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Cooperative dynamics in doped manganite films: Phonon anomalies in the ferromagnetic state
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We present optical measurements of phononic excitations ja@a,sMnO5; (LCMO) and Lg,3Sr;sMn0O3
(LSMO) thin films covering the full temperature range from the metallic ferromagnetic to the insulating
paramagnetic phase. All eight phonons expected for the $&metry in LSMO and 17 out of the expected
25 phonons for the Pnma symmetry in LCMO have been determined. Close to the ferromagnetic-to-
paramagnetic transition both compounds reveal an anomalous behavior but with different characteristics.
Anomalies in the phononic spectra are a manifestation of the coupling of lattice degrees of f(&@Byio
electronic DOF. Specifically, the low-frequency external group proves to be an indicator for lattice modifica-
tions induced by electronic correlations. The enhanced electron-phonon coupling in LCMO is responsible for
Fano-like interference effects of distinct phonon modes with electronic continuum excitations: we observe
asymmetric phonon line shapes, mode splitting and spectral weight transfer between modes.
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|. INTRODUCTION relations. The dominant effect of mobile electrons on the

With the enormous progress of research on colossal ma attice vibrations is generically a suppression of phononic

netoresistancéCMR) manganitesover the last decade it has 'esonances due to screening. For metals, this may render the
been realized that besides charge and spin laitiize de- phonons unobservable in far-infraréelR) optical spectros-

grees of freedofplay a significant role in the formation of COPY- However, since the polycrystalline samples are poor

the CMR and the metal-insulator transitighliT). Special metals, and even more so the investigated thin films, phonon

attention focused on the optimal doped manganites, Chara?_asonances are still clearly resolved even in the conducting

terized by the Ilargest CMR effects—in particular, ow-temperature fe.rr-omagne.tlc phase. .
La2/3C31/3MnO3 (LCMO) As the temperature range in which In LCMO a 5|gn|flcant shift Of the S_tretChmg mode near
the CMR effect and the MIT are observed is close to rooni€ MIT was found® and associated with a reduced screen-
temperature, these compounds have become potential cand{d through charge carriers close to the MIT. Although the
dates for technical applications. 0 serveq shifts of 'phono_ns in LCMO are ewdent_ly related to
The phonon excitation spectrum has been studied in detafil€ctronic correlations since they come along with the MIT,
for undoped LaMn@* which is, below approximately it iS not obvious that they are explained exclusively by a
750 K, in a Jahn-Telle¢JT) distorted orthorhombi¢Pnmg ~ reduced screening. In particular, not all phonon modes dis-
structure. A theoretical analysis of the complete set of phoblay the shift and, furthermore, in LSMO we observe
non modes in the doped compounds s still missing. LCMOphononic shifts which are tied to the ferromagnetic-to-
has an orthorhombic symmetry whereas the Sr-doped conparamagnetiqd FM-PM) transition, not the MIT(see Sec.
pound, L&sSr;sMnO; (LSMO), is rhombohedrally dis- Il C). In LCMO the FM-PM transition and the MIT coincide
torted. The infrared-active phonons of undoped rhombohewhereas in LSMO they are well separated. A comparative
dral (R3c) LaMnO; were identified however these zero- study of LCMO and LSMO should address and illuminate
doping investigations cannot make up for experiments athe fundamental question if the phononic excitations couple
finite doping. In fact, the local Mn-O geometry dependsto spin degrees of freedom.
strongly on the size of the ions and doping concentrétion Since the phonon resonances are well pronounced in the
which accounts for the structural differences between LCMQoptical spectroscopy measurements of the metallic mangan-
and LSMO. ite films they provide a unique opportunity to analyze the
Experimental studies of two single crystals, undoped anadtonsequences of a coupling of lattice degrees of freedom
with ~8% Sr-doping, were performed by Paoloaeal?  (DOF) with spin and charge. Correlation of lattice DOF with
They discussed the assignment of all infrared active phononharge DOF has to be in a wedkSMO) to strong coupling
modes in LaMnQ at low temperature. However, to the best range(LCMO) as, for example, the polaronic excitations in
of our knowledge, there are no reports on phonon modes ithe mid-infrared(MIR) evidence a coupling in this rangé.
the metallic phase of LSMO. For bulk samples of LCMO, Also neutron diffraction measurements for LCMO revealed
three sets of broad phonon bands are observed which reveamh anomalous volume thermal expansion at the
external-, bending- and stretching-type lattice vibrations, aparamagnetic-to-ferromagnetic M¥;*®which has to origi-
classified in the cubic symmetH:'? nate from a sufficiently strong coupling. We will elaborate
Apart from providing a fingerprint of the lattice structure, further on the consequences of a strong phonon-electron cou-
phononic spectra can indicate the relevance of electronic copling for the phononic resonances in this paper and we will
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identify the characteristics in the FIR spectra signifying co- TABLE I. Metal-insulator (Tyyr), magnetic(TY) and electric
operative dynamics not only of lattice and electronic chargdTg) transition temperatures of the LCMO and LSMO films.
but also of lattice and spin degrees of freedom.
The paper is organized as follows: in Sec. Il we deal with Tur (K) T (K) TE(K) Sample
the ex_penmental details, sample Charagtfanzatlon and dati\CMo (d=200 nm 245 243 242 LCMO
analysis. In Sec. Ill A, we present reflectivity measurements ~
of the infrared active phonons in thin films of LSMO and LSMO (d=300 nm 338 287 300 LSMO #1
LCMO at temperatures ranging from the insulating paramag--SMO (d=400 nm 401 328 345  LSMO #2
netic (PM) to the metallic ferromagnetid-M) phase. In Sec.
[l B we give a comprehensive analysis of phonons from the
respective optical data. The spectra confirm the anticipated
mode structure for the respective symmetry of the lattice an resnel formulas, the ac resistance was determined directl
prove the high quality of the thin films. In Sec. IlIC we . oL y
. . .~ without any approximations.
elaborate on the close relation between lattice and spin de- o - .
Frequently, manganite films exhibit FM transition tem-

grees of freedom by studying the temperature dependent

shift of phonon modes across the ferromagnetic transition. IHeraturesTc lower than those reported for the bulk materials

Sec. IV, we discuss Fano-like modifications of the line shapé’v'th the same nominal composition. The differences can be

of distinct phonon modes in LCMO which testify a signifi- attributed to grain boundaries, strain, microstructure depend-

cant coupling of the lattice excitations to the electronic con-"9 on the details of the growth process and on the lattice

9 . L
tinuum in the Ca-doped manganite films. The interference OParameters of the substrdfe. They all result in a variation

. X o of the strength of the lattice distortion, which determines the
nearly degenerate modes with electronic excitations may re- . ) )
. : ! . structure and, accordingly, the electrical and magnetic behav-
sult in spectral weight transfer and level repulsion which We it is well known. that differences between bulk samoles
discuss within a phenomenological approach for coupled ", ., = " ' ; ) P
and thin films can occur, depending on the quality of the

phononic and electronic modes. A summary of our findings. )
. : . ilms. However, we observe that the overall optical charac-
and conclusions are presented in the last section, Sec. V. o ) . _
teristics of the films are in good agreement with bulk prop-

urements of both transmission and phase shift. Applying the

erties.
Il. EXPERIMENTAL DETAILS AND SAMPLE To probe the electrical and magnetic properties of the dif-
CHARACTERIZATION ferent films we determined the characteristic transition tem-

) i L . peratures. We defin@t as the magnetic Curie temperature,
The films for this investigation have been prepared usmé;

? as the inflection poidf and Ty, is taken from the maxi-
L. c MIT
a standard pulsed laser deposition technifUeCMO was 1y in the dc and ac resistivity curve. We summarize the
grown to a thickness of 200 nm onto NdGaGingle

. . . results of the transition temperatures for both compounds in
crystalline substrates. LSMO #1 with a thickness af P b

- o ; Table I. SinceT¢ and T¢ are relatively similar, we will use
=300 nm and LSMO #2 witli=400 nm were deposited on yhe notationT, for either one if not stated otherwise. To

(LaAlOg)o i SKAITaOs)o 7. The x-ray diffraction of LCMO ety the MIT and FM-PM transition of the thin film
revealed an orthorhombic structure with a preferred grOWt@amples we display magnetization and dc as well as ac re-

along the[110] axis while LSMO was confirmed to be in @ gjgiivity in Fig. 1. As expectedT nearly coincides with
rhombohedral structure with preferred growth along theTMIT for LCMO.

[100Q] axis.

The infrared reflectivities of the sample and the pure sub-
strate were measured using a combination of Fourier trans- T(K)
form spectrometers, Bruker IFS 113v and IFS 66 v/S, to
cover the frequency range from 50 to 40000 &niTem- 1.0
perature dependent measurements from 6 to 295 K were S
performed with a He-cryostat. Higher temperatures were S 5.
measured in a homemade oven in which the sample was
exposed to a continuous flow of heated nitrogen gas. To ob-
tain the optical conductivityo a Kramers-Kronig(KK)

(wo w) d

.0-
.04

-0

analysis was performed which included the results from sub- °
millimeter spectroscopy between 5 and 30 &mApplying s oo F10 3
the Fresnel optical formulas for the complex reflectance co- = 051 dc " c{?
efficient of the substrate-film system, the optical conductivity = ° ac(B00GHz) 3. ¢ M7 =
for the films was calculatet. 0.0 s — 0

Magnetization measurements were carried out between 2 0 %7 K) 800 400
and 400 K by using a commercial Quantum Design SQUID
magnetometer. The dc resistance measurements were per-fIG. 1. Upper pane(LSMO): Temperature dependence of the
formed by a standard four-probe method. The temperaturgagnetization ati=100 Oe(left scal§ and DC-resistivity(right
dependence of the ac resistancee was done in a MacBealg. Lower panel(LCMO): Magnetization atH=10 Oe (left
Zehnder interferometer arrangement, which allows the meascalg; DC- and AC-resistivity atv=600 GHz(right scalg.
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FIG. 2. Temperature dependence of the reflectiityf LCMO. FIG. 3. Temperature dependence of the reflectiitgf LSMO

The dotted lines represent temperatures in the FM phase, the soli#?. The dotted lines represent temperatures in the FM phase, the
lines in the PM phase. Above the crossover the intensitjR a$ solid lines in the PM phase. With increasing temperatigradu-
approximately temperature-independent. The anomalies of sonwlly decreases up tyr =401 K, which is abovélc=345 K.

phonons af - evidence the significant role of electronic DOF in the

modification of the lattice and its vibrations at the FM-PM MIT.

Most pronounced is the enhancement of the reflectivity near the B. Phonon modes in LCMO and LSMO
bending modes but an increment Rfis also observable for the
higher-frequency external modes; cf. the inset. The different lattice structure of LSMO and LCMO has an

impact on the optical conductivity, and on the number of
observed phonon modes. Approximately, the phonon spectra
of manganites can be separated into exte(ral85 cn1?),
A. Temperature dependence of the reflectivity bending (~350 cm?) and stretching(~550 cm?) modes
with respect to cubi¢Pm3m symmetry. Depending on ion
The frequency-dependent reflectivity of LCMO is pre- size and doping concentration, these triply degenerate modes
sented in Fig. 2 for temperatures in the metallic Fddtted  split into pairs of nondegeneratd) and doubly degenerate
|ineS) and in the inSUlating PMISOlld ||neS ph_ase. Above the (E) modeS, and’ moreover, they become broader and
MIT (245 K) the shape and intensity d® is temperature  oyerjap?23 Furthermore, due to the larger unit cell additional
independent. With the temperature increasing frommodes emerge.

6 K to 295 K, the weight of several phonon modes gradu- | SMO has a rhombohedral symmetry with space group
ally increases and a typical insulating behavior with an en 5.

ergy gap of about 680 ¢t develops. Variations in position R3c. The tilt of the octahedra results in a doubling of the

. . I cubic unit cell, and §5E, and 3A,,) modes are IR active.
and intensity of some characteristic phonon modes are aPPAEMO has the Pnma structure with an orthorhombic unit
ent.

The overall distinction between the reflectivity spectra ofceII containing four cubic units. Hence, 25 modes should be

. . . visible in the FIR spectra. In this section, we focus on spectra
LCMO and LSMO is strikinglcompare Figs. 2 and)3The at high temperatures where the phonon peaks are better re-
less complex structure of the phonon spectrum of LSMO, se olved
0,3 s pvidnce o ne ioer Syt of e Ut sl The opticl conductiyr, of LSO #2 3t 250 K i o
LSMO #1 is slightly lower than in LSMO #2, otherwise the tained from the KK analysis of the reflectance data; see Fig.

! : . L 4. We identify eight peaks of IR active transverse-optical
spectra are essentially identical. The lower reflectivity is re- fy eight p . P

lated to the reduced mobility of the charge carriers which(T©) Phonon modes, corresponding to®8ymmetry. A the-
results from stronger strain and boundary effects in the thinoretical analysis with R&symmetry has been performed by
ner film. This is consistent with the observation tiatand  Abrashevet al® for the phonon frequencies of LaMgQOin
Twir are smaller for LSMO #1Fig. 1). Table Il we present a comparison between the experimental
In addition, the LCMO spectra display phonon anomaliesvalues of the IR active phonon frequencies of LSMO #2 at
at T¢, a feature which is entirely missing in LSMO. X-ray T=250 K and the calculated frequencies. The calculated po-
and neutron powder diffraction studies demonstrate asitions for the undoped compound can only be taken as a
anomalous volume thermal expansion for the Ca-doped contough estimate for LSMO since the lattice constants and
pound at the MIT3-15 Dai et all® show that this anomaly atomic positions are modified by Sr-doping. Also the as-
originates from variations of the Mn and O positions. Thesumption of equal Mn-O bond lengths in the MgnO
modified Mn-O bond lengths and bond angles are expectedctahedra is not strictly valid for the doped compounds,
to cause anomalies of those phonon modes which are pasince the JT effect breaks the symmetry dynamically and
ticularly sensitive to variations of the Mn-O geometry. Con-thereby affects the groups of bending and stretching modes.
trary to LCMO, LSMO exhibits no anomalies in the lattice Finally, the unequal masses of ttea/Sp-ions should influ-
parameters and in the unit cell volume aroufd?!?? ence the external modé2® Several resonance frequencies

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 4. Optical conduc.tlwty of the LSMOjZ film at 250 K. FIG. 5. Optical conductivity of the LCMO film at 250 K. The
Those phonon modes which are expected irc Rgmmetry are  numbers correspond to the phonon frequencies. The circles mark
labelled by numbers. They correspond to the phonon frequencies ignomalies related to a strong electron-phonon couplisge

units of cnTt. Sec. V).
for Lagy -SiysMnO5 are known from neutron scattering mea- C. Phononic resonances across the FM-PM transition
surements, which are in good agreement with our #ata. The spectral resolution of phononic excitations in the

In Fig. 5 the optical conductivity of LCMO at 250 K is films is superior to that in bulk LCMO samples and we can
plotted jointly with labels for the phonon eigenfrequencies.
The latter result from a fit with noninteracting harmonic os-  TABLE Ill. A comparison of the phonon resonance frequencies
cillators. From the series of observed sharp peaks belown cm™) at 250 K and 6 K for the LCMO film with results by
~600 cm! we can clearly identify 17 phonon modes. The Paoloneet al. (Ref. 9 for pure LaMnQ at 300 K(P 300 K) and at
theoretical studies for the Pnma symmetry performed by FelO K (P 10 K).
dorovet al® and Smirnovawere evaluated for the undoped
case. Both sets of theoretical frequencies are remarkably dif- Osc. Nr. P10K 6K P 300K 250 K
ferent from the experimental data reported in detail by Pa-

oloneet al? for LaMnOs. ! 116 114 114
In Table 11l the phonon frequencies for LCMO at 6 K and 2 119.5
250 K are listed and compared with published data on the 3 162 166 166
infrared spectra of undoped LaMg®At 6 K we can iden- 4 172 175 172 172
tify 15 and at 250 K 17 phonon modes. With increasing dop- 5 183.5 187 181.5 190
ing concentration weak phonon modes become broader and ¢ 201 199
disappear in the background. Therefore not all 25 infrared 7 207
active modes can be resolved. Remarkably, no phonon fre-
quency larger than 600 crhhas been obser)(/ed ir? LCMO. g ;ig 244 245 243
The deviations of the resonance frequencies in pure LaMnO
from those in Ca-doped films are a consequence of a less 10 268 259 256
distorted structure but enhanced disorder. 11 275 273 275 272
12 280 290 280 290
TABLE Il. Correspondence between calculatéRlef. 5 and 13 287 305 287 303
measured phonon modes for the space groap. R8e measured 14 318 315 315 315
frequenciegin cm ™) refer to LSMO #2 aff=250 K, and the val- 15 340 344 342
ues in parentheses to neutron scatterifigef. 25 with a 16 352 355 350 357
Lag 7St sMNOz sample. 17 360 385 362 377
18 400 400
Calculated . Measured 19 426 426 430 424
Ay E, Assignment Ay, E, 20 434 444
317 Vibration(Mn) 379 21 449 450
162 180 External 149 155 22 478 475
310 357 Bending 34(336) 441 (424 23 512 523 512 523
641 642 Stretching 58676 662 24 561 589 563 589
240 Torsional 265 25 640 640
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FIG. 6. Optical conductivity spectra of LCMO at various tem- P P
peratures; dotted lines are spectra in the FM phase, solid lines in tt v (cm) v (cm)
PM phase. The dashed lines are to guide the eyes for the shift of the
eigenfrequencies of the stretching modes. The higher mode changes FIG. 7. A comparison of the external modes for LCM[@ft)
significantly with temperature. The inset represents the eigenfreand LSMO(right); dotted lines are spectra in the FM phase, solid
quency shift of both stretching modes versus temperature. lines in the PM phase. For LCMO the shift of the high-frequency
mode near MIT is clearly visible, while for LSMO the external

resolve even both stretching modes in the Pnma symmetrynodes become degenerate at abtwtTemperatures for LCMO in
Only the high-frequency stretching modsee the inset of K, from top to bottom: 6, 100, 160, 200, 220, 240, 250, 295, and for
Fig. 6) exhibits a significant shift to lower energy with in- LSMO: 6, 100, 125, 160, 180, 200, 250, 295, 345.
creasing temperature. This observation is to be related to the
previously reported IR spectra of a polycrystalline LCMO  As a consequence of the anharmonicity of the lattice an
sample by Kimet al!® The authors observed only three increase of the phonon resonance frequencies with decreas-
broad modes of which the stretching mode displays a notablimg temperature is expectétiHowever, the considered pho-
frequency shift aroundlc. This shift on approaching the non modes show an irregular temperature dependéeses
MIT was attributed to a reduction of screening through mo-Fig. 7 for the external modes, and the inset of Fig. 6 for the
bile charge carrief§ and, thereby, the authors depreciated astretching modes The shifts are controlled by the phase
magneto-elastic effect. One argument against this interpretdransition at 245 K. In the left panel of Fig. 7 the positions of
tion is the observation that only one mode of the stretchindoth external modes of LCMO are displayed for various tem-
group would be “sizeably less screen®dzand we will see peratures. The lower mode exhibits only slight variations
in Fig. 7 for the external modes that again only one modenhereas the higher mode shows a clear anomaly which sets
shifts appreciably close to the MIT. in at about 160 K.

Some representative spectra of the phonon modes are seenThe observation that the magnetizatighe solid line in
in Fig. 6. Remarkably, at low temperatures a sharply resolveig. 8) scales with the frequency shift of the higher external
phononic structure remains which indicates that screeningnode (solid circleg below T, suggests a correlation be-
effects by mobile charge carriers play only a minor role.tween spin polarization and this external mode. In compari-
Consequently, we propose that the frequency shift of theon, the frequency shift of the high-energy stretching mode
high-frequency stretching modsee the inset of Fig.)fhas a in the inset of Fig. 6 is seven times larger. As expected, the
different origin. In this regard, the importance of spin-latticeexternal mode is only slightly affected by the local,
correlations has been pointed out by Podobegtosd,?® who ~ correlation-induced distortion of the Mn-O octaedra. We
observed similar temperature effects of the phonon modegoint out that a link between magnetic correlations and
through polarized Raman spectra in an undoped saple  phononic frequency shifts was realized beférand it was
metallic screening is absgrif Their assignment of the shift applied successfully to explain the behavior of phonon
to spin-lattice correlations is in agreement with x-ray absorpmodes in a ferromagnetic spingl.
tion fine-structure measurements for L&aMnO; by

Booth et al3° In the following we will further elucidate the 24
correlation between the anomalous shift and the magnetiza- | o
tion. S o5 LOMO 88

An intriguing example of a mode which exhibits the ad- o
dressed anomaly in LCMO is the external mo@gee the 0.04 H=1008 L1723,
reflectivity in the inset of Fig. 2 and the optical conductivity 0 100 | 200 300
in Fig. 7, left panel. The lowering of the symmetry from T (K)
purely cubic to orthorhombic or rhombohedral implies a di-
versification of the three main phonon modgsxternal, FIG. 8. Eigenfrequency of the high-energy external mode at
bending and stretchingvith the result that also the external various temperatures for LCMQight scalg. The solid line is the
mode depends on the Mn-O geométry. normalized magnetizatiogieft scalg.
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lattice vibrations to excitations of the electronic system may
lead either to destructive or constructive interference. The
Lorentzian resonant shape of the phonon mode is thereby
deformed into a resonance anti-resonafmeak-dip struc-

ture if, for example, the phase of the electronic continuum
excitations is nearly constant in the frequency range where
the phononic excitation experiences a phase shifirb¥he
detailed form of the resonant structure then depends on the
coupling strengths and the amplitudes of the considered ex-
citations. A beautifully balanced peak-dip structure is ob-
served for the lowest external mode at about 114%im
LCMO (see Fig. 9. Such an asymmetric Fano linesh&jp®
indicates a sizeable interaction between lattice vibrations and
the electronic continuum. The asymmetry is also seen for
other phonon mode@narked by open circles in Fig.)5We
observe these Fano lineshapes in LCMO, not in LSMO,

o (10° @'cm™)

100 125 150 175 where the electron-lattice coupling has to be considerably
r weaker.
v(cm) Since a microscopic calculation of the resonance shape in

_ - these systems with charge, spin, orbital and lattice degrees of
e meterenos of 1o nealy degeneraie smrmal modes af abefeo0 1S Nt yet feasible we discuss the asymmetry and
1 o . ) upling-dependent position and weight of the external
3;&?&;:1#32;% \'/:zlatri\c/)vlljt: tggzggﬁghne) to experimental modes within a_phenomenologic_al appro_ach. It accounts _for
' the phase relation between various oscillator modes which
. ] effectively model phonons and electronic continua. The cou-
The right panel of Fig. 7 presents the two external mode)|ing of these modes not only leads to Fano-like interference
of LSMO. While the low-energy mode shows a softeningeffects but also to mode splitting and the transfer of spectral
with decreasingr, the higher mode displays the previously weight. The parameters which enter the mog@ehplitudes,
discussed hardening. Overall, the modes approach eagligenfrequencies, relaxation rates and couplingt be de-
other, and alf¢ hardly two modes are resolvabteWe infer  noted as “bare parameters” and they will be determined from
from this observation that the temperature scale of the modgn optimal it to the considered spectra. However it should be
evolution is in fact the magnetic temperature scide apprehended that they cannot be the bare parameters of a
Contrary to their behavior in LSMO, the two external microscopic theory but rather contain residual interactions
modes in LCMO do not become degenerate wiigns ap-  since the excitation spectrum cannot be fully decomposed
proached. However in the next section, we will understangnto independent modes which couple in a scalar, linear way
that electron-phonon coupling is much stronger in LCMO a5 assumed in the phenomenological modeling.
with consequences for the mode structure. In fact, the inter- e analyze the present LCMO data by applying the phe-
ference of nearby modes is pronounced in LCN#@e Fig. nomenological approach of Burlakat al,37-38 taking into
9). We will discuss this observation within a phenomenologi-account several adjacent phonons which interact with elec-
cal approach although, without a detailed microscopic analyronic continua. The advantage of this approach is the ex-
sis, it is not feasible to fix the position and weight of the pjicit specification of and control over the electronic con-
considered phononic resonances conclusively. The formatiofiyya. In reference to our results in the mid-infrared, we take
of the different phononic resonances is strongly influenceq, small polaron(SP) resonance peaked between 1990%tm
by the details of electronic correlations and their coupling togt 160 K and 3300 ciit at room temperatut@ Furthermore,
the phonons. Nevertheless, we will see that for some of thge introduce an electronic oscillator in the far-infrared
modes, which strongly interact with the electronic correla-range, which has to be related to an incoherent contribution
tions, a considerable amount of their weight may have itsf orbital excitation®-4!in a unified treatment of all elec-
origin in a transfer of spectral weight from the electronic tronic and phononic degrees of freedom. As this cannot be
degrees of freedonict. the “bare” mode-amplitudé\; in  the scope of the paper we identify these excitations phenom-
Table V with the resulting amplituqe in Fig._ 9 for the onver enologically with the spectral function of E¢8) (see be-
external mode at about 170 ¢ It is conceivable that dif- |ow). This “electronic oscillator’ contribution is peaked
ferences in the phononic mode structure of LSMO andyround 300 crit in our optical measurements and it will be
LCMO—the shape and especially the relative weights of thgeferred to as “incoherent contribution.” We also include a
phononic resonances—are, to a large extent, controlled bigryde term which accounts for the small frequency side of
electron-phonon coupling. the FIR spectrum but has only a marginal influence on the
phonon modes.
For the evaluation of the optical conductivity(v) we
The lineshape of the phonon spectrum evidences thitroduce a resonant interaction of the phonons with the elec-
strength of the electron-lattice correlations as the coupling ofronic excitations*’-3

IV. FANO LINESHAPES IN LCMO

134415-6



COOPERATIVE DYNAMICS IN DOPED MANGANITE..

PHYSICAL REVIEW B 70, 134415(2004)

TABLE V. Parameters of the Fano-like fit for the 114 ©m

Reo(v) = eo2mc IM[AG(V)A], (1) phonon of LCMO at differenT using the approach of Eqel)—<9).
where
T (K) 160 200 220 295
A=(Aq, .. AnApALAY) (2 A (em 150 148 143 140
—1
is a vector ofn matrix elementgA;) for optical dipole tran- n (cm_l) 1411.810 11'712 1412 9 flz 4
sitions of phonon modes, for the small polar@,y), for an v (em™) ' : ' '
. o A g1 (cm™) -42 -70 -115 -280
incoherent(A,) and for a Drude contributiofdy). G is the L
) . . ki (cm™) -3 -8 -9 -16
Green’s function matrix of the electron-phonon system. 1 16502 15051 1 154
TherebyAs, is calculated by applying the-sum rule to the s (cm™) 650 525 5958 5495
SP component, op (Q7remY) 890 460 350 108
Ep, (cm™) 1990 2000 2520 3300
1 * Vph (cm™) 350 261 310 300
Agp= - J dvReagv), (3)  Adlem? 1350 1350 1350 -
£02m°C / yq (e 140 150 350 -
A. (cm™) 3500 3370 2800 1600
wheregq is the vacuum permittivity and is the speed of 4, (cm™) 370 340 280 250
light. The SP optical conductivity 1§42 ve (cMTY) 276 320 340 345
Sinh(4E, /A% _ 5 >
Reogr,T) = oo ——— 5 e 4
osgv, T) = ao(T) AE, /A2 (4) 1
Gy(v) == ——; 9)
v+iyy

Here o¢(T) is the dc-conductivityF, is the SP binding en-
ergy, A=2y2E.E,;, andE,;, is the characteristic vibrational
energy which is the thermal energ@yin the high-temperature
regime andvy,/2 at low temperaturekgT <7A2mCvpy; vy, IS

¥; andv; are the width and the frequency of thié phonon
mode, v, and v, of the electronic oscillator, angly param-
etrizes the Drude contribution. The imaginary partogf is
a phonon frequengy The dimension ofv and all other en- obtained from a Kramers-Kronig relation. The strengths of
ergy scales is cit. the polaron-phonortg;) and electron-phonoxk;) coupling

We assume that not only the phonon modes approxiparameters determine the asymmetric lineshape while the
mately decouple but also the electronic modes, which genesign controls at which side of the phonon mode the dip will
ate the SP resonance, the Drude contribution and the resappear. Fog;=k;=0 a Lorentzian shape is recovered for the
nance in the FIR range. The inverse Green’s function matrijth phonort* In relation (5) we set the coupling of the
is in this phenomenological scheme: Drude-phonon coupling to zero as its effect on the resonant
lineshapes is small for the considered temperature range be-

G' 0 0 .. g Kk O low the MIT and we thereby avoid a larger number of fitting
0 G* 0 ... g k O parameters. Moreover the Drude contribution is absent above
1 the MIT but the lineshapes are still similar to those below the
. 0 0 Gy ... g3 ks O MIT, an observation which excludespriori a dominant role
G1l= i : : : |, (5  of the Drude ternt>46
9 O Gs G;; 0o o The fit procedure consists of the following three steps:
1 First, the polaron parameters are fixed through the fit of the
ki ke ks 0 G~ O mid-infrared polaron resonanégThen the background in
o 0 o .. 0o o G the FIR range is parametrized throughandGy. Finally, the

frequencies and widths of the phonon resonances are deter-
with the respective Green’s functions of the phonon modesmined, the coupling constants are extracted from fitting their
the small polaron, incoherent and the Drude background: respective shape, and the frequencies and widths are read-
justed in order to gain the optimal fit.
In Fig. 9 we show experimental and theoretical data for
© the low-fre i -
guency phonon group measured at different tem
peratures. We now analyze in detail the most distinctive
asymmetric mode in LCMO at about 114 thand include

Gi(v)=—

_ 2_. 'l
Vi — v vy,

Geylv) = I Reogy(v) - 'T ‘Tsp(”)’ (77 the two adjacent phonon modes for the interpretation. This
802mCAS, group is well separated from other phonon excitations, which
allows us to neglect the coupling to the remaining modes. In
Table IV the interaction parameters on the basis of our ap-
Ge(v) = (8)  proach are presented for the 114 ¢rphonon for different

2 . 1
Ve~ V"~ 1% temperatured.
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TABLE V. Parameters of th&-dependent strong-coupling fit for
the two external phonon modes of LCMO at about 170%msing \
the approach of Eqg1)—<9). Note that the frequencies in the table LCMO r
are the bare frequencies which differ from the interaction-dependent = 295 K
frequencies of the resonances in the optical conductivity, cf. e 54
o . .
Table Il T finite e-ph coupling
T (K) 160 200 220 295 % ~ ~ ~bare modes
=
A, (cmh 220 120 52 10 ‘b’
¥, (e} 5.0 43 3.6 3.2
v, (cmh) 169 169.5 169.8 1711
g, (cm™) -7 -3 -2 0 0 . . : ,
K, (crd) 16 o8 _47 65 100 125 150 175
-1
A (e 290 318 370 380 v (em’)
ys (cm™h) 5.0 4.7 4.5 4.2 FIG. 10. Fits of the low frequency phonon group with and with-
vy (cmh) 175.0 172.8 172.5 171.5 out electron-phonole-ph coupling for data at room temperature.
gz (cm™h -9 -4 -2 0 )
r low the 160 K of Table IY. However th reen
ks (cnT) 12 14 oo _og tures(below the 160 K of Table Y. However the screening

in the low-temperature metallic phase does not allow us to
identify a well-resolved lineshape of the phonon modes in
All lineshapes of the first phonon mode in Fig. 9 exhibit aorder to discuss the asymmetry at very low temperatures.
dip on the high-energy side, a consequence of the negative The lineshapes of the two modes at about 170%cdo
sign of the coupling parameters. The coupling constant igiot deviate strongly from Lorentzians which is consistent
proportional to the effective mass. In manganites the carriergith rather small couplingg, and g (cf. Table V). How-
have hole charactéf*® The associated inverse sign of the ever, in order to reproduce the *hump” in between the pho-
effective mass may be responsible for a negative valug of non at 114 cmt and the nearly degenerate external modes at
andk;. It turns out that neither a coupling to the Drude nor toabout 170 cmt, one needs a sufficiently strong electron-
the incoherent contribution can induce the nearly perfect anphonon couplingk, to the electronic resonance at about
tisymmetric shape of the 114 ¢ipeak-dip structure. Only 300 cni’. These electron-phonon couplings,andks, affect
a sufficiently strong coupling to the polaronic excitation sup-the position and the spectral weight of the resonances at
ports this antisymmetric Fano shape. The increase of cowand v; considerably. The three coupled modes, vz, ve)
pling strengthg, with temperature is significant. It results constitute a “triad” with a bondingowes), nonbonding(in-
from the fact that the lineshape keeps its antisymmetric forntermediat¢ and anti-bonding state. The bonding and anti-
up to the highest temperatut@95 K) while the electronic  bonding modes always experience level repulsion so that the
background is reduced by a factor 8 from 160 K to 295 K.bare frequencies, and v; can be both at 171 cth (degen-
Since the lineshape of the phonon is controlled by a productrate modes, cf. Table )but the two resonances are still
of the coupling constant and the strength of the polaroniovell separated at 295 Kat 167 cmi* and at 171 cm'; cf.
background(oy), the coupling constant has to increase cor-Fig. 9 and Table 1).4° The level repulsion is accompanied
respondingly to keep the observed shape. by a transfer of spectral weight: according to Table V and
If one traces the phonon-continuum coupling reversely td=ig. 9, the lowest mode of the triad takes nearly all its weight
lower temperature&cf. Table 1V) one might assume that the from the electronic mode at 295 K. This observation may
coupling extrapolates to zero. The strong reduction of thesexplain why the two-mode structure at 170 ¢rim LCMO is
couplings with decreasing temperature is to be expecteétill intense at or above the MIT whereas in LSMO the mode
since the enhanced screening in the metallic phase at lowat about 170 ciit is weak(cf. Fig. 7, right panel In Fig. 10
temperatures diminishes the value of these couplings sizablye display the “bare modes,” with parameters of Tables IV
For this reason, the antisymmetric lineshape should be lesnd V, jointly with the interaction-dominated mode spectrum
pronounced at lower temperatures. On the other hand, the order to summarize visually the effects of the strong
spectral weight of the continuum increases with decreasinglectron-coupling on the external mode group in LCMO.
temperature as the material becomes more metaliiich, In contrast to LCMO, the phonon spectra for LSMO ex-
for example, reduces the binding energy of the polaron anélibit no asymmetric shape and can be described by Lorent-
therefore shifts its dominant spectral part to lower frequenzian oscillators. In the latter compound the electron-phonon
cies. With the increased weight of the continuum, the Fano-coupling is smaller, as is confirmed by shape, position and
lineshape has to be more pronounced. Obviously, the teriemperature dependence of the polaronic mid-infrghéR)
dency towards a smaller coupling and the tendency towardgsonance?
increased continuum weight compete for the asymmetric
Fano-lineshape and the seeming contradiction, that the line- V. CONCLUSIONS
shape changes little, is resolved. Certainly, it would be inter- Manganite thin films provide an excellent opportunity to
esting to trace these tendencies down to the lowest temperatudy the phononic excitations of LSMO and LCMO in their
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metallic phases. The films allow for a well-resolved, distinctelectronic excitations{cf. Refs. 39-4}, observed as a back-
phonon spectrum in infrared spectroscopy, even for temperaground to the phonons in the FIR range, polaronic excita-
tures well below the MIT. In LSMO we identified each of the tions in the MIR and possibly a rather insignificant Drude
eight infrared-active phonons expected for thecRgmme-  contribution on the low-frequency side of the FIR spectrum.
try and in LCMO we were able to resolve 17 out of 25 The lineshape of the lowest-frequency external mode,
phonons expected for the Pnma-symmetry. which is remarkably antisymmetric at temperatures from
The phonon spectra reveal a number of anomalies whichi60 K to 295 K, can be reproduced for high temperatures
result from a finite electron-lattice coupling and which con-only with a sufficiently strong coupling to the polaronic ex-
firm the importance of cooperative effects of microscopiccitations. In contrast, the FIR continuum, which is param-
degrees of freedom when approaching the ferromagnetic-tastrized by a strongly damped oscillator spectral function, is
paramagnetic and the metal-insulator transition. responsible for frequency shiftevel repulsion and transfer
First and most apparent, we observe that the FIR spectigf spectral weight from the electronic excitations into dis-
change substantially up to the MiBee Figs. 2 and)3ut  {inct phononic modegsee Fig. 10 In the presented scheme,
then, abpye the MIT, temperature dependent modification§;e find that the mode splitting of the 170 chresonance
are negligible. This overall-dependence of the spectra up to and its considerable spectral weight at high temperature

thheor':glr-:;cixrgltiiegn;o diteS ttrgrl]ogclglirzeadt:i)cnegrSdciltfeuiri]\llggm(gtighne(above the MIJ is induced by the electronic continuum.
P . ' . . This observation may explain the discrepancy with LSMO
of electronic charges. However also a coupling of lattice and

: : : ; here these two external modes are degenerate at high tem-
in r f fr m is eviden he phononic exct ; . .
spin degrees of freedom is evidenced by the phononic exc erature since LSMO is characterized by a weaker electron-

tation spectrum: temperature dependent shifts of several phB i h E like linesh tirel
non modes, which vary on the same temperature scale as tﬁgonon coupling where —ano-iike lineéshapes are entirely

magnetization, confirm the correlation of these degrees ofissing. A microscopic evaluation is mandatory n o_rder to
freedom(see Figs. 6-8. assign unambiguously these anomalous characteristics of the

In LCMO the pronounced asymmetric line shapes Ob_phononic spectra to the interference with specific electronic
served for several phonotisee Figs. 5 and)9are a man,i- excitations. The preliminary identification within the phe-
festation of the strong electron-phonon coupling. We ana_nomenologlcal approach has provided ample motivation for

lyzed the Fano lineshapes of the external group within a§UCh an effort.
phenomenological approaéh3® It assigns independent

modes to the various spectral contributions of the electronic

excitations and couples them linearly to the phononic oscil- The research was supported by BMBE3N6917,
lators. In FIR and MIR spectra of LCMO, three electronic 13N6918 and by DFG through the Sonderforschungsbereich
continua are typically identified: a “continuum of incoherent SFB 484(Augsburg.
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