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Fano effect in thea-b plane of Nd; 9¢C€; 04 CUO, 4y :
Evidence of phonon interaction with a polaronic background
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Reflectance measurements in different, jie, oL CuUO, ., samples with properly selected carrier concen-
trations provide firm evidence of Fano antiresonances for the four transverse &jtiphbnons in thea-b
plane. An analysis of the Fano line shapes and of the dependence on temperature of the renormalized phonon
frequencies allows us to determine the origin of the electronic continuum interacting with the phonons. Unlike
in doped semiconductors, where the continuum is the free-carrier absorption band, here the continuum is
provided by a polaron band at0.1 eV, present in most parent compounds of Higtsuperconductors. In the
most doped sample, the polaron band soften® decreases, thus indicating a delocalization of the polaronic
carriers at low temperaturS0163-18298)08501-4

In 1961, Fano quantitatively accounted for the so-calledare either photoinduced or chemically inducéd® These
Fano antiresonance, i.e., the asymmetric line shape of th&®RAV’s add to the extended phonons of the undisturbed sto-
2s2pP resonance of He observed in electron inelastic scatichiometric crystal, and appear in the far infrared as new
tering experiments.In that work, Fano revised an earlier peaks or sidebands of the phondfd’ An infrared band at
qualitative interpretatiohof the spectra of He and other rare ~1000 cni* similar to that found ire-doped NCO has been
gases. Fano pointed out that such effects are expected whesbserved also inh-doped, oxygen-enriched L@uGQ,,,
ever a set of discrete states is mixed with a continuous spe¢tCO), where both its line shape and temperature depen-
trum. Thereafter, “Fano profiles” have been observed in adence are consistent with the absorption from a polaronic
number of spectra, including those where phonon discretémpurity state!® Such infrared evidence is confirmed by a
states interact with a continuum background due to free caroad spectrum of experimental techniques, ranging from ex-
riers. In high-critical-temperature superconductet€TS's, ~ tended x-ray-absorption fine structufe, to  electron
phonon Fano profiles have been detected with the electrigiffraction™ and to neutron scatterifgand points toward -
field of the radiation polarized along thoeaxis, either iR~ the existence of polaron SuperStructure_S In Supercc_)nductlng
YBa,Cu,0, 5 or in’ Bi,S,L,CaCyOs Moreover, in the cuprates as WeI_I as in nonsuperconductmg perovsk!tes_.
400-600 cm® region of the reflectivity spectra of In the following it will be shown that asymmetric line

_ : shapes are found in NdgCe, /LU0, for the four opti-
E%SZI;Cthsg E)Leer:(,reD)(;,rtleEclij’toN(kj),ez(?grieF);sp?r?;Z?rignf%r ic_aIIy activek,, phonons in the-b plane. These asymmetric
P P y e shapes will be explained in detail in terms of a Fano

creasir_lg dopip@.These results h_ave been explained in.termﬁnteraction between the phonons and an electronic back-
of an interaction of Raman-active modes along ¢hexis,  4raund. Contrarily to what is normally found in doped semi-
made infrared active by some symmetry-breaking potentialeonqyctors, the electronic continuum is not given by the

and an electronic continuum which develops with doping inyeak Drude term eventually present in these semiconducting
the midinfrared. As far as we know, no evidence of Fano linegompounds, but bythe polaron d band peaked at

shapes has been reported for the infrared-active phonons af1000 cni L. This conclusion is based on an analysis of the
thea-b plane. Here, indeed, the optical phonons are shieldeg¢tano line shapes and of the temperature dependence of the
by the carriers which form beloW, a fluid of superconduct- phonon peak energies in two different, properly selected
ing pairs. doped samples. In fact, in order to discriminate the effect of
In order to look for Fano resonances in thd plane of a  the charges added to tlheb plane from possible effects due
cuprate, we have selected a strongly doped, nonmetallic syss the chemical doping, two single crystals with the same Ce
tem, where the existence of a considerable electron-phonasioping (x=0.04) but different oxygen concentratign and
coupling is ensured by previous observations of polaronicherefore different carrier concentration, have been mea-
effects in thea-b plane reflectivity. It is the case of sured, MN10 and MN29. The former is as grown, the latter
Nd,_,CeCuQ,_, (NCCO), where an electronic continuum is enriched in oxygen and almost compensated.
detected at~1000 cm! has been explained in terms of a  The experimental apparatus has been described in detail
polaron bandd, whose strength increases with eithesee  elsewheré? Data have been collected from 2AN29) or 70
(Ref. 9 ory (see Ref. 1D The polaronic origin of thel (MN10) through 18 000 cm* by use of a Michelson inter-
band has been firmly established in a0, _, (NCO).1°  ferometer. The real part of the optical conductivitiw) has
Here it exhibits a fine structure, well explained in terms of anbeen obtained from Kramers-Kronig transformations. The re-
electron-phonon interaction. This structure has been showftectivity data have been extrapolated to zero frequency ei-
to be related to some infrared-active vibratiofiRAV’s),  ther by using a Hagens-Rubens formula or by a Drude term
observed in the far-infrared spectra of samples where carriebtained by fitting a Drude-Lorentz model for the complex
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FIG. 1. Far- and midinfrared reflectance of samples MN10 and 0 N 46Ce004Cu0; ]

MNZ29, from top to bottom, at 20 and 300 K.

dielectric functione (w) to theR(w) data’® The transformed
o(w), for =70 (20) cm?, has been found to be indepen-
dent of the approach used. Fee=18 000 cm?, R(w) has

been extrapolated up =320 000 cm? by using the val- 0 ' '
ues at 300 K reported by Tajinet al?? and, at higher fre- 0 500 1000 1500
quencies, by extrapolating(w) with a o~ * law. Energy ( cm’ )
The low-energy reflectand@(w) of samples MN10 and
MN29 is reported in Fig. 1 folT=20 K and T=300 K. FIG. 2. Far- and midinfrared optical conductivity of samples

R(w) is stronglyT dependent in both samples and lower in MN10 and MN29, from top to bottom, at 20 and 300 K.

MN29 than in MN10, consistently with the lower number of _ ~ o

extra charges determined in the former crystal, as will be€mir:» €ct, ande. are the standard contributions from the
shown in the following. In both samples, the room temperamldmfrared.band, the charge—transfer band, and the higher-
ture reflectivity is dominated by the foli, phonons and by ~energy oscillators, respectivelgee Ref. 9 for further de-

a broad but clear peak & 1000 cm?, thed band. In the tails). Each of these contributiong,, , but for eg, is given
low-T spectra, the phonon lines show a broadening, insteably a sum ofj Lorentzians,
of a narrowing, due to the insurgence of new satellite bands. 5
This effect, observed also in NCO doped by oxygen ()= S
vacancie¥ as well as in LCO doped by excess oxydgéhas * 7 (0w’ —iel}’
been already ascribéfl,as mentioned above, to the insur-
gence of IRAV modes due to self-trapped charges.

The low-energy part of the optical conductivity, obtained . .
as described above, is reported in Fig. 2 for the same samples Let. us now focus on the Fz.ano-.hke-phonon I|ne.shapes
and temperatures of Fig. 1. The room temperature phonoﬁeen,v'n Fig. 2. The overall contribution to the dielectric func-
lines of both sample§n particular the bending and stretch- tion eg of an oscillator interacting with an electronic con-
ing Cu-O modes at-300 and~515 cni’l, respectivelyde- ~ tinuum has4 be(_en reported in an analytical form by DaV|_s and
viate appreciably from the ordinary Lorentzian shapes. Thejeldkamp’* This form has been never used before to fit the
display a strong asymmetry, with a dip on the |OW_energyfar-.|nfrared optical conductivity of either HCTS’s or other
side which indicates an interaction with a continuum ationic compounds, at least to our knowledge. Usually, Fano
higher energy. The closest band with such features is the line shapes are fitted, instead, after an arbitrary subtraction of
band. In order to verify if actuallghe E, phonons interact the elec_trpnlc background. Davis and Fe_ldkamp_ extend the
with the polaronic backgroundhe optical conductivity from Fano original approach to the case of an interaction between
70(20) to 18 000 cm® has been fitted in terms of a complex an zirbltrary number of discrete states and continua. They get,

dielectric function given by for ep=e€jpt+iep=23yeey,

@

with strengths, peak frequencies, and damping factors given
by Sj, wj, andy;, respectively.

;(w)=(ZD+’EF+'ELM +’Ed)+(ZM|R+'ECT+ Gw). (1)

€1k k(@) =Rk

(qﬁ_l)(wk_w)+2qk7k) @
. . Yot (0= wy)?

Here, the first set of parentheses includes the low-

frequency terms of interest for the present study:is a and

(weak Drude-like term,eq is the contribution of the Fano-

like phononse, \, that of the local modes, anel, that of the €2k k(@) =Ry
polaron band. In the second set of parentheses of(Hgq.

4

[Akykt (0— )12 3 1)
2 =~ 2 :
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TABLE I. Parameters of the Fano fit for titg, phonons and the 2m*V (o
electronic continuum of crystal MN1ON29) at differentT. Units Nt @) = ——— o(w)do', (5)
are cm't, except for adimensionaj andR. me Jo
20K 100 K 200 K 300K wherem* is the effective mass and is the volume of the
. 130 (133 130 130 128132 unit cell. If one puts, in Eq.(5), »=12000 cm? (the
R 112 ) ) 45(0.6 charge-transfer energy g)ap)ne_flnds that in the compen-
! sated sample MN29 the effective charge is lower than the
2! 3(8) 4 4 4(20 Nei Of MN10 (by about 40%
G 8 (10 8 8 1.5(10) Let us finally discuss the dependence on temperature of
w 303(303 303.5 303 304.5304) the d band in the two samples with different doping, for its
R2 19@3.9 17 3.7 9(2.7) relevance to the Fano effect. The midinfrared optical proper-
Y2 6 (5) 4 4.5 5(6.5 ties of NCCO at room temperature have been already de-
dz 5(3.1) 7 3.8 1.8(3.1) scribed in detail elsewheraWe can extend here that discus-
3 351 (352 350 349.5 35Q351) sion to the low-temperature measurements of Fig. 2 and to
Rs 2.3(0.69 27 23 2.8(0.48 the results of Tabl_e I. As a whole, the behavior of theand
s 5 (10) 5 5 7(18 for 2 0.04 Ce doping f%IIows that already observed in ligthly
s 3(10) 3 3 2.4(10) oxygen-deficient NCQ@? In the compensated sample MN29
o 517 (515 514 512 511(514) (see Fig. 2 zirld Table),l the pe_ak energy of thd bandils
R, 2.9(0.83 17 5 6(0.59 wg=1100 cm * at 300 K and slightly decreas_els to 850¢m
at 20 K. In the as-grown MN10p4=900 cni* at 300 K,
Ya 8 (1) ! 8 1112) and drops to 480 cit at 20 K. In Table | one can also
G 45(7) 6.5 6 2(7) notice that in sample MN10 the highest-frequeristretch-
@d 480 (850 500 570 9001100 ing) mode hardens for decreasing temperature, by an amount
S 5400 (4800 5800 6900 8005400 much larger than the experimental uncertainty of
Vd 500(1100 650 800 11001900 +0.5 cn’ %, while the energy of the other phonons remains

roughly constant. On the contrary, in sample MN29 no ap-
Different phonons are indicated by the indexwhile R, preciable dependence dnhas been detected either for the
are scale parameters which include the transition rates to trenergies of all the foug, phononsjncluding the stretching
excited states and, are the Fano-Breit-Wigner parameters, mode or for their Fano parameters. In MN29, for all
an inverse measure of the electron-phonon interadtiopis ~ Phononsg~10 but for the bending mode, whege-3. The
the renormalized frequency of theh phonon. The depen- dependence oii reported above for the two samples con-
dence ofR,, gy, andy, on energy is assumed to be smoothfirms the conclusion based on the position of the dip in the
and is therefore neglected in the model of Ref. 24. asymmetrical phonon line shapes, namely, that phonons
The fits obtained in this way are excellent in both samplednteract via the Fano effect with the polaron d baral fact,
at all temperatures, as shown by the close match in Fig. for decreasingrl the d band shifts to low energy by a large
between the theorysolid lineg and the datdsolid dot3 in ~ amount in sample MN10, only slightly in sample MN29.
the case of 300 K and 20 K. It has here to be pointed out tha¥loreover, in the former sample the difference betwagn
most of the contributions te(w), in particular those due to and the peak energy of the phonon changes drastically for
the interacting extended phonons which are relevant in théhe highest-energy phonan,, which hardens as predicted
present context, are well distinguished in the spectra wherBy the theoretical modél” Also the dependence ohof the
they appear as nonoverlapping peaks. Therefore, althougfano parameteq, inversely related to the strength of the
the total number of parameters entering the fits is high, th&lectron-phonon interaction, is consistent with the behavior
uncertainty relative to the four parameters needed to reprowith T of the polaron band in the two samples. Indegg,
duce each extended phonon interacting with the electronie= 9%/ w*, whereE, is the binding polaron energy is an
continuum is small. The values of these parameters are giveaverage electron-phonon-interaction parameter,agthds an
in Table | for both samples MN10 and MN29, together with average interacting-phonon frequency. The latter is
those of the polaron band. For afl, modes of sample ~210cni! in NCO from Ref. 10, in a Lorentzian band
MN10, g is roughly constant folf<200 K, while it de- model. Fromwy=2E, (~4E,) for a small(large polaron?®
creases by a factor of 3—4 at room temperature. These valuese obtainsg=(Aw* wg)¥? with A=0.5(~0.25). In a
are similar, but for the sign, to those reported insmall polaron approach, therefore, the softeningwgfin
YBa,Cu;0,_ 5 for the Raman mode at 312 crhinteracting  sample MN10 is related to a parallel decreasegoffrom
with an electronic background. Thereipis equal to—4.3at 300 cmi * to 220 cmi* for T going from 300 K to 20 K and
room temperature and ranges from-6 to —2 for tempera-  an ensuing increase ofin the same temperature range a
tures varying betwee4 K and 300 K In that case, however, large polaron approachg changes from 220 cnt to
Raman-active-axis phonons were claimed to interact with a 160 cmi'%). In sample MN29, instead, the energy of the po-
Drude continuum at zero frequency, hence the negative sigiaron band has a smaller relative change withlwvhile q is
for g. roughly constant. If one extrapolates these results to even
It is now also possible to estimate for each sample thénigher doping(where direct observations of phonon atd
effective carrier concentration below a frequengywhich is  bands are prevented by shielding effgctsie may infer that
given by the insulating-to-metal transition observed in NCCO ror
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=0.13 could be due to a collapse of the binding energy of the
polaron, which could turn from a partially localized quasi-
particle to a fully delocalized carrier.

The strength of the electron-phonon interaction can be
guantitatively estimated also from tfle dependence of the
stretching mode energy in sample MN1ihe only mode
which shows a sizable T dependentéas to be noticed that

W, (cm'l)

518

514

510 -

(a)

1251

this T dependence cannot be ascribed to changes in the lat-
tice parameters since the same stretching mode is rodghly
independent in sample MN29. By using the Green'’s function
formalism/ one obtains for the renormalized phonon fre-

guencies 305 |- —

®, (cm'l)
\
o)

2, 2 2
—wi)l2
Ok(wg— wy) ©) 200 I | |

o=w| 1—- ———> 7|
(wg— 0)"+ (yqwy) 0 100 200 300

whereg, is the coupling constant for the interaction of the T®)

kth phonon of energy, with an electronic oscillator with

resonance frequencyy and damping constanyq. It IS pending, open circles in pafb), modes in the most doped sample
worth noticing here that the coupling constagis do not  MN10 vs temperature and their behavior as calculated frorm(4g.
necessarily coincide with the electron-phonon interaction patsolid and dashed lingsSee the text for details.

rameterg, for at least two reasons. Firgl, is an effective

parameter averaged over the different local mdles  for g,=70cm* and w,=304t1cm ', is given by a
phonons which build up the polaron band. Second, thélashed line. _ _ _
strength of the electron-phonon interaction which leads to N Summary, a clear signature of a Fano interaction be-

the formation of a polaron may differ from that of the tween all the transverse o_ptidiaJJ phonons_and an electronic
electron-polaron interaction which results in the Fano resoSOntinuum has been obtained by measuring the reflectance of

nance. Therefore, in evaluating the renormalized phonon fre/© Ni.oéC& 0£UQ,+y samples with different carrier con-

. o centrations. A fit has been made of the optical conductivity
quenciesw, from Eq. (4) we takeg, as a fitting parameter 5 formula which accounts for the whole effects of the

which, for the sake of simplicity, is assumed to be temperagjectron-phonon interaction, both on the discrete and on the
ture independent. The bare phonon frequengyis the sec-  continuum states. In this way it has been shown that those
ond fitting parameter, while the values®f and yq entering  phonons interact with the polaron band-at000 cm* re-

Eq. (4 are those obtained at each temperature by theorted by several authors for the insulating parent com-

Lorentz-Fano fit of the optical COﬂdUCtiVity and reported in pounds of h|gth Superconductorsl The dependence on tem-

Table I. The dependence on temperature measured for thgsrature of the renormalized phonon frequencies has been
stretching-mode energw, is reported by solid dots in Fig. analyzed and the strength of the electron-phonon interaction

3(a), together with the theoretical estimatewf as obtained has been estimated, further supporting the above interaction
for g,~150 cm ! and w,=514+1cm * (solid line in the ~Model. These results point out the role of polarons in the

figure). The agreement between the model and the experoPtical properties of the insulating parents compounds of
ment is excellent. The value fay, is on the same order of HCTS's. Thg increase of the Fano parameter for decreas[ng
that estimated fog, thus strengthening the whole model of T observed in the more doped sample and the corresponding
interaction between carriers and the polaron band. The sanf@'ge softening of the polaron band indicate that the
model, when applied to the other three modes in Sampu_nsulator—to-metal transition in cuprates could be triggered by
MN10 or to all the four modes in sample MN29, gives val- & collapse to zero frequency of the poIaron band. Measure-
ues of the phonon energies which are nearly constant withif€nts in more doped samples, as well as in other cuprates,
the experimental uncertainty, in agreement with the experi@ré needed to confirm this intriguing scenario.

mental results, provided, =80 cm . As ah ex"’l,mple’ the We are indebted to W. Sadowski for providing the
dependence on temperature of the bending meglés re-  samples here investigated, and to G. Strinati and M. Grilli for
ported by open circles in Fig.(8). This mode has also a helpful discussions and suggestions. This work has been sup-

sizable asymmetry in the line shape, as strong as that of thgorted in part by the HC&M program of the European Union
stretching mode. The theoretical estimatewgf, as obtained under Contract No. 94-0551.

FIG. 3. Frequencies of the stretching, solid dots in gartand
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