measurements clearlyor on the Fermi surface. However, the observation of a co-
show a competition between the AF and CO phases, we sudperent propagation vector and resonant Raman behavior are
gest that this unusual broadening may mirror this competiconsistent with a charge-density-wave picture.
tion: for example, the pinning of CO domains around point In broader terms, this work provides insight into the
defects at low temperatures. charge-lattice dynamics of the layered manganites. Dynamic

Apical modesAs with the in-plane Mn-@8) modes, there and/or static charge-lattice fluctuations may be a typical fea-
is a smaller resonance effect associated with the N®2)-O ture of these materials. They appear to be stable above mag-
apical modesv, and v,. From a structural perspective, netic transitions in layered CMR manganites and melt with
variations in the charge density within thb plane can result the development of in-plane ferromagnetic interactions, re-
in different apical Mn-O bond lengths for nominally Bn ~ sulting in a reduction of the resistivity. The correlation
and Mrf* ions. These changes appear to be small, as thefghgth of these charge-lattice correlations may vary from
were not detected in our diffraction measurements, but the{Png-range charge ordering as in La®n,0O; to shorter-
are apparent in the Raman spectra. We observe a classid@nge charge ordering correlations or polarons. Recent mea-
hardening of thev, mode with decreasing temperatjsee Surements by Vasiliu-Doloet al?® have shown a somewhat
Fig. 6b)]. The frequency of the, mode, on the other hand, S|m|_lar behavior in the ferrqmagnen_c—metall|c-Iayered man-
decreases slowly with temperature untill80 K and then 9anite La ;Sr gMin,O;. In this material charge correlations
precipitously decreases &, . Below Ty, this mode exhibits are observed af=(h+¢,0/=2n+1) aboveTc and with
a classical behavior. Furthermore, the width of this modefoherence lengths of-20 A, which melt close to the
increases with decreasing temperature and then sharply désulator-metal and ferromagnetic transitions.
creases at-Ty, indicating a phase transition, while the
width of the v, mode shows a classical behavisee Fig.
6(b)]. VI. CONCLUSION

_The changes in the Mn<@) stretching modes correlate  The ghservation of charge-lattice fluctuations ab®yg,
with the development of the AF phase. As shown in thean accurate description of the crystallographic structure of
previous section, an unusua_l temperature dependence of thee co phase, and the competition between CO and AF
linewidth of the(0 0 10 reflection suggests that betwe®go  phases constitute an important step in the understanding of
andT* there is a coexistence and competition between thene charge-lattice dynamics in the layered manganite perovs-
CO and AF phases. These data further show a pronouncqgtes. From our measurements it is clear that charge-lattice
difference be_tween t_heaX|s lattice param_eters of these two fluctuations abovel .o become static with decreasing tem-
phases consistent with the pronounced difference observed Berature and freeze to form a charge and orbitally ordered

the apical Mn-@2) modes. phase. This freezing is evident in both the observation of
superlattice reflections and the increase in resistivity below
V. DISCUSSION Tco- Our analysis of single-crystal neutron diffraction mea-

surements shows that the charge and orbital ordering in

whicéua;?iz:itrtécrﬁ dfll:z:atrl:]?(t:l(:1nos{elﬁ]ctrg}rggk?::ics)l%scgggl:r)ags OI:aSrzMn207 are similar to that found in the perovskite man-
y pping POanites and predicted by Goodenough. However, in stark

!arons, are now generally accepted to play an Important rOI%ontrast to the 3D perovskite manganites, the magnetic ar-
in the charge transport properties of the manganite perovs-

kites. Here Raman scattering provides an insightful pictur angemen_t observed in the_ Iay_er_ed LM2Q7 IS t_hat of a
for the region aboveToo. The resonant enhancement of ype-A antiferromagnet, which is incompatible with the ob-

) oo . served CE-type orbital ordering. This incompatibility is re-

modes coupled tin-plane vibrations suggests that dynamic ) . ;

. ) ; solved in that charge ordering and typeantiferromag-
charge-lattice fluctuations are present in La8T,0; at tem- : . =

. : .netism coexist as distinct and separate phases as shown by
peratures as high as 340 K. Although we have not investi- diffracti Th "
ated the dispersion of these modes across the Brillouig.. < fay d raction measurements. The transition to tgpe-
9 ; . . antiferromagnetism at lower temperatures is characterized by
zone, the observation of these fluctuations may be akin t e
. . L e competition between these two phases.
dynamic charge ordering similar to what has been observe
in Lay gsSh 1£Cu0, by McQeenyet al! What is clear from
our Raman and diffraction measurements is that these
charge-lattice fluctuations are a precursor to the CO transi-
tion atTcgo. The authors thank J. D. Jorgensen, H. Nakotte, M. S.
The strong electron-phonon coupling associated with th@ orikachvili, and J. M. Delgado for helpful discussions and

charge ordering transition in LaCa;,MnO; has recently comments on the manuscript. The work was supported by
been investigated using infrared spectroscopy and has bedire U.S. Department of Energy, Basic Energy Sciences-
described in terms of a charge density wil@hese mea- Materials Sciences under Contract Nos. W-7405-ENG-36
surements show that a BCS-like gap @) fully opens at (D.N.A., H.N.B., J.S.G, and DE-AC02-98CH10886
low temperatures and follows the hysteretic ferromagnetic{D.E.C), and UCDRD Grant No. STB-UC:97-24®1.N.B.,
antiferromagnetic transition. Currently, there are no suclG.F.S., K.H) and by the MRL Program of the National Sci-
measurements for Laf®in,O; to confirm whether the ence Foundation under Award No. DMR96-327(J.C.,
mechanism for the charge-ordering transition is the same a&.K.C., A.D.S).
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