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Optical studies of charge dynamics in optimally doped BiSr,CaCu,Og. 5
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Systematic temperature-dependent optical studies of optimally dop8d,8aCyOg, s (OP Bi2213 single
crystals have been carried out. An electron-boson spectral function peaked at 43 meV is derived in the normal
state at 100 K, indicating that the most significant spectral feature in OP Bi2212 is a resonance at 43 meV. The
optical data belovl ; show that this boson is directly involved in the pair formation in OP Bi2212. Origins of
the 43 meV mode are discussed.
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For Bardeen-Cooper-SchrieffdBCS superconductors, ductivity o1(w) is presented in Fig. (b). The optical con-
the spectral functiom®F () contains all the relevant infor- ductivity is quite isotropic in theab plane for OP Bi2212;
mation concerning superconductivity. Experimentally, however, large phonon anisotropy is observed as shown in
a?F(w) is commonly obtained from tunneliniyV curves the inset of Fig. 1 at 295 K. Particularly, the 473 chpho-
using the well-developed Eliashberg thediy principle the ~ non is absent folE|b axis while a new mode appears at
0ptica| Conductivity can also be used to deterrrm(w) 350 Cm_l or 44 meV. In addition, ter-axis infrared-active
for BCS superconductors® Recently, it has been recog- Phonons are observed instead of th&,§ ph_ono?s that are
nized that the same kind of analysis of the optical data caRredicted by theD,;, space group for OP Bi2212.A more
give rise to a spectral functiow(w) for d-wave highT, detailed th.eoretlcall aljaly5|s is needed to account for these
superconductorsThis has led to the conclusion that electron "eW experimental findings.
coupling to the spin fluctuatioAsnay be the analog to the
common electron-phonon interaction in BCS superconduct- 1.00 [ T
ors. The issue of electron-boson coupling in higheuprates ”r\\
has attracted much attention recently particularly due to the
suggestion of strong electron-phonon interactions in these
system$ We will take a more empirical approach to discuss
the experimental evidence of electron-boson coupling using
optical data for different higi-, superconductors.

In this paper, we report a detailed analysis of the electron- ;
boson interaction in optimally doped Sr,CaCyOg. 5 (OP 0.80f
Bi2212) using new optical data. A bosonic spectral function .
peaked at 43 meV is identified in the normal state at 100 K. 0.75 —+—+
The optical data below . suggest that this 43 meV boson is 6000'_
directly involved in pair formation in OP Bi2212. The pos- [
sibility of a resonant interaction of the spin resonance at 43
meV with a 44 meV phonon beloW, is discussed.

The ab-plane optical reflectance of OP Bi2212 has been
measured previously. However our systematic optical stud-
ies, with E||a, b, andc axes, have revealed many new fea-
tures. Large OP Bi2212 single crystals are grown using the 2000 -
floating-zone method for this work and the crystals are L s 1
mounted on an optically black cone. The polarized reflec- NN Y T g
tance from 6 K to 295 K is measured in a near-normal inci- 0
dence arrangement frons30 to over 20000 cm' on a
Bruker IFS 66Vv/S. The absolute reflectance is determined by

evap_ogratmg a gold filmin situ 'n. vacuum . t1 FIG. 1. The temperature-dependati-plane optical data of an
x10 _Torr) over the samplél. Th_e optlcal_ properties are OP Bi2212 single crystal with thE||a from 100 to 2000 cm?. (a)
determined from a Kramers-Kronig analysis. _ The temperature-dependent reflectance émdthe temperature-

In Fig. 1, raw optical O!ata are shown for.an OP Bi2212 yependenio,(w). [The dots at zero frequency correspond to dc
single crystal. WithE||a axis, two in-plane optic phonons at resistivity measurements at 200 K and 295 K, respectively. The two
473 and 613 cm! have been observed in reflectivity mea- vertical lines at 339 cmt (42 meV) and at 893 cm?* (111 meV)
surements. The temperature-dependent reflectance is givengerve as guides to the eyednset: o;(w) at 295 K for different
Fig. 1(a) from about 100 to 2000 cit, and the optical con- polarizations E|a curve is offset for clarity.
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FIG. 2. The analysis of thab-plane optical data of an OP FIG. 3. An unambiguous method of extracting the spectral func-
Bi2212 single crystal with th&|a from 100 to 2000 cm'. (a) The  tion W(w). (a) The experimentallyr '(w) at 100 K for OP
temperature-dependent mass ratio), the temperature-dependent Bi2212, together with the theoretical calculatidn), experimentally
7 Hw), and(c) 7 Y(w) is analyzed at 6, 100, and 200 K. determinedN(w) using different methodgerror bar for the deriva-

tive analysis is included and (c) a comparison of experimentally

The conductivity data is analyzed in the extended-Drudeand theoretically determined/( ).
formalism® with a frequency-dependent scattering rate
7 Y(w) and a mass ratio that are defined as pseudogap?® it is more natural to explain the observed sup-

pression ofr~(w) at 100 K here as due to electron-boson
coupling. In fact, given that the pseudogap in high€u-
, (1) prates may have a spin origin, these two interpretations are
consistent with each other.
The electron-boson interactions can be studied using
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where o, is the classical plasma frequency. The value of

= . . = 9927 1(w) in more detail. Carbottet al® and Abanovet al.’
w,=16000 cm 1'is derived from the optical conductivity -1 - -
sum rule at 295 K. The results of such an analysis are giveanalyzedr (@) In high-T, cuprates by defining a spectral

g e . ion W ing the Allen f I
in Fig. 2. The temperature-dependent mass ratio is shown Iﬂmctlon () using the Allen formula

Fig. 2@ and the scattering rate” *(w) in Fig. 2b). The 1 d?
frequency-dependent scattering’(w) contains all the rel- W(w)=5— 92
evant information concerning the electron-boson

interaction®~° Because of the unprecedented signal-to-noisdt was first pointed out by AllehthatW(w) is closely related
ratio (~1000) of these optical data, important new featureso the electron-phonon spectral functiar’F(w) or any

in 7~ 1(w) are observed for OP Bi2212 as highlighted in Fig. other electron-boson spectral function in the normal state for
2(c). The high-frequency part of '(w) is fitted with a T=0 and in the weak-coupling limit. Shularederived the
straight line and the slopes of these linear fits are almosAllen formula in the strong-coupling case and in general for
identical for different temperatures. At 200 K, }(») in-  T>0 the electron-boson spectral function is broadeh@a.
creases linearly with frequency. However, deviations fromthese theoretical bases, analyzing!(w) at 100 K in OP
this linear behavior are observed as a suppression Hfw) Bi2212 using Eq(2) in terms of a bosonic spectral function
at low frequencies abovE. at 100 K and an “overshoot” of is both mathematically and physically valid.

7 }(w) at around 900 cm! belowT, at 6 K. The overshoot In Fig. 3 a unique way of extracting the spectral function
of 7 Y(w) in OP Bi2212 is very similar to what has been W(w) from the experimental data is presented. The mea-
observed in OP YBCQ@Ref. 14 and this overshoot has been suredr () at 100 K is plotted for OP Bi2212 in Fig(#&),
argued to be the key evidence for boson-mediatedogether with the theoretical curve fer 1(w) calculated us-
superconductivity® Even though the suppression of'(w)  ing a model developed by Schachinger and Carlétte.

in the normal state has often been interpreted in terms of &ig. 3(b), the spectral functioMV(w) derived from different

w

(o)

. (2
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methods using Ed2) is plotted. TheV(w) determined from -'(;""""""' T .0

the smoothed/ = gives a similar spectrum with a maximum 1.05} ] =
—1 . s e x i o refl. ratio ] &

at 350 cm - or 43 meV determined from the polynomial fits. g - — 1/tratio =

However, in this study fitting the measured quantisyr c | USRI, 1 05

with a high-order polynomial is adopted as the unambiguous x 11oor Bi2212 {optimal): T ~91K ] g\‘

method of extractingV(w) from the optical data. In Fig. ’_/ Elja-axis in ab.m;n; 2.

3(c), the experimentally and theoretically derivall(w) 0.95 brrrHHHHHHHHHHHH R 0.0

functions are compared and both spectral functions contain a o[ (b e TobK

peak at 43 meV. It should be emphasized that iM&w) [ == T=80K ]

function determined experimentally using E@) is an ap- = 1F .- E;Sgﬁ ]

proximate one but it qualitatively captures the key features of E / ]

the true electron-boson spectral function. The main experi- o 3

mental finding is that the suppressionof!(w) at low fre- [ # ©p=16000 cm']

guencies at 100 K is the result of an electron-boson spectral b ]

function peaked around 43 meV. 25 50 75 100 125 150 175 200

To demonstrate that this 43 meV boson in OP Bi2212 is o (meV)

relevant to superconductivity, one has to invert the optical 2:'('(;)";,;B'C'(')'('o'p't;r;];',)':'T'C'jg'{k""""_

data belowT .. However, this is a complicated procedure for [ Ella-axis in ab-plane 1

d-wave highT, cuprates. A formal inversion of the optical N T ]

data belowT is beyond the scope of this experimental work. S 1/ Yo oo TeaesK

Fortunately, a simplified visual accessibility procedure is de- = A, e

vised by Shulg® for “by eye” analysis of the raw optical J s omto000om

data belowT, in terms of electron-boson coupling. In par- ] VRN TR TR TR TR T

ticular, he showed that the ratio of the *(w)/ 7, }(w) will 25 50 75 100 125 150 175 200

exhibit a maximum and the ratio &,(w)/R,(w) will have o (meV)

aminimum ngar the frequgncy OMQ“?aX’ Where.A is the FIG. 4. The temperature dependence of the spectral function
superconducting gap maximum afid, ,, is the maximum of - \y(,) of an OP Bi2212 single crystal and a detwinned OP YBCO
the electron-boson spectral functibhThis is because the single crystal withE|a in the ab plane(20-term polynomial fits are
coherent scattering rate beloVy. grows faster than in the used. (a) The reflectance ratio and the scattering rate ratio below
normal state, thereby producing an “overshoot”4g*(w) and aboveT, (b) W(w) of an OP Bi2212 single crystal at four
which peaks at around®+ Q .« In Fig. 4a), such ratios different temperaturegerror bar for the derivative analysis is in-
of the reflectance and the scattering rate are given for Opluded, and(c) W(w) of an OP YBCO single crystal at three dif-
Bi2212. Interestingly, the phonon at 44 meV which is absenferent temperaturegerror bar for the derivative analysis is in-
aboveT, with E||a axis becomes infrared active beldyas ~ cUded:

shown clearly in the scattering rate ratio in Figa¥and it mum inW(w) at 2A + A is the signature of spin-mediated
has much larger linewidth compared to the other twosyperconductivity. They also identified two weaker features
phonons at 6 K. It is evident that a maximum in the ratio ofat 4A and 2A +2A,.
7ok (@) Tio (@) and @ minimum in the ratio of The temperature-dependeWi( w) is shown in Fig. 4b)
Rek(®)/Riox(w) at around 900 cm® or 110 meV can be for an OP Bi2212 single crystal. There is a large maximum in
identified. Taking this value as®+Q ., and using the W(w) at around 70 meV, a deep negative minimum around
measured value oA =34 meV (Ref. 19 for OP Bi2212, a 110 meV, and a weak maximum around 150 meV at 6 K.
value of 42 meV is determined f€},,,. This is in excellent According to Carbotteet al® and Abanovet al,’ the large
agreement with the maximum of the bosonic spectral funcmaximum corresponds t#h+ Ag, the deep minimum should
tion at 43 meV derived at 100 K, indicating that this bosonicbe at 22 + A4, and the weak maximum at around 150 meV
spectral function is directly involved in the pair formation in is related to A+2Ag. From these observations, one can
OP Bi2212. uniguely determine the values @&=35+3 meV andAq
Obviously, the origin of the 43 meV boson is an important=40=3 meV. These optically obtained values agree very
question. Carbottet al® and Abanowet al.” argued that the well with the directly measured values Af=34 meV (Ref.
43 meV peak inW(w) corresponds to the spin resonancel7) andA =43 meV(Ref. 18 for OP Bi2212. Just aboVE,
peak. Furthermore, the spectral functit{w) below T,  atT=100 K, W(w) has a peak at 43 meV. Howev#¥(w)
does contain useful information. Carbotteal ® showed that becomes featureless &t 295 K. TheW(w) functions for a
for high-T. cuprates, the strong peak W(w) below T. is  detwinned OP YBCO single crystal are shown in Fi¢c)4
correlated with the electron-spin excitation spectral densityfor comparison. One can again determine the valued of
12x"(w), but shifted toA + A, whereA is the maximum of  =30+4 meV andA=40+4 meV from the optical data at
the spin resonance peak. Also, Abaneval.” showed that 6 K.X° These optically obtained values also agree very well
features inW(w) below T, are related to the singularities in with the directly measured values a4f=27 meV (Ref. 20
optical conductivity and they argued that the negative mini-andA =41 meV(Ref. 21) for OP YBCO. The existence of a
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maximum atA+Ag and a minimum at 2 +Ag in W(w) fact a magnetic polaron beloW, due to the resonant inter-
below T, is unique for spin-mediated superconductivity andaction with the spin resonance peak should be considered.
these characteristic features are absent for a nonsuperconhe appearance of the 44 meV phonon in Bja axis spec-
ducting (BpsPhy 5),BasC0,0,; metallic sample. In all, the tra below T, (presumably becoming infrared active due to
experimental data are consistent with the picture of spininteraction with the spin resonance pgakd its large width
mediated superconductivity and the featureVi(w) below 4t 6 K add support to the resonant interaction picture. In the
T can lead to the determination af and A optically*? final analysis both spins and phonons can be important for
The origin of the 43 meV boson in OP Bi2212 deservesg perconductivity in highr, cuprates, but the most relevant

some further discussion. The obvious candidate is the spifhecroscopic feature, deduced from these optical measure-
resonance peak at 43 meV since it has a similar temperature. s for OP Bi2212. is around 40 meV.

dhependerrcg as V‘;e" as hawrr:g the §a;%r%e ezergy. TP'S&{S also In conclusion, we have carried out a detailed analysis of
5\/;;8208?5"201”2 ql'hreegﬁgér\?agé%e(r)?tshe 4r§nmet\l/";)neeall<nat 100the optical data for oP Bi2212 and OPYBCO single crystals.
K would imply tHe existence of a pseudogap abdydn OP Our _data are consistent \_Nlth_ the_ picture of ele_ctron-boson-
Bi2212. It should be pointed out that the whole spin excita-mem"ﬂed superconductivity in hight cuprates instead of

) .~ theories that are based on kinetic energy mechanisms. A de-

tion spectrum is likely to be mvo_lve_:d in the pairing. The_Spmtailed theoretical analysis of our high-quality optical data,
resonance peak serves as a distinct spectroscopic S|gnatLH§

for many tvoes of experiments. Because the spectral functio rticularly for OP Bi2212, will lead to a better understand-
y yp xper ' u P unct g of the charge dynamics in these systems that is most

W(w) is featureless at 295 K this is inconsistent with theessential to the superconducting mechanism.
suggestion of electron coupling to a zone boundary phonon
at 60—80 meV. However, the spectral function analysis We would like to thank A.V. Chubukov, V.J. Emery, P.D.

alone does not exclude other coupling mechanisms. In padohnson, A. Millis, E. Schachinger, S.V. Shulga, and T. Valla

ticular, the possibility that the electron-boson spectral funcfor helpful discussions. The work was supported by the U.S.
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be ruled out and our suggestion that the 44 meV phonon is iA8CH10886.

*Electronic address: jtu@bnl.gov

1J.P. Carbotte, Phys. Cana8, 257 (2000.

2W.L. McMillian and J.M. Rowell, Phys. Rev. Lettl4, 108
(1965.

3p.B. Allen, Phys. Rev. B, 305(1971).

4B. Farnworth and T. Timusk, Phys. Rev.1®, 5119(1976.

SF. Marsiglio, T. Startseva, and J.P. Carbotte, Phys. Le245,
172(1998.

6J.P. Carbotte, E. Schachinger, and D.N. Basov, Nafuoedon
401, 354(1999.

"A. Abanov, A.V. Chubukov, and J. Schmalian, Phys. Re\6 B
18051QR) (2001).

8A. Lanzaraet al, Nature(London 412, 510 (2001).

9J.J. Tuet al, Phys. Rev. Lett87, 277001(2001).

OM.A. Quijadaet al, Physica C235-240 1123(1994; A.V. Pu-
chkov et al, Phys. Rev. Lett77, 3212(1996; M.A. Quijada
et al, Phys. Rev. B50, 14 917(1999; N.L. Wanget al, Phys.
Rev. B59, 576(1999.

11c.C. Homes, M. Reedyk, D. Crandles, and T. Timusk, Appl. Opt.,

32, 2976(1993.
125 L. Coopetet al, Phys. Rev. B38, 11 934(1988.

13a.V. Puchkov, D.N. Basov, and T. Timusk, J. Phys8C10 049
(1996.

14D.N. Basovet al, Phys. Rev. Lett77, 4090(1996.

155.V. Shulga, inMaterial Science, Fundamental Properties and
Future Electronic Applications of High-Tc Superconduct@d-
ited by S.-L. Drechsler and T. MishonoiKluwer Academic
Publishers, Dordrecht, 2001pp. 323—-360.

18E. schachinger and J.P. Carbotte, Phys. Re§2B9054 (2000);
64, 094501(2001).

17M. RUbhauseret al, Phys. Rev. B58, 3462(1998.

18H.F. Fonget al, Nature(London) 398 588(1999.

19C.C. Homeset al, Phys. Rev. B50, 9782(1999.

20M.F. Limonovet al, Phys. Rev. B61, 12 412(2000).

21p, Bourgeset al, in High Temperature Superconductprexited
by S. E. BarnegAmerican Institute of Physics, Amsterdam,
1999, p. 202.

22, Schachinger, J.P. Carbotte, and D.N. Basov, Europhys. Lett.

54, 380 (2001).
3p.D. Johnsoret al, Phys. Rev. Lett87, 177007(2002.
243.F. Zasadzinskét al, Phys. Rev. Lett87, 067005(2007).

144514-4



