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In Raman spectra of cuprate superconductors the gap shows up both directly, via a redistribution of the
electronic background, the so-called A2peaks,” and indirectly, e.g., via the renormalization of phononic
excitations. We use a model that allows us to study the redistribution and the related phonon self-energy effects
simultaneously. We apply this model to tigg, phonon of v, _,(Pr,Ca)Ba,Cu;0; films, where Pr or Ca
substitution enables us to investigate under- and overdoped samples. While various self-energy effects can be
explained by the strength and energy of the 2eaks, anomalies remain. We discuss possible origins of these
anomalies[S0163-18209)07029-F

[. INTRODUCTION by Devereawet al*? and a phenomenological one by Chen
et al*®* Being mainly interested in the electronic contribution,
Some phonons in high-temperature superconductors shothe latter authors have taken only a frequency-dependent
remarkable self-energy effects when the superconducting gamaginary part of the electronic response function into ac-
A opens. The strongest effects so far have been observed fopunt, treating the real part as constant. As we are interested
modes originating from the copper oxygen plah@swhich  in the phonon self-energies as well, this approximation is not
the pairing mechanism is believed to be located. One exjustified here. The microscopic description considers the full
ample is theB;4 phonon at 340 cmt in R-123 compounds  frequency-dependent electronic response and provides a ba-
(R is rare earth or Y where renormalizations have been sis for the interpretation of the fit parameters. We will briefly
observed in neutrdnas well as in Raman experimeritén  recall that model and show how non-resonant phonon Raman
the latter theB;4 phonon has a Fano-type line shape as &scattering, which is to some extent observed in case of the
consequence of the fact, that some of the excitations whicBig phonont* can be described via a correction of the
renormalize it are also Raman acti@his holds abovel,  electron-photon vertex. We then connect the obtained result
where quasiparticle scattering leads to a structureless incde the phenomenological Fano formula of Chenal.'® by
herent backgrour?das well as belowT, when the back- including a resonant excitation channel for the phonon.
ground redistributes and pair-breaking excitations become The important improvement of our approach is a phenom-
observable. Considerable theoretical works have been carrighological description of the frequency-dependent real and
out to describe the redistribution which leads to the developimaginary parts of the electronic response function which
ment of so-called “2A peaks.’®~8 The main features which fulfill the Kramers-Kronig relations. Even though good de-
are observed in the spectra seem to favod-@ave gap, Scriptions of the spectra are obtained, it turns out that the
however, not all details are understood at preSdmir ex-  phonon self-energy effects can only partly be assigned to the
ample, the fact that the redistributionmg symmetry weak- redistributing background in this model. Linewidth anoma-
ens with decreasing dopiffyindicates that vertex correc- lies, namely a sharpening in the underdoped, an intermediate
tions due to strong correlations may play a considerable roldroadening in the slightly overdoped, as well as strong soft-
as e.g., angle-resolved photoemission spectroscopy show#ings or hardenings in under- or overdoped samples remain.
well-defined quasiparticle peaks down to low doping levelsWe conclude that these additional phonon self-energy effects
below T, . indicate the presence of additional interactions and discuss
In this work we investigate the renormalization of g, ~ POssible explanations for their appearance.
phonon and the redistributed background in
Y1_x(Pr,Ca)Ba,Cu;0; films which exhibitB,4 2A peaks at Il THEORETICAL DESCRIPTION
low temperatures above, near, and below the phonon fre-
quency. Our aims are first to identify the shape of the elec- As shown by Devereaust al.*? one can describe phonon
tronic background in the presence of strongly interactingRaman scattering via a correction of the electron-photon ver-
phonons in order to provide substantial data for theoreticalex y(k) plus additional terms arising from a photon-phonon
descriptions, and second to correlate the redistribution andertexg,,. The latter can be regarded as an abbreviation of
the self-energy effects, thereby allowing the investigation ofthe resonant excitation channel of the phonon involving in-
the strength of the electron-phonon coupling. So far, simulterband excitations> In order to simplify the expression
taneous descriptions of th#,, phonon and the interacting given for the mixed phononic and electronic response in Ref.
background have been obtained in a microscopic approach2, we neglect coupling to interband excitations in a first
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. Yk - a(k) which almost vanish abové&, along with the background
K\Dﬁ — ‘ SRy ONC( feature, or the Fano-type Ba modexix or yy polarization in
7 5. DO(w) YBa,Cu;0s. (Ref. 16 which is absent in the antiferromag-

netic compound ag=0. In the case of the here investigated
FIG. 1. Feynman diagram for phononic Raman scattering,Blg phonon, however, it is known that substantial intensity is
where y(k) andg(k) are the electron-photon and electron-phononobserved even at low oxygen contetft$n order to connect
vertices, and solid and wavy lines are the electron and phonokg. (2) to the phenomenological Fano formula of Ref. 13 the
propagator. The outer dashed lines correspond to the photons. replacemeniR, (w)—R, (w) + Ry in the numerator of the
second term is sufficient. Hereafter, we will refer to the
approximation. Figure 1 shows the Feynman diagram of thenodified equation as Eq2,R,). The additional fit parameter
considered Raman process. When summing up the bubbfe,=Cg’R,, describes the intensity of the phonon originat-
diagrams one obtains the following expression for the fulling from the resonant excitation chanfdéith this param-
response functiony,(w) in symmetry channedr of the lat-  eter one keeps a Lorentzian phonorugtfor vanishing ef-

tice: fective electron-phonon coupling, if g, - Ry remains finite.
This replaces thg?- Cg4nscondition of simple Fano profiles
_ 2. e 2.2 e 2 Fano
Xo(©) = Yox o(0) = V595X (@)D o(0), D where leand @) =Crang (G+ €)2/(1+ €2  with e=(w

where y, represents the symmetry elements of the Ramar @,)/y and g the asymmetry parametérPhysically that
vertex projected out by the incoming and outgoing polarizaimeans that one obtains a Lorentzian profile with ERo)
tion vectors andy,, is the lowest-order expansion coefficient When the phonon solely couples to electronic excitations
of the electron-phonon vertex which is independent of moWhich are strongly peaked away from the phonon energy. In
mentum but may vary with temperatufey(w)=R(w) reference to the simple Fano approach, in which the total

. . . . 2 18 .
+i0%(w) is the electronic response, whose real and imagiPonon intensity is given by=yCrang”,™ we find for the

nary parts are connected by Kramers-Kronig relationsi©t@ and the bare phonon intensity,=(m/C)[R, (wp)

2 _ 2
D (@) =D%w)/[1+g2x%(w)D%(w)] is the renormalized, +Rol” @ndlpnhor=(7/C)Ro. _ _
Our aim is to obtain the self-energy effects in a consistent

and D°(w)=2w,/(w’— w5+ 2iw,l') is the bare phonon A . oaical descrinion of the ol
propagator. The latter contains the bare phonon frequenc ay Dy using a phenomenological description of the elec-
onic background. For this, we express the measured elec-

wp, and the bare phonon linewidth (half width at half maxi- troni ith three t )
mum). To simplify Eq. (1) further, we make the assumption ronic response,, () wi ree terms.
that the phonon is only renormalized by the Raman-active

. 2 e . : C
electronic rgqunseyaxg(w), neglecting all othe.r self 0. (0)=ItanH w/wr) + 2A (0 — )
energy contributions, e.g., those due to anharmonic phonon- 1+ fiA(w)
phonon interactions. They are, therefore, included jrand
I. Csup
The fluctuation-dissipation theorem relates the Raman in- 1y e o) —(o—=—w). S
tensity I(w) to [1+n(w,T)]IMmy,(0) with n(w,T) su

= 1[exp(:w/ksT)—1] the Bose factor. IA is the proportion-  The first one describes the incoherent backgroutin sec-
ality constant between the Raman efficiendy(w)  ond contribution models the® peak, and the third one the
=l(0)/[1+n(w,T)] and Imy,(w) then the constanC  syppression of spectral weight seen at low Raman shifts.
=Ay2/g7 allows us to express the Raman efficiency in they _ C,, , andCg,,are fit parameters for the respective inten-
following way: sities. Two-magnon excitations are not explicitly included in
this description. The crossover frequeney of the back-
ground, which is cut off at».,=8000 cm !, is used as a fit
parameter, however, allowing only values close to the spot
temperature. For the Lorentzians the abbreviatief(sv)

2] @ =(w—w;)/T’; with j=2A,sup are used. The second terms in

Ry (o) 2

X
y(0)[1+€eX(w)] H c

R*(w) Q*(w) _ Q*(w)
C C C

lo(w) =04 (w)+

—2¢(w) the brackets are necessary to fulfill the symmetry require-

ments for the Raman response. The Lorentzian modeling the
with the substitutions ¢, (w)=Cg05(w), R,(w)  suppression is arbitrarily bound to the other one ys2
=COiR%(w), €(w)=[w’—0i(w)]2oyy(»), y(w)=T =2l gy= waa—1I'2 in order to reduce the number of free
+04(0)/C, andw’(w) = w5~ 2w R, (w)/C. parameters. Equatiof3) is an appropriate way to model the
It turns out that Eq(2) is similar to the phenomenological imaginary part of the electronic response, however, the real
Fano formula that Cheant al® obtained using an extended part of the response function contains a constant error as a
Green's-function model, except that the phononic signal vanresult of the arbitrarily chosen cutoff frequenyThis error
ishes here when the electron-phonon coupling constant iill modify the self-energyR, (wp)/C and, as a conse-
zero. This is related to the fact that we have neglected thguence, the resonant intensity contributiBg. Both will
resonant excitation channel of the phonon so far. Therefordhence depend on the chosen valuewgf;. Analysis of the
one would expect a decreasing phonon intensity if the backBa mode inA,4 polarization confirms us that this error is
ground decreases, or if the system becomes insulating. Esmall as this mode can almost completely be described by
amples for both cases are, e.g., the strong Fano-type profiléise interaction with the background independenibgf;.?° In
of the A4 plane-oxygen phonons in HgB@a,Cu, Oy, 5,0 detail, it turns out thatR, (w,)/C{R,/C} increases{de-
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creases by 1../C- (2/m)In(of%Y 029 when the cutoff fre-
guency is varied. With a typical value @f,/C=1 in the
present study, corrections 6f0.2 cm ! appear, whermw,

is increased from 8000 to 11000 ch Whereas the abso-

lute values of the bare phonon frequency and the bare pho- _
non intensity have to be considered with some care for the 2
reason given above, the relative changes at different tem-
peratures are not affected.

Even though all three terms in E) are needed to de-
scribe the background beloW., the last two terms diminish
continuously close to the transition into the normal state.
Above the transition, the background is almost entirely de-
scribed by the incoherent contribution except for a small
broad hump at the position where thA peak was observed
close toT..

efficiency (arb. un

IIl. EXPERIMENTAL DETAILS

0 200 400 4 600 800
We study Y,_,(Pr,Ca)Ba,Cu;0; films with different Raman shift (cm ')

doping levels achieved by substituting Y partially with Pr

(underdopingor Ca(overdoping. The investigated films are

ax=0.1 Pr-doped film (¥4Pto.), a purex=0 film (¥-123), show the electronic backgrounds after subtraction of the phonons.

and ax=0.05 Ca-doped film (¥o5Ca, 09 abbreviated in the The efficiencies are given in the same units.
following as given in brackets. They have resistively mea-

suredT,'s, as defined by zero resistance, of 86.3, 88.0, and

82.7 K, respectively. The films are grown by pulsed-laserscription is also used for the(@® mode in Y oPry ; and for
deposition on SrTi@ substrates in a process optimized tothe Ba mode in ¥ osCa 5. In all films we observe a fea-
obtain high oxygen contenfs.Whereas the growth of the tureless background at 152 K which becomes almost con-
Y,_,.PrBa,Cu;0; films has also been optimized to obtain stant above 400 cit. At 18 K the B142A peaks are visible
homogeneous and smooth films with low precipitate densias well as suppressions of spectral weight at small Raman
ties, the Ca-doped film exhibits a somewhat poorer surfacehifts. Whereas th@&,,2A peak can clearly be seen in the
quality, and a local variation of the Ca content from theraw data of ¥ o=C& o5they are somehow hidden in the spec-
nominal value cannot be excluded. However, also for thigra of the films with lower doping levels. In ggPrp 1 this

film the temperature where the superconductivity-inducedesults from the strongly reduced intensity of the redistribu-
features vanish is in good agreement with the meastiged tion (note the scale in the insets of Fig.\Bhereas in Y-123

All films are c-axis oriented and their high degree of in-planeit is a consequence of the destructive interference of phonon
orientation allows us to study the plane-polarized excitatiorand background right at the position of tBg;2A peak. In
geometrie$! Raman spectra have been taken using the 458greement with recent studi@s®we find that the redistribu-
nm Ar" line in a setup described elsewhéfélhey are cor- tion becomes weaker at low doping levels and that the
rected for the response of spectrometer and detector. WB,4,2A peak shifts with increasing doping to lower energies
have used a power density of 110 Wecfnand an effective  from 570 cmi* in Y, 4Prp, and 390 cm? in Y-123 down
spot radius of 40um leading to a typical heatingf @ K in to 300 cm ! in Y ¢Cay 5. Compared to fully oxygenated
the laser spot® All given temperatures are spot tempera-single crystals the energy of thie,,2A peak in the film
tures. In order to measure spectra WRh, symmetry, the Y-123 is approximately 10% lowér This indicates a higher
incident light was polarized along’ =(1,1,0) and the scat- doping level in the film compared to the single crystals. The
tered light alongy’ =(1,—1,0) in a coordinate system given increased doping level could result from additional oxygen
by the crystal axes of the substrate. which may enter the film at grain or twin boundaries. These
boundaries appear with much higher densities in the films
than in the single crystals as a result of the lattice mismatch
to the substrate.

In Fig. 2 we show Raman spectra of the films below and To give an example we show in Fig(eB the efficiency
aboveT.. For a better comparison of the spectra we havd o(w) of the film Yj o=Ca o5 measured at 18 K. Also shown
normalized the intensity of the film Y-123 to unity above is a fit to the spectrum where tH#&;; phonon and the Ba
650 cm ! and used the same scaling factor for the othemode are described according to E2,R,), and Lorentzians
films as well. This factor is also used in the following fig- are taken for the @) mode and the weak feature around
ures. The spectra are efficiency corrected for the therma00 cm !. Subtracting all phonons from the spectrum we
factor [1+n(w,T)]. The electronic continua, which are obtain the electronic backgrourg, (w) which is shown in
shown in the insets, are obtained after subtraction of th&ig. 3(b) together with the description according to E8)
phonons. Whereas this can easily be done in case of the weaked in the fit. The real part of the electronic background
Ba and symmetric @) modes, the description given in Eq. R, (w) is shown in Fig. &). In order to obtainR, (w) we
(2Ro) is used to subtract thB;4 mode properly. This de- have performed a numerical Hilbert transformation of

FIG. 2. Raman efficiencies iB;4 symmetry of the three inves-
tigated films aff=18 K (solid lines and 152 K(dotg. The insets

IV. RESULTS
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FIG. 3. (a) Raman efficiency(w) in By symmetry of the film E, & 100f, ©ooo, o o i © 2 o amgpoo o 0
Yo0.9Ca gsat T=18 K (open circleg and fit result(solid line). (b) €5 _'°."." . o énlp'hon. e SUPU L LR
Imaginary partg, (w) and (c) numerically determined real part ) PRSP A £ . PR ST ot PRI
R, (w) of the electronic backgrountbpen circley obtained after 0 100 200 0 100 200 0 100 200 300
subtraction of the phonons, and numerical descriptions used in the temperature (K)

fit (solid lineg. The efficiencies and real part are given in the same

units. Arrows indicate the energy of the\2peak given by the fit FIG. 4. Temperature dependence of the fit parameters for the

parameteww,, . The inset shows the energies, versus tempera- B4 phonon. Closed circles represent the bare phonon parameters

ture for the three investigated films as indicated. The horizontaf®p L' @ndlpnon, crosses the self-energy contributioRg(wp)/C
dashed line represents a typical energy of Byg phonon of andg, (wp)/C, and open circles the calculated renormalized values
345 ol o,(wp), y(wp), andl . Solid lines are fits according to an anhar-

monic decay. The vertical dotted lines indicate the respective tran-

) _sition temperatures of the films. Marker sizes represent the vertical
0, (w). For the transformation the measured spectrum iSccuracies.

taken as constant for high frequencies upatg,, and is
interpolated to zero intensity at=0; for negative frequen-
cies the antisymmetry of, (w) has been used. Whereas a
good description of the spectrum can also be obtained with
simpler model where the real part of the response function i
considered constant,our approach simultaneously yields a ) ; )
good description oR, (w) which is important when phonon We find strong b[?ademng; of5 cm * whereas a sharp-
self-energy effects are investigated. The temperature depeRPiNg Of ~2 cm = occurs in Yo oPr;. Our fit procedure
dences of thd,,2A peaksw,, of the films are shown in the now allows us to identify the self-energy effects which origi-

inset of Fig. 3 where a typical phonon frequency is indicated2t€ from the background. For all films a convincing corre-
as a dashed horizontal line. Whereas the peak is always bition exists between the changes of the linewidth appearing
low the phonon frequency in the Ca-doped film it is alwaysP€!oW Tc and the varying self-energy ~contributions
above the phonon in the Pr-doped film. In the film Y-123 the€+ (@p)/C. It turns out that the sharpening i ¥°ro ; is &
peak passes the phonon around 60 K. In all films only wealonsequence of a reduced effective COUpngg“l/c at
temperature dependences are observed in agreement wlthw temperatures, as the background intensity at the phonon
other Raman studigé. With increasing temperature the in- positiong, (wp) varies hardly with temperatulgee Fig. 2
tensities of the background peaks decrease, becoming unré€he broadenings of the other films on the other hand are
solvable above;. almost entirely described by increasing intensit@gs(w)

The temperature dependences of the fit parameters of trecompanied by increasing effective couplings. However,
B1g phonons are shown in Fig. 4. Beside the bare phonoiooking at the bare phonon linewidtHS some anomalies
parameters and the self-energy contributionsatw, also  remain, i.e., a slight sharpening &f1.5 cm ! and a slight
the renormalized frequencies,(w,) and linewidthsy(w) broadening of~1 cm ! in Yo oPr; and Y o:Capos, re-
are depicted which facilitates a comparison with previousspectively, as well as an intermediate broadening of
data obtained with simpler Fano models. Solid lines are fits=1.5 cm ! in Y-123 appearing around 60 K. Regarding the
to the anharmonic decay for both mod&lsand anomalies frequency effects even stronger anomalies are observed.
below T are discussed with respect to these fits. Looking aiWhereas we find a good explanation of the softening in
the renormalized phonon parameters, we observe a behavi®¥r123 as a result of the varying contributi®), (w,)/C, the
which is in agreement with the relative positionsByf;2A bare phonon frequencies, in the other films differ signifi-

peak and phonon energy: We find a softening ™, ; and
X-123 wherew,, (T—0)>w, and a hardening in ¥o:Cay o5
where wy,(T—0)<w, (see Fig. 3 In those two films
where theB;42A peaks evolve in the vicinity of the phonon
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cantly from an anharmonic behavior, showing pronouncecaently that the superconductivity-induced changes at high-
softening or hardening in y¥Prp1 or Yo9:Ca o5, respec- energy transfers vanish at very high doping levels.
tively. The appearance of such an anomaly in the Pr-dopetherefore, the influence of the magnetic scattering should
film is related to the fact that only a small redistribution is decrease with increasing doping. The similar strength of the
observed, the anomaly in the Ca—doped film, however, iSanoma|ies in the Overdoped f||mo\6£3005 can thus not be
unexpected. related to the existence of magnetic excitations which pre-
Finally, we turn to the lowest row of Fig. 4 in which symaply are strongly overdamped at this doping level.

beside the total intensitiés, also the bare phonon intensi- Therefore, our observation might have a different origin at
ties | jnon are given. Even though increasing intensities areyigher doping levels.

observed belowl'; in both films which exhibiB,;2A peaks

) > (i) In the second scenario anomalies in the underdoped as
above the phonon energy, they have different origins

Wh the i . b ianed o the | well as in the overdoped regime can be explained by assum-
ereas the increase ino¥h, can be assigned to the in- ing the presence of an additional not Raman-active excita-

creasing valqes OR, which compensate ”‘? decregsmg ef'tion. The energy of this excitation must be strongly related to
fective coupling, they are a result of an increasing back-

ground contributionR, (@) accompanied by an increasing the gap value in order to explain the intermediate broadening
* P H _ H H

effective coupling in the film Y-123. No intensity anomaly is in ¥-123 which appears in the temperature range where the

observed in the film ¥Cay o5 Where independent of the measured;;2A peak passes the phonon frequency. In fact,

temperature th@&,,2A peak is below the phonon energy. A the doping depgndence of such a brogdening in several
superconductivity-induced increase of the interband contrinaZCU’dPY*& single crystals with different oxygen
bution to the Raman intensity of th&;; phonon has been contents agrees well with the doping dependence of the
obtained in a theoretical treatment of the scattering proces81g2A peak obtained on the same crystaiThe intermedi-
by Shermaret al?® The latter authors showed that the in- ate broadening cannot be attributed to the Raman-active gap
crease will depend on the doping level, becoming stronger igxcitations a®,, (»,)/C shows a monotonic behavior at the
underdoped samples. This appears to be in agreement wigonsidered temperatures within the error bars. The small
our data. Our results, however, also indicate that there is temperature interval of the broadening indicates that the
particular correlation between the intensity anomaly due tdmaginary part of the response function associated with this
the interband contributiolR, and the relative energies of excitation has a small extension in frequency space of
phonon andB;42A peak which has not been observedroughly +20 cm ! as w,, varies only slightly below
before. A further discussion of this correlation is given inT.. 2A peaks of this sharpness have indeed not been ob-
Ref. 26. served in Raman spectra of cuprates so far. Even though the
imaginary part of the response function has a rather small
V. DISCUSSION AND CONCLUSIONS width, the real part will extend to a somewhat broader
frequency range and could therefore be responsible for the
The remaining anomalies of the bare phonon parametera}nomamus Softenings and hardenings |%9M01 and
shqw tha’g additional interaction effects. are prgsentyo_gsc%_os_ In this picture the almost anharmonic behavior
which modify Egs.(1) and(2,Ro). In the following we will 4 the pare phonon frequency in Y-123 is not surprising

discuss two possible origins of the observed anomaligs: as the real part changes sign when the gap passes the
The assumption that the phonon interacts with the entir%honon.

measured background is wron@; An additional excitation
exists which renormalizes the phonon but is not Raman ag,
tive.

(i) If the electronic continuum consists of several contri-

butions interacting only partly with the phonon, the applied : : .
fitting procedure would not allow us to obtain the properlose their strength at lower doping levels. This cannot be

bare phonon parameters. In fact, in the antiferromagnetignderstood on the basis of the standard thEowhere a ,
phase YBaCu,Oy, in which intraband excitations have van- metal-like-band p!cture is used to describe the response in
ished, one still observes a background on which Eg the superconductlng state. It has, therefore, beep suggested
phonon is superimposéi The symmetric appearance of the that vertex corrections due to the strong correlations should
phonon indicates the absence of coupling to that backgroun@,e considered in order to understand the additional screening
which can more or less unambiguously be related to twoWhich suppresses the gap features in the Raman proééss.
magnon scatteringf:?® At higher doping levels the two- This work provides some evidence that screening oBhg
magnon intensity decreas&s:’ However, in previous works Raman response may not only be present around or below
we have shown that in low up to slightly overdoped superthe optimum doping level where the cuprates may be
conducting Y, _Pr,.Ba,Cu;0; (Ref. 3) and regarded as doped antiferromagnets, but also above this
Bi,SL,CaCyOg. 5 (Ref. 32 compounds the magnetic scat- level when the cuprates start to evolve into a metallic
tering inB;4 symmetry becomes amplified beldly having  state.

significant spectral weight at low frequencies. The observa- In conclusion, we present a model that allows us to study
tion that the effective coupling decreases beldwy in background redistributions and related phonon self-energy
Yo dPly.1 IS thus in agreement with a strengthening of mag-effects in Y, _,(Pr,Ca)BaCu;O; films simultaneously. In
netic excitations in that temperature range. However, studythis model we use a phenomenological description of the
ing Bi,SrL,CaCyOg. 5 single crysta®® we have seen re- electronic background and find that this approach enables us

The origin of the additional excitation which renormalizes

e phonon but does not show up in the Raman spectra could
possibly be found in a not Raman-active gap excitation. As
seen befor€ and shown in this work the gap features rapidly
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