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Competition of charge, orbital, and ferromagnetic correlations in layered manganites
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The competition of charge, orbital, and ferromagnetic interactions in layered manganites is investigated by
magneto-Raman scattering spectroscopy. We find that the colossal magnetoresistance effect in the layered
compounds results from the interplay of orbital and ferromagnetic double exchange correlations. Inelastic
scattering by charge-order fluctuations dominates the quasiparticle dynamics in the ferromagnetic-metal state.
It is suppressed at low frequencies, consistent with the opening of a charge-density wave pseudogap.

DOI: 10.1103/PhysRevB.63.132404 PACS nuniber75.30.Vn, 71.10.Hf, 71.36:h, 78.30-j

Quantum criticality, driven by competing electronic ing with the FM double exchange correlations bel@y.
ground states, can lead to dramatic tunability of the physicaEarlier infrared studi¢§**indicated such coexistence. They
properties of strongly correlated condensed-matteestimate the itinerant carrier effective massnals/m.~13
systems:? A current case of great interest is the role of (Ref. 10 or 80 (Ref. 11, anomalously much larger than the
collective excitations in the phenomenon of “colossal” mag- specific-heat value ain* ~2.5m, (Ref. 12. Within the CO
netoresistancé€CMR) in manganites. These excitations rep- scenario, the difference can be reconciled by a charge-
resent the various interactions of electrons in the Min density wave opening a partial gap at the Fermi lew&!)(
orbitals® Charge orderingCO), where the MA*/Mn** ions  below T, suppressing both the Drude spectral weight and
form an ordered sublattice, occurs because the large on-sithe density of states &g . Consequently, the optical mass
Coulomb repulsion forbids the double occupancy of €ge increases while the specific-heat mass decreases. However, a
orbitals. Ordering of the Mt e, orbitals(OO) results from  recent work® has shown that the Drude weights were sig-
a cooperative Jahn-Telle(JT) distortion. Antiferromag- nificantly underestimated in the bulk optical studi&!
netism is associated with the superexchange coupling of thleasurements on thin films of optimally doped compounds
t,q electron spins. The ferromagnetic-met®M) ground  yielded m*/m,~3-4, comparable to the specific-heat
state is attributed to Mit —O—Mn*" double exchange, a mass: This result rules out the presence of strong CO cor-
consequence of strong Hund’s coupling which favors hoprelations in the FM state of the pseudocubic compodfds.
ping between Mn atoms with parallel spin. The CMR effect In this work, we investigate the competition of the collec-
is observed in ferromagnetic metals as a large decrease tive ground-state excitations in the layered manganites which
their electrical resistance near the Curie temperatdig ( should be more pronounced in these two-dimensi¢2B)
upon application of a magnetic fieldH).* There is a grow- systems since the propensity towards a quantum critical
ing realization that the interplay of these collective excita-point is exacerbated in lower dimensiorfs.Indeed, the
tions is responsible for the sensitivity of this phenomenon tcCMR effect is enhanced in the quasi-2D manganifes/e
external perturbatiorts. demonstrate that the CMR phenomenon in these compounds

A preponderance of evidence points to the coexistence aksults from the interplay of OO and FM double exchange
different electronic phases in pseudocubic manganites. Thecorrelations. In contrast with the pseudocubic materials, we
mopower measurements have shown that the entropy for find evidence in the layered manganites for an unusual qua-
> T is smaller than that of an uncorrelated insul&tdihis  siparticle dynamics in the FM state arising from strong in-
agrees with a diffuse x-ray scattering stfidyat finds the JT  elastic scattering by charge-order fluctuations.
polarons in the paramagnetic state are correlated. The obser- We investigate single crystals of the double layer manga-
vation of Mre"/Mn** striped phaséssuggests that the cor- nites R,_,,Sn  »,Mn,0; with cationsR=La or Nd and
relation is related to CO and OO. Charge-ordered coméopingx=0.4 or 0.5. These crystals consist of Mn@ilay-
pounds exhibit a transition to the FM phase aboveHahat  ers separated by insulatind?(Sr),O, sheets, a quasi-2D
is small compared to their CO transition temperaturg,), structure responsible for their anisotropic transport and mag-
i.e., gugH<kgTe,,® indicating that a small free energy netic properties**®LaSrLMn,0; is an antiferromagnetic in-
separates these ground states. This could lead to CO persistilator which undergoes CO and OO beldyw,=210 K16
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Raman shift (cm™) correspondinge-axis atomic vibrationd® We note that our
assignment of the 246 cm peak as a Mn phonon disagrees
with that of Yamamotcet al*® which attributed this peak to
another(La,Sp vibration. The absence of a corresponding
feature in the single-layer LaSr;,MnO, (Ref. 19 supports
our assignment since this phonon is not Raman active be-
cause Mn occupies a site of inversion symmetry.

For T<T.,, new peaks emerge in théx’ andx’y’ but
Electron diffractiot® provides evidence for real-space ?ho; ?rrg]vss iZnSE%CtEE)O:oﬁ%MSHZS 7I.nT2izse](aCr)e tz]::;izab- y
checkerboard pattern of MA and Mrf* ions and coherent < are absent in NdSn,O, in which the ,ordering s
JT displacement of the O atoms within the Mnflanes. In -, ,enched by the La to Nd cation substitution. In Fig. 2, as
NdSLMn,0,, this ordered state is suppressed by the La tQgqp, by Yamamotet al® as well, the same peaks are ob-
Nd substitution which results in a chemical pressure thafaned’in the ground state of Lg5r,,MnO,. These results

relaxes the in-plane JT d|stort|oFI?.Lal_ZSrl_8Mn207 IS'@  demonstrate that the new modes are activated by CO and OO
CMR compound withT¢=120 K™ Raman spectroscopy iithin the MnO, plane in layered manganites.
was conducted for temperaturés-5-350 K and magnetic In contrast to our results in Fig(B), Yamamotoet al1°

fields H=0-7.5 T in a backscattering geometry using argport the suppression of the new modes in LWBRLO; asT
triple-grating - spectrometer with a liquid-nitrogen-cooled g o\yered to 10 K that they attribute to a transition from the
charge-coupled device detector and the 514.5-n laser  charge-ordered state to a type-A layered antiferromagnet.
line as excitation. Charge and orbital correlations are probed;milar re-entrant behavior is reported by oth@©ur ob-

via the optical phonons activated by the lowered symmetr.q . ation of the new peaks @=5 K is not due to laser
due to the ordering within the MnQayers. For the double heating since we used a smaller power§ mw) to take
layer ma.nganites, the following scattering geometries_extra%e spectra in Fig. (B) compared to the one reported in Ref.
the dominantA;4 and By normal modes of th®,, point 19 Fyrthermore, the dependence of our Lagvin,O, spec-

FIG. 1. (A) For T>T.,, only the phonons of the tetragonal
crystal structure of LagMn,O, are observed(B) For T<T,,,
new modes inx'x’ andx'y’ are activated by the charddashed
arrow) and orbital(solid arrow ordering within the MnQ plane.
Magnetic field quenches these modé&3) The new modes are ab-
sent in NdSsMn,0;.

group:zz=Aqg, X'X'=A14+Byg, X'y '=B1g+Ayy Where
the notationééS refers to the polarization of the incident and
scattered light and is parallel to thec axis whilex’ andy’
are along the Mn—O bonds in the Ma@lane. Quasiparti-
cle dynamics is inferred from electronic Raman scattering.
For T>T.,, LaSpMn,0; reveals only the A;4+Bg4

tra is very similar to that of Yamamotet al’s'® for T
=100 K and in which we find the onset to activate these
peaks close td;,. With laser heating this onset should shift
to a lowerT. We account for the discrepancy between the
two results at lowT to the difference in the compound’s
composition. As shown below and in Ref. 21, the lower

+5E4 phonons associated with the tetragonal crystal strucdoped La ,Sr; gMn,0O; displays a similar quenching of the
ture[14/mmm (D3/)] of double layer manganites discussed new peaks at lovl. Such similarity implies that the doping
in earlier works'®" Figure ¥A) shows theA;; modes at  of LaS,LMn,O; studied in Ref. 19 is below=0.5.
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The peak at 250 cit in x'y’ (dashed arroyvin Fig. La,,Sr, ,Mn,0,
1(B) is a CO activated Mn phonon. Abowg,,, the uniform A nsorl[B Trookmyam|[C Tesok@ o)
Mn charge distribution in the Mi?" —O,,—Mn3%" bonds aa w JRPR x
precludes observing this mode. Below,, the ordered ?gs , fsg 5.
Mn3*—0,,—Mn** sublattice breaks this symmetry leading TN TORT
to the observed Raman activity. The anomalByg charac- £ \\ : \
ter of this new Mn mode reflects the twofold symmetric = 4 ?v'\/ggﬁ
checkerboard M#"/Mn** pattern in the CO state. \/\ﬂax
The remaining new modgsolid arrows in Fig. 1(B) are \ Q % | A
the OO activated @ phonons. Yamamotet al® assigned %‘3 ; : :
the peaks at 520 and 636 cthin x'x’ and at 522 and 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
694 cm!in x'y’ to breathing and JT Q phonons of the Raman shift (cm™)

lattice with coherent JT distortions. We present in Fig. 2 the
evidence that the distortion is due & orbital ordering.
Weak overtones at twice the frequency of the JT phonons a
seen in the OO ground Stf”ue of pseudocubic Lalouble An electronic background continuum beldw is suppressed at low
layer LaSgMn,0O,, and single layer LgSr;,MnO,4. Mul- frequencies.

tiphonon scattering due to anharmonicities is ruled out since

the two-phonon peaks do not correlate with the stronge
phonons observed in these compouffdsinstance, the @,
peak is absent in thez spectrum of LaSiMn,0O; in Fig.

FIG. 3. Persistence of chargdashed arroyvand orbital(solid
r%rrow) correlations in La,Sr; gMn,O; and their melting by lower-
ing the temperatur€A) or raising the magnetic fiel@B) and (C).

S:ti. These peaks are progressively quenched either by lower-
ing T below T [Fig. 3(A)] or by raisingH [Figs. 3B) and

. C)], proof that the melting is driven by the ferromagnetic
1(B) anfjl '.t does not. corresponq to thg strong peak aglizg]nrgent of the Mn spinsg As iIIustraté/d in Fig(A C?O
495 cm * in LaMnG; in Fig. 2]. Figure 2 inset depicts a ets in neal=270 K and grows with decreasifgpeaking

resonance Raman mechanism adapted from Ref. 22. quaeelowT at T=100 K for H=0 T. In contrast, Fig. ¢8)
c = - - A

lower parabola represents the OO ground-state configuratiorhOWS that OO exists in the entire paramagnetic-insulating

while the upper parabola is the lowest lying excited state of o . : _ .
a self-trap exciton 4 ;1) that results from an orbital flip fol- state attaining a maximum just abovg at T=130 K. With

. . H=7.5 T, both correlations drop precipituously négs.
lowed by the relaxation of the surrounding,atoms. The . T
self-localized nature of these electronic states leads tghe T and H behaviors of OO are similar to that of the

Franck-Condon vibrational sidebands. An electron excitec?hort'r"’mge polaron correlations manifested in the diffuse
by an incident photon witlhw=2A ;1 can relax to the vari-

ous ground-state vibrational levels accounting for the mul- 1.00f ' ' IA 1
tiphonon features in our Raman spectra. The relative inten-
sity, 1(2w,)/1(w,), of the Franck-Condon peaks is smaller 075 Charge order
in Lay,,Srp,Mn0, and LaSgMn,0; (=1/8) than in : % o \*
LaMnO; (=1/2). This is explained as follows. In LaMnQO ® *
with only Mn®* ions, the electron-phonon interaction is ef- > 0s5or
fective in localizing thee, electrorf’ because hopping is B 2
suppressed by the large on-site Coulomb repulsion. The pres- g 0.25 2 ©
ence of Mi" sites in the half filled layered manganites in- = e e H=0T
creases hopping resulting in the diminished,2peak. ; © H=7.5T

Previous transport and magnetization stuliesve indi- @ 000= : : :
cated that the charge-order ground state is unstable in the N 100 B]
presence of FM correlations. This is directly demonstrated in g Orbital
Fig. 1(B) which shows the quenching of the CO and OO :5 0.75
peaks in LaSiMn,O; whenH=7 T is applied. Earlier Ra- 2
man works®?tin the CMR compound LgSr, g¢Mn,O, have 0.50

also shown the melting of the CO and OO sublattice in the
FM ground state. Based on similarities with the layexed
=0.5 compounds, Yamamotd al? have argued the persis- 0.25
tence of the CO and OO peaks in L&r; gMn,O, and dem-
onstrated their disappearance beldW. In our earlier P La,,Sr, ;Mn,0; |
work,'8 we reported the suppression of the CO activated Mn 0o 100 200 300
phonon in the FM stat® Below, we elucidate the dynamics T(K)
of this melting.

In Lay »Sn gMn,O7, the CO induced Mn phonon is at FIG. 4. Temperature and magnetic field dependence of the nor-
240 cm ! while the OO activated ( peaks are at 514 and malized intensity of théA) CO activated Mn an@B) OO induced
623 cm ! as shown in thex (=A141+Byg) spectrain Fig. O, phonons in La,Sr; gMn,O;.
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x-ray and neutron scattering in Lg8r gMn,0,.2* On the  an optical mass that is much larger than that derived by a
other hand, the presence of the Mn peak belwseen in  specific-heat stud$’. These are indicative of a charge-
Fig. 4A) indicates that CO correlations persist against thedénsity wave pseudogap openingEst, in accord with the
ferromagnetic instability. An additional support for this con- Severe depression of the quasiparticle %ateEFatevealed
jecture is our observation in Fig. 3 of an electronic RamarPY @n angle-resolved photoemission sttidgnd suggested
continuum belowT ¢ . by the re-entrant insulating state7belld'w: 50 K invariably
Electronic Raman scattering from CMR manganites ha$een In transport measurem'eﬁ‘t%. Itis interesting to note
been observed recenfi{2> The spectra are characterized by that the latter temperature is comparable to the onset fre-
diffusive scattering abové . that is suppressed in the FM quency wherg Iy(w,T) is suppressed.
ground state. We observed such behavior in In conclusion, the correspondence between the OO dy-

La, ,Sr, Mn,O, similar to that observed by Yamamoto namics an(_i_ the paramagnetic—i_nsulgtor to ferromagnetic-
et al2 i—lere, we emphasize an unusual suppression of th@etal transition in La,Sr, gMn,O; is evidence that compet-

electronic continuum below - that is not reported in Ref. Ing orbital_and ferror_nagnetic double exchange intgractions
21. This is shown in Fig. 3 which plots the Raman respons@PundTc is responsible for the CMR phenomenon in man-

function Imy(w,T), depicting our measured Raman scatter-_gamtes' Our observation of an unusual quasiparticle dynam-

ing intensity | (w,T) upon correction by the Bose-Einstein 'S b.GIOWTC in Lay ;Sn, gMn,0; is remmlscent.of the uncon-
thermal factoP?5 Just belowTc, Im x(w,T) is seen as a ventional behavior of the normal state of high-temperature

nearly flat background continuum. For<Tc [Fig. 3A)] or superconducting cupratéssuggesting that the FM ground
upon raisingH at T<T [Figs. 3B) a”d(C)ﬁ Im y(,T) is state in the layered manganites is another example of a non-
~ C . L 7

suppressed below=300 cm !. While the pseudocubic Fermi liquid.

manganites manifest a similar featurelessylfw,T) in the We acknowledge A. J. Millis for elucidating the impor-
FM state, such low-frequency suppression is not obsetved.tance of charge ordering in the CMR manganites and P. B.
This difference is attributed to an effect of the lower dimen-Allen for pointing out the Franck-Condon model of the or-
sionality in the layered compounds. It signals a strong inelashital excitations. We thank Dr. R. V. Datla of NIST-Optical
tic scattering by persistent CO fluctuations that develop intarechnology for his support of this work. J.F.M. acknowl-
a collective charge-density wave excitation well bel®w. edges the U.S. DOE, Office of Basic Energy Sciences-
This picture is also suggested by other studies. OpticaMaterials Sciences Division, under Contract No. W-31-109-
conductivity® betrays a small Drude contribution implying ENG-38.
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