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Optical probe of anisotropic and incoherent charge dynamics
in a layered ferromagnet: La; ,Sr; gMn,O-
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Highly anisotropic optical conductivity spectra and their temperature variation have been investigated for a
layered ferromagneticT(;=121 K) crystal of L& _,,Sr;,,,Mn,0; (x=0.4). The in-plane spectra show con-
spicuous spectral-weight transfer over an energy region of 0—3 eV with evolution of spin polarizatiorThelow
and in the ferromagnetic, highly conducting ground state form a prominent peak structure around 0.4 eV with
minimal Drude weight. By contrast, theaxis spectra show little change with temperature and remain insu-
latorlike. The results indicate highly incoherent dynamics of the fully quasi-two dimensional spin-polarized
carriers.[S0163-18208)51714-9

The perovskite-type manganité®, ,A,MnO; (R andA For example, the=2, x=0.4 crystal shows a stedfhermal
being the rare-earth and alkaline-earth ions, respecjivelyactivation-type increase of the resistivity for both the in-
have been investigated extensively since the late rediscoveplane anct-axis components, while retaining the appreciable
of colossal magnetoresistan@MR) phenomena:* The es-  anisotropy, with decrease of temperature down to the spin-
sential ingredient in physics of CMR is the double-exchangerdering temperatureT() as reproduced in the inset of Fig.
(DE) interaction°™’ that is the strong on-sitéHund’s rule 1. However, this increase of resistivity is drastically sup-
coupling between the charge carrieeg{ike stat¢ and the
local spins (,4-like statg. However, the observed features | Tt
not only of the CMR but even of the ferromagnetic metallic - Lay 5, Sty.0,Mn,0, U SN e
state at low temperatures cannot fully be accounted for by r x=0.4 £]ee
the DE model alone. Some additional or competing 10 r\j\‘ 7
interactions/instabilities appear to be also important, such as 1o ﬁ
antiferromagnetic  superexchange interacfidn, orbital
correlation'® Jahn-Teller coupling**? charge-ordering
instability 1*~1° and so on. The resultant, complex but in- 2é§§
triguing phenomena would show up in a reduced bandwidth 0 1308
system or in a reduced electronic dimension. The layered ¥
perovskite structuresor Ruddlesden-Popper serjesf the
manganites(La,Sp,,,1Mn 03,1, are one such example, in
which the DE interaction essentially works only within the
respective Mn-Q layers.

In the single-layer ii=1) compound with the KNiF,
structure, however, the hole doping does not produce the
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ferromagnetic metallic state, perhaps due to too much re- 05 — L
duced DE interaction, but rather almost always produces the 10 Pllf’t . v 10
charge- and orbital-ordered state, as most stabilized around oton Energy (V)
—( 516-18 - _
x=0.5%"1% By contrast, for the bilayern=2) compound FIG. 1. Temperature dependence Bfab (upper panél and

Lay—2,Sr+2xMn,07, the highly anisotropic ferromagnetic g|c (lower panel reflectivity spectra for a La »,Sn ; »,Mn,0;
metallic ground state is observed to show up for(x=0.4) crystal with the 3D spin-ordering temperatufg=121 K.
x=0.3-0.4'>% Reflecting perhaps the reduced dimensional-The inset shows the temperature dependence of in-glage(
ity, these bilayer manganites are endowed with unique feaandc-axis(p.) resistivity. Solid lines show the spectra at 10 K and
tures in addition to those of the anisotropic DE ferromagnet130 K.
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pressed by application of a magnetic fiéldRecent neutron 3 . . . .
scattering studies have revealed the existence of short-range Lay 3,511, Mn,0,

antiferromagnetic spin ordering aboVe (Ref. 9 as well as
a sudden extension of theaxis Mn-O bond length below
T..2* They both are closely correlated with the coupling of
the conduction electrons with orbital or lattice degrees of
freedom and responsible for occurrence of the relatively low-
field CMRZ1® Although the in-plane resistivity shows slight
up-turn with decreasing temperature below 30 K, the ferro-
magnetic state remains metallic down to the lowest
temperaturé? In this paper, we report the optical study on
the anisotropic electronic structure as well as on the spin-
polarization dependent charge dynamics for this2 layered
manganite crystal. The results indicate an anomalously inco-
herent nature of the charge dynamics in the quasi-two-
dimensional(quasi-2D ferromagnetic state, suggesting the
strong coupling of the spin-polarized charge carriers with
orbital or phonon excitations in the ground state. 0
Crystals of Lg_5,Sri4,Mn,0; (x=0.4) were grown Energy (eV)
by the floating zone method. We confirmed by inductively
coupled plasma atomic emission spectroscopy that the FIG. 2. Temperature dependence Bfab and Efc optical-
sample stoichiometry coincides with the prescribed one. Thgonductivity spectra for a La St 2Mnz07 (x=0.4) crystal
details of the crystal growth and the structural characteriza™'" theth spm-orderllng t%mlperaéu'ﬂig:lZl K. Solid lines rep-
tion have been reported in literatuf®?® Near-normal- resent the spectra at 10 and 130 K.
incidence reflectivity spectra were measured onabe(for ] )
Elab) and ac (for E|c) face of thex=0.4 (and x=0.3) Figure 2 shows theT dependence of the optical-
single crystals with a typical size ofX@x2 mn?. The conductivity spectra foE||at_) andE||c which were deduced
speculamb face was freshly prepared by cleaving the crystalPy Kramers-Kronig analysis of the reflectivity data. At a
boule, while theac face was polished with alumina powder 9/2nce, oné may notice a conspicudlislependent change
to a mirrorlike surface. We used Fourier spectroscopy for thdo! the in-plane Elab) spectra up to 3 eV. By contrast, the
photon energy range of 0.01-0.8 eV and grating spectrosEHC spectra shows a minimdl-dependent change, except
copy for 0.6—36 eV. For the higher-energy6 eV) mea- fo_r slight acc_umulanon of the spectral weight below 1.5 eV
surements at room temperature, the synchrotron radiation 4fith decreasing belowT.. Both theE||ab andE| c spectra
INS-SOR, Institute for Solid State Physics, University of To- Show an onset around 3 eV, peaking at 4 eV. This peak can
kyo, was utilized as a polarized light source. The temperatur@€ assigned to the charge-transfer typsg: ;czansﬂmn between the
dependence of the polarized reflectivity spectra was meg22P and Mnt,g-like (down-spin sFates’: “"The spectra be-
sured for 0.01-6 eV and the room-temperature data above l§W 3 eV are dominated by the intra- and interband transi-
eV were connected to perform the Kramers-Kronig analysidions relevant to OR and Mn eg-like states. The in-plane
and deduce the optical-conductivity spectra at respectiv€onductivity spectrum shows a broad peak around 1 eV
temperatures. For the analysis, we assumed the constant @R0VeT., forming the pseudoga=0.2 eV) structure. AST
flectivity or Hagen-Rubens relation below 0.01 eV and*  decreases from 290 K to just aboVg, the 1 eV-peak height
extrapolation above 36 eV. Variation of the extrapolationincreases and the gap feature becomes clearer, although the
procedures was confirmed to cause negligible difference fopverall feature is rather unchanged. Thus the optical-
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the calculated conductivity spectra above 0.02 eV. conductivity spectra confirms the insulating behavior above
We show in Fig. 1 temperaturd dependence of reflec- Tc: )
tivity spectra for the respective polarizatio§ab andE||c. With decreasingl’ below T a large spectral change oc-

Spiky structures in the far-infrared regioh<0.07 eVj are  Curs in theEl|ab spectra over an energy range of 0-3 eV.
due to optical-phonon modes. All the infrared-active modedmportantly, the transferred spectral weight does not form
expected from the factor group analysis are observefor ~the Drude-like coherent peak centeredwsat 0, while peak-
spectra. In thd range from 290 K down to 130 K, tHElab "9 a_lrou.nd 0.4 eV. Th|s signals ur_lconvenuonal charge dy-
reflectivity below 0.3 eV once decreases as a whole, whil@amics in the metallic state of this layered manganite, as
the E|lc reflectivity in the same region shows minimal discussed later using the magnified low-energy spesea
change or rather slightly decreases. B decreased below Fi9- 4. Here, let us first argue the overall spectral-weight
T«(=121 K), the E||ab spectra show a drastic change on atrar.]sfer as observed. To estimate .the transferred spectral
large energy scale up to 3 eV. By contrast, Bfee spectra weight, we hgve cglculated the effective number of electrons
show little change even beloW,, except for the change in (Ner), which is defined as
phonon mode structures, which may be related to the afore-
mentioned change of the Mn-O bond length along the
axis?! Thus theE| c spectrum behaves like an insulating one _
Neri( @)
over the wholeT region.

2m (e , ,
wezNJO o(w')dw'. 1)



RAPID COMMUNICATIONS

57 OPTICAL PROBE OF ANISOTROPIC AND INCOHEREN. . . R8081

the LDA+U calculation on this compount.In the case of
zero net magnetization above., the lower-lying up-spin
and down-spin bands are equally occupied, while in the fer-
romagnetic ground state with full spin polarization the par-
tially occupied up-spin band and the totally unoccupied
down-spin band are separated by the exchange splitting. The
presently observed spectral weight transfer with onset of the
ferromagnetic magnetization can partly be assigned to the
change in the character of the conduction-electron related
transitions, namely from the interband transition between
the exchange-split conduction bands to the intraband
excitation within the up-spin band, as in the case of
La; _,SrMn0O;.25%
La, , Sr;»,Mn,0 The overall feature of th&-dependent change of the in-
x=0.4 plane low-energy conductivity spectrum can thus be
. I:Z//ab explained similarly to the case of the 3D analog,
0o s T4 La,_,Sr,MnO;, yet some distinct features can be noticed for
Energy (eV) this quasi-2D ferromagnet in addition to the inherent aniso-
o _ tropic behavior. The spectral weight is rapidly accumulated
FIG. 3. Temperature variation of spectra of the effective numbetwith decrease oT, but forms the broad peak around 0.4 eV.
of electronsNe(w), which were deduced by integrating the ob- g formation of such a midinfrared peak implies the small-
servedo(w). The inset shows the temperature dependenddcpf polaronic conduction in this system. According to a conven-

at 0.8 eV as a measure of the kinetic energy of the conductio fional small-polaron modéf the peak energy of the(w)
electrons(see the tejt . . N
corresponds approximately to twice the polaron binding en-

Here,N represents the number of Mn atoms per unit volume€rgy. In fact, the 290 K(or higher-temperatujein-plane
The N spectra at various temperatures are shown in Fig. 33pectrum can be crudely fitted with a set of polaron param-
Taking account of the increasing experimental error-{@)  €ters(binding energyE,= 0.535 eV, hopping energy=
with w, We may view that the\leﬁ(w) curves tend to merge 0.59 e\/). However, such a calculation Completely fails to
into a nearly single line above 3 eV. In other words, thereproduce the shape of the lower-temperatu(e) spec-
T-dependent distribution of the spectral weight.¢~0.5)  trum that shows a subsisting low-ener@own tow=0 eV)
occurs nearly below 3 eV, which is relevant to the dopedail as well as a pronounced peak structure around 0.4 eV. As
holes or the band-filling,-like electrons. The inset of Fig. 3 @ more suitable model, we may consider the dynamical
shows theT dependence dfly; at w.=0.8 eV, an appropri- mean-field calculatiofinfinite-dimensional approaglon the
ate cutoff energy for the estimate of the transferred |OW.dynaﬂ1ic Jahn-Teller effe¢the above scenari@)] by Millis
energy spectral weight. Between 290 K and 1201k(w.) et al™ In fact, the calculated Jahn-Teller polaron spectra
is nearly constant. Once the compound undergoes the 3@ith the electron-phonon coupling strength~1.08 (Ref.
spin ordering transitionNeg(w;) show a conspicuous in- 11) can qualitatively reproduce the observed temperature-
crease in accord with the occurrence of the metallic conducdependent feature that the 1 eV peak around and abpise
tion. gradually shifted to a lower energglown to 0.4 eV with
Similar spectral change with temperature or with evolu-increasing spectral weightin this calculation,J, is as-
tion of the ferromagnetic magnetization was also observegumed infinite, so that the higher-energy scale structure than
for the underdoped pseudocubic perovskite manganite crydhe Jahn-Teller coupling energy~1 eV) cannot be dis-
tals such as barely metallic La,Sr,MnO; aroundx=0.2 .
(Refs. 25 and 26 and insulating (semiconducting 10K La, ,,St;,,Mn,0,
Nd; _SrEMnO; (x =0.3).2” Such a large spectral change as
observed in the perovskite manganites has been argued in
various contexts(l) the T-dependent change of the density
of state for the spin polarizeg}-state conduction bands with
a large exchange splitting exceeding the band wigt§;?2~2°
(2) the Jahn-Teller polaron band wifrdependentffective
coupling strengt!?’ and (3) the T-dependent change of the
interband transitions between the different-orbital branches
at nonspecifik points®*2 All the respective scenarios may
be relevant, more or less, to the observed features, perhaps
depending on the energy region. For example, the spectral
change extending up to as large an energy scale as 3 eV
cannot be accounted for k@) or (3), but should be inter-
preted in terms of the electronic-structural change on an en- FIG. 4. Temperature dependence of magnifiglhb optical-
ergy scale of Hund’s-rule coupling as ). Namely, the  conductivity spectra in the low-energy regi¢—0.1 eVj. Open
model considers the conduction-band split by the Hund's<ircles represent the value of dc conductivity at respective tempera-
rule coupling energy~2 eV), that is in fact demonstrated by tures. The dashed lines are merely guides to the eyes.
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cussed. To be more quantitative about the singular shape osuppression of the Drude peak.
the low-temperatures(w) for the metallic ground state, Thus in the present quasimetallic layered manganites
however, the consideration of the collective nature of thgx=0.4) the carrier motion is diffuse down to near zero fre-
dynamic Jahn-Teller distortion or the short-range orbital orquency even in the fully spin-polarized ground state.
dering would be necessary for this quasi-2D system beyonflamely, the strong scattering of the spin-polarized carriers
the infinite-dimensional approach. by bosonic excitations such as phonons and orbital excita-
The optical-conductivity spectra magnified in the low- tions gives rise to a broad midinfrared peak around 0.4 eV in
energy (0-0.1 eV region and the comparison with the dc the gptical-conductivity spectra, while the lower-energy
conductivity are shown in Fig. 4 .for temperatures belbw spectral weightDrude weight is extremely small. The or-
Eour peaks are due to the opt|cal—phon_on modes as MeWital fluctuations originating from the pseudodegeneracy of
F'OUEd _before and do not change_ essentlallﬂ'aigcreases, he e4-like state or the associated dynamical Jahn-Teller dis-
indicating that the tetragonal laitice symmetry is preservetiortion forming the polaronic carriers is likely responsible for

below Te. The zero-frequency extrapolation of the optical the diffuse charge transport and incoherent low-energy spec-
conductivity is roughly in accord with, but apparently higher

than, the dc value based on the resistivity measurement. ,&{al feature as revealed in this study.

low temperatures, e.g., 50 K and 10 K, the Drude-like in- We are grateful to N. Hamada, N. Nagaosa, D. S. Dessau,
crease ofo(w) is barely observed below 0.05 eV, but the T. Saitoh, S. Ishihara, G. Aeppli, T. G. Perring, and Y.
o(w) seems to fall again below 0.02 eV towards the dcOkimoto for fruitful discussions. This work was in part sup-
value. The localization effect, as evidenced by the logarithported by a Grant-In-Aid from the Ministry of Education,
mic T dependence of the in-plane resistivity below 20s€e  Science and Culture, Japan, and by the New Energy and
the inset of Fig. I, may be partly responsible for this further Industrial Technology Development OrganizatifEDO).
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