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Electronic Raman scattering in ;Ba,CuQ; . 5 (TI-2201) has been investigated in order to test whether the
scattering cross section in high-temperature superconductors depends on the number, qflaDe®, i.e.,
sheets or specific details of the Fermi surface. The polarized Raman spectra have been measured in different
scattering geometries for temperatures above and b&lpwThe spectral features of TI-2201 with one
CuO, plane per unit cell are found to be similar to,Bla,CaCu;0,¢ with three CuQ planes and those of
other high-temperature superconductors with several {ul@nes per unit cell. The peak in tBg, symmetry
component of the scattering intensity is found at 460 ¢(T.=90 K), or 430 cm *(T,=80 K). The Big
peak positions scale witfi,, and correspond to &2/ kgT.=7.6=0.4. The temperature dependence of the
B,4 scattering component of TI-220T{=80 and 90 K reveals a deviation from BCS behavior. The experi-
mental data are in qualitative agreement with the calculations of Devereaux and Einzel based on the
d,2_y2-wave symmetry of the order parameter used in the description of the Raman-scattering cross section.
[S0163-18207)01101-9

I. INTRODUCTION in conventional superconductors it is known that the super-
conducting transition manifests itself in a renormalization of
Since the discovery of high-temperature superconductorthe electronic Raman scattering intensity beldw It was
(HTSC'9, the pairing mechanism and the symmetry of thefound for Nb;Sn and \4Si (Refs. 14 and 1Bthat normalized
order parameter in these compounds are key questions Raman spectra of these compounds show for temperatures
stakel? There are several experimental techniques which arbelow T, a peak associated with the pair-breaking process at
able to address this problem. The experiments on quasipartihe energy 2, together with a strong decrease of the scat-
cle tunneling® the linear temperature dependence of thetering intensity at frequencies lower tham\2In high-
penetration depth,the NMR and NQR measurement$, temperature superconductors, the first measurements of elec-
and angular-resolved photoemission experiments ifronic Raman scattering were reported in Refs. 16—19. Butin
Bi,Sr,CaCyOg (Refs. 7 and Bhave yielded results consis- this case the behavior of the electronic scattering differs from
tent with d-wave pairing. On the other hand, quasiparticlethat in conventional superconductors: A pair-breaking peak
tunneling, the exponential temperature dependence of th@evelops in the spectra beldly, but the scattering intensity
penetration depth, as well as the measurements of the eleat frequencies belowX does not show the usual sharp de-
tronic Raman scattering in Nd,CeCuQ, are consistent crease. Instead, a monotonic decrease toward zero frequency
with s-wave pairing® 1! The measurements of the magnetic-is found. Moreover, for different symmetry components
field dependence of the dc superconducting quantum inteA,4, B;g, andB,g) the renormalization of the scattering
ference device(SQUID) (YBaCuO-Au-Pb arrangement  intensity for T<T. is different and they exhibit peaks at
clearly indicatedd-wave behavior, while the experiments on different frequencie$®=2"2°% These facts have been de-
single Josephson-junction Pb-Y-Ba-Cu¢Ref. 13 showed scribed by Devereauet al?®~?®in terms of dy2_,2-wave
s-type behavior. So while the experimental evidence in favompairing. Their calculations of the scattering cross section
of d-wave symmetry of the order parameter continuouslyhave been performed for a cylindrical single-sheeted Fermi
grows, there is still no final consensus about it. surface in the framework of the kinetic equation approach.
Raman scattering is a potential tool to address the probFhe symmetry of the crystal was taken into account through
lem of the symmetry of the order parameter. It allows us tocalculating the Raman vertex, which was expanded in terms
probe the symmetry of the scattering tensor by simply choosef a complete set of crystal harmonics defined on the Fermi
ing different polarization directions of the incident and scat-surface. It was found that nontrivial coupling between the
tered light. From the investigations of the Raman scatterindfRaman vertex and an assumed strongly anisotropic energy
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FIG. 1. Electronic Raman scattering of ;Bla,CuQO; . s (T.=80 K). Shown are spectra t=10 and 100 K, and the divided spectra
I(T=10 K)/I(T=100 K) for (a) B;4 and (b) B,y scattering components. The phonon-a490 et is due to the leakage of the,
scattering component, while the other phonons are defect-induced infrared-active phonons. Note that the peak in the divided spectrum does
not coincide with the phonon at490 cm . The light polarization is shown in relation to the crystal axes.

gap leads to the strong symmetry dependence of the scattggenent will be nearly totally screened and should peak at the
ing intensity. The calculatioA?’ predict specific symmetry same position as th@,, scattering component2A ).
dependences of the low-frequency scattering as well as theherefore straightforward measurements of the electronic
peak positions for the different symmetry components of theRaman scattering in single-CyQayered high-temperature
electronic Raman scattering at temperatures belowThe  superconductor§Tl-2201, La-214, Bi-2201,(Nd,Ce-214]
A4 peak position is sensitive to the parameters of the modedhould clarify this controversial point.
calculation. It will appear below thB, 4 peak position while TI-2201 has the highedt, (up to 110 K (Ref. 31) among
with some parameters it may also appear at thg Beak  the apove-mentioned single-CyOlayered compounds.
position. Nevertheless there is one set of parameters Wh'c*‘herefore all effects due to the gap opening are expected in
can reproduce the experlmerr%glslodzaataims model.wag% criti- the range 300-600 cnt, and they should not be obscured
cized by Krantz and Cardo L Their calculations” are . due to the Rayleigh scattering at small wave numbers. Nev-
based on the general description of the Raman-scattenngrtheIess Raman measurements in onl .
. . ; , y one pure scattering
cross section through the inverse effective-mass tensor. If i K 2332 tor thi d. which
case of the multisheeted Fermi surfaeeg., several Cu® geomedrgy 819) are know or this compound, whic
planes per unit cell in HTSCJspolarization-dependent Ra- showed" besides aTCZSO K tvyo gdd!'uonal transitions at
man efficiencies are determined by the averages of the co00 @nd 125 K, which may be indicative of the TI-2212 and
responding effective-mass fluctuations. The authors of Refl 2223 phases. . _ .
30 used the effective masses from local-density approxima- 1hese facts lead us to reinvestigate the electronic Raman
tion (LDA) band-structure calculations for YBE&u,O, to  Scattering in the Tl-based high-temperature superconductor
determine the Raman-scattering cross section. They founfl-2201 (with different oxygen contentwith one CuG
that it contradicts the experimental results if one uses onlplane per unit cell. The comparison with the results of elec-
d-wave pairing for a multisheeted Fermi surface oftronic Raman-scattering experiments reported for the high-
YBa,Cu;0,. An agreement was found by assuming differenttemperature superconductors with several Gu@lanes
types of the order parameter on different sheets of the Fernsihould clarify whether the multiband scattering is indeed im-
surface. For a single-sheeted Fermi surféae, one CuQ portant. We should mention that similar experiments on the
plane per unit cell the intraband mass fluctuations are single layered compoundLa-214 were already carried
strongly screened. Therefore in the framework of theout?® Nevertheless, in the framework of a comparison of
effective-mass fluctuation approach, thg, scattering com- compounds with different numbers of Cy@lanes the mea-
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FIG. 2. Electronic Raman scattering of,Ba,CuG;., 5 (T,=80 K) in (&) A;4+ B;4(XX) and(b) A4+ B,g(X'X") scattering geometries.
Shown are spectra @t=10 and 100 K, and divided spectréT=10 K)/I(T=100 K). The phonon at 490 cm ! was cut off in order to
show the variations of electronic Raman scattering. The polarization is shown in relation to the crystal axes.
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FIG. 3. Electronic Raman scattering of,Ba,CuG;. 5 in A;4 Scattering geometry evaluated fraqa) XX and(b) X'X" spectra. Shown
are spectra af =10 and 100 K, and divided spectréT =10 K)/I(T=100 K). The phonon at-490 cm ! was cut off in order to show
the changes of electronic Raman scattering.
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FIG. 4. Electronic Raman scattering in TI-2201 wilh=80 (upper panegl and 90 K (lower panel. Shown are divided spectra
I(T=10 K)/I(T=100 K) for (@) By4, (b) A1, and(c) B,4 scattering components.

surements on TI-2201 are more favorable due to its higlof the crystal, i.e., the Cu@planes. It was possible to mea-
T.. sure the A4,B14, and B,y symmetry components of
the Raman-scattering cross section. In addition to the previ-
ously published phonon peaks ~(@23~169~490,
The investigated Sing|e Crysta|s of Z-BaZCU(%-HS (T|- %590,%6100m_1) ,34'35 we have detected some additional
2201 had the shape of rectangular platelets with the size ophonons & 240~300~330~375cm *) which we believe
approximately X2x0.2 mn?. The two crystals investi- are the defect-induced infrared-active phonons. For all scat-
gated were characterized by a SQUID magnetom@&tewas tering geometries the spectra for temperatures well below
found to be 9@:-3 and 8@-5 K. The crystals are slightly T, were divided by the spectra just aboVe in order to
underdoped. It is knowH that differences ifT,, in the TI-  emphasize the redistribution of the scattering intensity in the
2201 compound originate from different oxygen concentrasuperconducting state compared to the normal state. The re-
tions. These crystals can be over- as well as underdoped. Thelts of the electronic Raman scattering in the crystals of
heavily oxygen doped crystals show a metallic type ofT|-2201 (T.=80,90 K) are shown in Figs. 1-5. In the crystal
conductivity”®> and do not show a superconducting transition.yith T.=80 K theB, 4 scattering component measured in the
The orientation of the tetragonal crystals was controlled byy -’y configuration shows a well-defined peak at 430
x-ray diffraction. +15 cm ! [Fig. 1(@)]. The X’ andY' axes are rotated by
Raman measurements were performed on “as-grown’sse with respect to the crystad andY axes, respectively,
surfaces of the freshly prepared crystals. This is very imporyhich are parallel to the crystallographic axes. Hig scat-
tant, because the crystal surface of Tl-based superconductq@mg component in Fig.(b) is less intense, but shows also
as well as of all high-temperature superconductors is Very proad maximum with an average frequency of 380
sensitive to long exposure to air and especially to humids 35 ol Raman spectra in théX andX’ X' geometries
e eeromer comed w3 swopen sool CCEA® PeSeed i s (8 and 20, showig spects o
deriecto? was used. All Raman data were gbtained at nearl,s\ﬁl%Jrrdliﬁelrgtingéaﬁ%;tlgz?hsgattggggecrpmponents, respectively.

X e 1g ing component we sub-
bgckscattermg geomet_ry. The photqn excnatlon was Progacted theB,, andB,, componentgsee Figs. (8) and 1b)]
vided by the 488-nm line of an AT ion laser with laser oy thexX andX'X’ spectra, respectively. As one can see
power equal to 15 W/crh The estimated additional heating from Figs. 3a) and 3b) the A, scattering component peaks
did not exceed 5 K. for both scattering configurations, at 3480 cn L. For the
crystal withT,=90 K we found peaks of thB,4,A,4, and
B,y scattering components at 4605, 350G-20, and 400

All measurements were performed with the polarization=35 cmi %, respectively(Fig. 4, lower panel
of the incident and scattered light parallel to the basal plane Another very important observation is that the low-

Il. EXPERIMENT

lll. EXPERIMENTAL RESULTS
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FIG. 5. Temperature dependence of the electronic Raman scattering. Shown are spectra for 10, 35, abébgane| and values
of A(T)/Aq (lower panel evaluated for@) B,4 and(b) A4 scattering components. In the lower panel the temperature dependence of the
peak positions is compared to that of the BCS theory.

frequency behavior of the electronic Raman scattering exhibthe spectrum at 100 K. The experiments for the 90-K crystal
its strong anisotropy with respect to the symmetry compoyielded similar behavior.
nents. One can see in Fig@} (upper and lower pangthat With increasing temperature the intensity of the peak in
the intensity decrease of th#,, scattering component to- Fig. 5@ associated with the pair breaking process decreases
ward lower frequencies fits the® law predicted by De- and the maximum shifts slightly to lower frequencies. Obvi-
vereauxet al?’ For theA,, and B,y scattering components ously, the temperature dependence of the superconductor gap
in Figs. 4b) and 4c), respectively, there is a linear decrease,does not follow the BCS behavior. In other words, upon
which also agrees with the predictions by Deveratal?’  cooling belowT, the gap opens more abruptly than predicted
A summary of our results on TI-2201 is presented in Table 1by BCS theory. These results are similar to results reported
In order to follow the temperature behavior of the super-for underdoped Bi-22122 Because the peak position of the
conductor gap, we have measured the temperature depefq scattering component in Fig( has larger error bars
dence of the electronic Raman scattering. Following Decompared to thé8;; component, one cannot definitely say
vereaux et al,?®?” we assume that the peak in te,  whether the data fit the BCS behavior or not.
component of the electronic scattering corresponds to the We also searched for superconductivity-induced changes
value of 2A . In Figs. a) and 3b), respectively, we show in frequency and linewidth of the optical phonons. With the
the By and A,4 scattering component of TI-220IT(=80  resolution of 1 cm'! we have not observed such changes.
K) at different temperatures between 10 K anddivided by ~ Upon heating from 10 up to 200 K the frequencies of all

TABLE |. Peak positions of the different scattering components of electronic Raman scattering. The
reduced gap valuesAZkgT, are referred to th&,4 peak positionn is the number of Cu@ planes per unit

cell.
Compound n T, (K) Big (cm™1) A cm™) By (cm™1) 2A/KgT,
Tl,Ba,CuG; 1 90 460t 15 350+ 20 400+ 35 7.4-0.4

Tl,Ba,CuGy 1 80 430£15 345-35 380G=35 7.8-0.4
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phonons decreased and the linewidths increased monotorpairing?’ These above-mentioned peculiarities appear in our
cally. data. Indeed, the low-frequency behavior of Big scatter-
ing component definitely differs from a linear behavior as
IV. DISCUSSION seen in Fig. 4), whereas for theA,y and B, scattering
omponents it is linear im [see Figs. &) and 4c)]. For
ﬁoth crystals, thd,4 scattering component peaks at a higher
frequency than theB,,, which in turn peaks at a higher
frequency than thé\;; component.

The Raman-scattering intensity can be written in terms o
the differential scattering cross sectioh:

o

_9s 25 (4 (1) Since Raman scattering does not probe the phase of the
QO r0 'yy(q1w) . . . .
dwd ; order parameter it is important to take into consideration
_ other types of the pairing which can also have nodes on the
with Fermi surface, but do not change the sign, se-jd pairing,

or strongly anisotropics pairing. For thes+id pairing®’
> 1 > [A(K)=As+iA4c0s2p] one gets the threshold ai=2A4
SyQ,0)= = —[1+n(0)]Imy,,(q,). @ (minimum pair-breaking energyWhile A;, andB, scatter-
ing components exhibit a jump at this frequency, Big
Herer,=e?/mc? is the Thomson radiusy;(wg) is the fre-  scattering component shows a continuous rise from zero and
quency of inciden{scatteregiphoton,% andkg were setto up to the peak atu=2AmaX=2\/(Asz+ Adz). The A,y and
1. S,, is the generalized structure function, which is con-B,, scattering components also show broad maxima as in the
nected to the imaginary part of the Raman response functiopase of pured,2_2-wave pairing, but these maxima will be
X,y through the fluctuation-dissipation theorem; cutoff toward lower frequencies due to the strong jump at
n(w)=1[exp@/T)—1] is the Bose-Einstein distribution 2A. Thus one should observe a low-frequency cutoff in
function. The Raman response function can be writtéf as bothA,4 andB,4 scattering components, which, however, is
not observed in our data.

) (yehi 2 For anisotropics pairing, showing the minimum of the
Xyy(G,0) = (YEAQ) — (3  gap on the diagonals of the two-dimensional Brillouin zone,
(\Q) [A(K)=Ay+ A;cod2¢] one gets a single threshold o @
for all scattering components as well as a peak at
with the Raman vertew;; written as 0=2An,=2(Ag+4,) for the B,y scattering component.

Therefore we will expect a picture which is very similar to
the case o6+id pairing, with one exception. Thg, 4 scat-
Yilwi, 0= 2, y(w;,0)® (K), (4)  tering component should show an additional shoulder at the
L same position where th&,; and B, scattering components
show peak$! This is also not the case for our data. In prin-
where @, (k) are either Brillouin-zone or Fermi-surface ciple, one can assumg, to be very small or even zero. In
harmonicé’ which transform according to point-group trans- this case one gets peaks & 2,0.6A ., and 0.2, for
formations of the crystal ani;; is the Tsuneto function: theBy4,B,4, andAy, scattering component$ respectively.
In addition, the low-frequency behavior of tBg scattering
component will be linear. This also contradicts our results.

N ot | A 5 Recently the model calculations of Devereabal. were
K o —A[A? ® criticized by Krantz and Cardorfd® The main argument

against this theoretical model is that the realistic electronic
band structure of the crystal is important, but that the one-
- . sheeted Fermi-surface approximation used by Devereaux
mentumk over the Fermi surface. et al. %’ is inappropriate. The authors of Ref. 30 used a nu-
As is obvious, Raman scattering probes ofity®. There- 1 qical model based on the LDA band-structure calculations
fore it is not possible to determine whether the gap function,. vBacyo in order to take into account the multisheeted
changes sign for different directions &#= (ky,ky) or not.  Fermi surface of the superconductors with several guO
But nevertheless the symmetry of the order parameter can Blanes. It was pointed out that for tha = A ,COS2p
inferred from the Specific Spectral features of each Symmetryd-wave pairing and a multisheeted Fermi surface the cal-
component of the electronic Raman scattering. culations lead to a contradiction with the experiment, i.e., the
For the gap ofi-wave symmetry 8 ;= Anq,C082p, where A, - andB,, scattering components peak at the same position
¢ is an angle betweek and thea axi9), calculation&®?”  2A,. In order to get consistency with the experiment, differ-
predict different low-frequency behavior for the different ent types of the order parameter on different sheets of the
symmetry components. Fdd,, and A4 scattering compo- Fermi surface were proposed. Only in this case the calcula-
nents it should show a linear dependenceirbut forB,4 it tions in Ref. 30 were able to get different positions of the
should be~ w®. The appearance of a power law in the low- maxima of theB,4,A14, andB,y scattering components. For
frequency scattering characterizes an energy gap which va@a single-sheeted Fermi surface the authors of Ref. 30 found
ishes on the Fermi surface. The appearance obthlaw in  almost identical positions of the maxima for thg, and
the B,4 scattering component is specific fok2_,2-wave  B;4 components, but a different position for tBg; compo-

The bracketg- - -) in Eq. (3) denote an average of the mo-
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TABLE II. Interplanar Cu-Cu distance and dimplifi§u-O-Cu angle in Cu@ plane for different high-
temperature superconductors with two=<(2) CuQ, planes per unit cell.

Compound n T. (K) Interplane distancél) Dimpling (deg
YBa,Cw0;_ 5 (Ref. 40 2 92 3.37 164
TIBa,CaCyO (Ref. 41 2 103 3.20 177
Tl,Ba,CaCy0g (Ref. 42 2 110 3.17 178
Bi,SrL,CaCuQ@ (Ref. 43 2 84 3.44 179
La; gSr 4LaCyOs o4 (Ref. 49 2 55 3.40 175

nent. Hence it was suggested that any difference in pea&ause this approach can be used only for nonresonant Raman
position of theA,y and B;; component is only consistent scattering® In high-temperature superconductors we, how-
with multiband scattering of a multisheeted Fermi surfaceever, are always in the regime of the resonant scattering.
and different gap symmetries for each of the sheets. For suMoreover, the electron correlation effects in HTSC’s are not
perconductors with one CuQOplane, a multisheeted Fermi treated correctly by LDA. _
surface is invoked originating from Tl-liks state&® (TI- In contrast to the conclusion of Ref. 30 our experiments
2207 or from Sr doping’ (La,_,Sr,CuQ,) in order to yield show that the one-Cu@plane compound TI-2201 shows

a difference in peak position for tha,, and By, compo- V€Y similar behavior compared to compounds with several
g g

nents. However, no experimental proof for such a Fermi-Cuo2 planes, ~such as TI-2223, Bi-2212, and

18-27,29,3
surface contribution exists so far. Moreover, the calculation YBaCuo:. “We also found that the frequency of the

) L - ! _Big maximum scales withT;, and it corresponds to the
in Ref. 30 failed in explaining the symmetry-dependent low value 2\, /ksT.=7.6+0.4. This value is very close to the

e oo eapane s e o lues v e excepon of N Cacuy (el 10
; o P N 226 Ybund for other high-temperature superconductors as shown

only in our experiments, but also in Bi-Sr-Ca-Cu#tF? in Table Il
\_(-Ba-_Cl_J-O,l&lf’and La-Sr-Cu-QRef. 23 systems. In addi- The temperature dependence of the §Bp, component
tion, it is obvious that al! superconduct(_)rs with different Fig. 5a)] in our experiment differs from the BCS behav-
crystal structures have a different electronic structure. Hencgg j'a upon cooling the gap opens more abruptly than pre-
if the multiband scattering model would be crucial we would gjcted by BCS theory. This is consistent with the spin-
expect absolutely different behavior for the different super<{luctuation theory of high_temperature Superconducti?ﬁty,
conductors which is actually in contradiction with existing favoring dy2_,2-wave pairing. The model considers pair
experimental results. Even if one compares the supercorsinding as well as pair-breaking effects due to the spin fluc-
ductors with the same number of Cu(lanes, one finds tuations. Gap opening leads to a suppression of low-
that, while the interplanar distané¢distance between Cu at- frequency spin fluctuations and therefore to reduced pair
oms in different CuQ plane$ is quite similar, the dimpling breaking. Therefore in underdoped crystatur TI-2201
(in-plane Cu-O-Cu ang)differs very much from compound crystals are underdopgthis effect will lead to a more abrupt
to compoundsee Table Ii. YBa,Cu;O; exhibits the largest opening of the gap upon cooling beloky compared to BCS
dimpling compared to other compounds. Dimpling stronglybehavior.
affects the LDA calculations because the interplanar interac- In conclusion, we presented measurements of the elec-
tion depends on this parameter. tronic Raman scattering on high:- TI-2201 single crystals

And finally on top of that, use of the effective-mass ap-with one CuQ, plane per unit cell. The peculiarities of the
proach in addressing absolute scattering intensitissjues-  electronic Raman scattering, i.e., the power-law frequency
tionable in the case of high-temperature superconductors, beependence of the different scattering components at low

TABLE lll. Peak positions of the different symmetry components and reduced gap valdkgT2 for
different investigated high-temperature superconductors with different numb&rCuO, planes per unit

cell.

Compound n T, (K) Big (cm™1) Ay cm™) 2A/Kg T,

YBa,Cu;0,_ 5 (Ref. 24 2 89.7 420 310 7.6
93.7 550 310 8.4

Bi,Sr,CaCuQ (Ref. 22 2 81 460 280 8.2
86 520 330 8.7

La,_,Sr,Cu0, (Ref. 29 1 37 200 125 7.8

TI,Ba,Ca,Cu;0y, (Ref. 20 3 118 610 430 7.5

Nd,_,Ce,Cu0, (Ref. 11 1 19.3 70 70 5.2
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