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Thermal-difference reflectance spectroscopy of the high-temperature cuprate superconductors
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The temperature-dependent thermal-difference reflectafi@R) spectra of thin-flm samples of
TI,Ba,CaCu3044, (BiPb),Sr,CaCu;0,4, Tl,BayCaCyOg, and YBgCu;O; have been measured for photon
energies between 0.3 and 4.5 eV at temperatures above and below each material's superconducting critical
temperature. The amplitude of the characteristic optical structure near the screened plasma frequency of each
sample in the normal-state TDR spectrum varies approximately linearly with tempefgtindicating that the
temperature-dependent optical scattering rate in these materials scales with temperBfufe@s the TDR
spectra collected above and below the critical temperature of each sample, the superconducting to normal-state
reflectance ratioRg/Ry, has been obtained. In all of these spectra, there are significant deviations from unity
in Rg/Ry at photon energies on the order of 2.0 eV. This optical structure cannot be accounted for using the
conventional Mattis-Bardeen description of the optical properties of a superconductor or its strong-coupling
extension where electron-pairing interactions are limited to energies less than 0.1 eV. However, both the
temperature and energy dependence of the structure iR, spectra may be adequately described within
Eliashberg theory with an electron-boson coupling function which consists of both a low-energy component
(<0.1 eV) and a high-energy component located between 1.6 and 2.1 eV.

I. INTRODUCTION provided incontrovertible proof that the effective attractive
interaction provided by the electron-phonon interaction was
Common to most theories of high-temperature superconboth necessary and sufficient to account for the superconduc-
ductivity is the assumption of an underlying mechanism bytivity in these materials.
which the electrons pair at the superconducting critical tem- In principle, once the underlying electron-boson coupling
peratureT.. From this assumption, it follows that there is a function is determined with sufficient accuracy, any property
unique electron pairing potentialy, associated with each of the superconducting state may be calculated. Thus, inter-
mechanism and that the energy and momentum dependenoal consistency between experiments which probe different
of this pairing potentialA(w,k), will reflect the microscopic properties of the superconducting state may be achieved by
origin of the pairing interaction. Historically, these ideas par-interpreting these measurements using @) obtained
allel Eliashberg’s extensidn of the BCS model of from tunneling data. On the other hand, measurements of the
superconductivit§ which took into account the retarded na- temperature dependence of the NMR relaxation tatee
ture of the electron-phonon interaction. In an isotropicthermodynamic critical magnetic fiefdthe London penetra-
model, the Eliashberg electron-pairing potential, or supertion depth’ and the electronic specific h&an the supercon-
conducting gap function, is a complex energy andducting state, for example, do not measure the energy depen-
temperature-dependent functiak(iw,T), whose structure re- dence ofA(w,T) and thus do not contain detailed information
flects the underlying energy-dependent electron-phonoabout the microscopic nature of the underlying electron-
interaction® Experimentally, A(w,T) may be obtained pairing interaction. Instead, these measurements represent
through high precision measurements of the conductancguantities which may be calculated through an integration
versus bias voltage of a normal/insulator/supercondudér ( over energy, where the integral contains the energy depen-
[/S) tunnel junction, and from these data, the energy-dentA(w,T). When an experiment does not involve the direct
dependent electron-boson coupling spectr@tw), may be  measurement of the energy dependenca(af,T), it is only
calculated through an inversion of the Eliashberg integrapossible to interpret the results as bermnsistentwith an
equationg’ In materials where the superconductivity is solely assumed microscopic form of the pairing interaction.
mediated through the electron-phonon interactiGite) is Although the many different experiments which probe the
more precisely written as¥’(w)F(w) where o*(w) is the  superconductivity in the higi; cuprate superconductors
square of the electron-phonon matrix element &) is the  give some insight into the mechanism of superconductivity,
phonon density of states. The spectral fornGgiv) obtained it is only those experiments which probe the excitation spec-
from tunneling experiments, and its similarity to the mea-trum of these materials in the superconducting state which
sured phonon density of states in Idw-superconductors, can provide detailed insight into the microscopic nature of
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the electron-pairing interaction. Some of the more commorcomponent of the electron pairing interaction which is not
experimental methods which can, in principle, measuresampled by the tunneling spectrdiiThe latter represents a
A(w,k,T) areN/1/S tunneling, angle-resolved photoelectron fundamental limit of tunneling spectroscopy, that is, it is only
spectroscop(ARPES, Raman spectroscopy, and conven-possible to extracG(w) from conductance data up to the
tional optical spectroscopyi.e., reflectance and transmit- maximum bias voltage of the tunneling junction set by its
tance. voltage breakdown limit. In typical tunneling junctions, this
Tunneling measurements are, by far, the most commomaximum is of the order of 100 meV.
means of determining the energy dependence of the pairing A potentially promising method of determining both the
potential in a superconductor. The conductance versus biahergy and momentum dependence of the superconducting
voltage of anN/I/S junction at sufficiently low temperatures gap function,A(w,k), is angle-resolved photoelectron spec-
is directly proportional to the superconducting density oftroscopy(ARPES. This technique measures the energy and
states Ng(w), given by*° momentum dependence of the one-particle spectral function,
A(w,k).2° This quantity is related to the superconducting den-
sity of states as a function of both energy and crystal mo-
m : (1) mentum, Ng(w,k), and thus is a direct measurement of
A(w,k). A fundamental limitation of this method is that it

whereNy () is the normal-state density of states. From thePnly probes the surface~20 A) of the material. Conse-
form of Eq.(1), it is seen that the presence of a finkéw) at ~ duently, the best data have been obtained &BCaCyOy
temperatures less thah, modifies the normal-state density Single crystals which are known to have one of the least
of states in the material. For energies less than the gap edg&active surfaces of the cuprate superconductors and which
Ay, defined as the magnitude of the real part\o) evalu- cleave gasﬂy in- vacuum. Analo_gous to tunneling experi-
ated at energy equal to the real part oA(w) at energy ments, !nformatlon abouﬁ(w,k) is obtained from'small
w~0, Ng(w) is zero. At energies greater thag, the energy- modulations mA(w,k) at energies WeI2I abova,. Typically
dependent structure df(w) manifests itself as small modu- these modulations are of ordgX(w)/w}” which may only be
lations in the tunneling conductance at energies correspond fraction of a percent of the total measured quantity. This
ing to peaks inG(w). Conductance data are usually places a restr_|ct|on on the tolerable signal-to-noise ratio
normalized by dividingNg(w) by Ny(w). A(w) may then be (SNR) at ~1@° if G(w)K) is to be extracted from thgse mea-
obtained from the normalized conductance and from this, th§Ureéments. At present, this SNR cannot be achieved with
Eliashberg integral equations may be inverted to obtaifn0dern experimental techniques, thus no information on
G(w).*1 Implicit to Eq. (1) is an average over the Fermi C(@Kk) can be obtained with ARPES. o
surface leaving an expression which is only a function of Despite this, ARPES experiments have provided impor-
energyw. tant I|nformat|on concerning the symmetry of the supercon-
Unfortunately, there are significant problems involved inducting gap edgelq(k,T). The magnitude of\y(k,T) is ob-
making adequate tunneling junctions with the cuprate supef@ined in ARPES by fitting the energy distribution curves
conductors. Since the amplitude of the tunneling current varMéasured along specific symmetry directions 1o a phenom-
ies as exp-d/&, whered is the thickness of the tunneling €nologically broadened BCS spectral fU_”CtE’nZ- The re-
barrier, and since the cuprate superconductors have naturafylts indicate significant anisotropies exist in the magnitude
short coherence lengthg;-15 A, the tunnel barrier must be ©f the gap edge with momentum and tigtk,T) is large in
thin and of uniform thickness over the junction area. Thesdn®l' —M direction, along the Cu-O bond, and close to zero
requirements are made more difficult to attain given the natuOn €ither side of thém,m) directions. Unfortunately, because
ral surface reactivity of these materials. In recent years, thie technique measures orjlyy(k,T)], it is not possible to
techniques for making good tunneling junctions with thesed€termine ifAq(k,T) changes sign as a function kf These
materials, particularly the bismuth-based cuprate supercoffléasurements provide direct evidence that the superconduct-
ductors, have improved dramatically and high-quality con N9 gap function in these materials is highly anisotropic,
ductance spectra have been obtaifed In general, these Wthh is not surprising given their structural anisotropy.
data have been inverted using the McMillan/Rowell inver-  Similarly, Raman spectroscopy has been used to probe the
sion procedurd.The results of this inversion indicate that SYmmetry of the superconducting gap edye” The polar-

Ns(w)=NN(w)Re(

there is significant electron-phonon coupling in these matelzation dependence of the electronic Raman spectra of the
rials. Evidence for this is obtained from the similarity be- CUPrate superconductors yields information about the under-
tween the phonon density of states in the materials measurégnd symmetry ofAq(k,T). By fitting the measured spectra
by inelastic neutron scatterifig®® to the G(w) obtained with model_systems bas_ed upon B(_:S-Ilke superconducting
through the inversion of the conductance data. This is exact/§aPs of various symmetries, conclusions about the symmetry
the line of reasoning which resulted in the determination thaPf 20(k.T) can be drawﬁ.. Like ARPES, these measure-
superconductivity was the result of the electron-phonon infnents suggest that there is significant anisotropy of the su-
teraction in low-temperature superconductors. The calculateBerconducting gap in these materials, they cannot, however,
G(w) is not, in general, sufficient to account for the high-  distinguish between a trud._ > superconducting gap and a
of the materials with critical temperatures greater than aphighly anisotropics-wave gap’>**3as it is only possible to
proximately 50 K. The higher critical temperatures, on theextract the magnitude ofAy(k,T)|, and not the sign of
other hand, may result from a high density of electronicAqy(k,T), from the spectrum. Even though electronic Raman
states near the Fermi level, due to the presence of a Vaspectroscopy is a powerful technique for probing the sym-
Hove singularity, for example, or an additional high-energymetry of [Ay(k,T)|, its use appears limited in the determina-
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tion of A(w,k,T) because of experimental problems associ- In this paper, we report high precisid®s/Ry measure-
ated with correcting for the energy-dependent opticaiments obtained on a variety of high-temperature cuprate
constants of the material, the removal of the phonon strucsuperconductor®. The reflectance ratio is obtained by mea-
ture in the spectra, and the relatively low SNR as compareguring each material’s temperature-dependent thermal differ-
to tunneling measurements. ence reflectance spectra at temperatures above and below the
A powerful, but perhaps underutilized experimental tech-superconducting critical temperature. We analyze these data
nique available for use in the determination of the energy andSing the strong-coupling extension of Mattis-Bardéen
momentum dependence &fw,k,T) is optical spectroscopy. theory developed by !\Iaﬁ‘f. We describe the numerical
The transmittance or reflectance spectrum of a superconduf2ethods employed to fit these data using an iterative proce-
tor is a measure of both a superconducting joint density ofiure V.Vh'Ch mclude_s solving the f}n|te temperature Eliashberg
states and a joint case Il coherence factor funcifoiThus, equations and using the resultingw,T) to calculate the

the reflectance or transmittance spectrum of a superconduﬁgaltterlng time in the superconducting stai¢w, T) t_)aseq
tor is, in principle, a direct measurement Mf(w,k), and upon a knowledge of the normal-state scattering time,

thus is a direct measurement &fw,k). Unfortunately, this (w,T). We discuss the implications of these results and

measurement suffers all of SNR constraints imposed by thg"air effect on the possible theories of high-temperature su-
small magnitude ofA(w,k) with respect to the excitation en- petlc_:ktl)nductlwty. divided into f i n's I

ergy. In addition, the inversion of optical data is complicated € paper IS divided Into four sections. In Sec. 11 we
by the existence of case Il coherence factors which enter intqjescrlbe t_he operation and performance charact(_erlstms of the
the standard expressions describing the operative Optica}i_ermal-mﬁerence refllectance spectrometer designed to col-
absorption process of a superconductor. Lie/S tunnel- ect these data. Section Ill develops a framework for the
ing, this approach has a long history in the study of conventhermal-difference reflectance spectra within the Drude
tional low-temperature superconductd?s?2but because of model and shows these data obtained with the spectrometer
the inferior signal-to-noise ratios in these measurements g a variety (.)f cuprate supercondu_ctors In _the nc_)rmal and
compared to tunneling measurements and the numericauperconductlng state. The formalism within which these

complexity of the inversion process, no rigorous inversion ofsPea:ﬁl are m}erpreted r'? gescrl?)ed(;n Secf. V. \t/xe then d'ﬁ'
optical data has been attempted. cuss the conclusions which can be drawn from these results

The optical properties of the cuprate superconductor%n Sec. V.
have been measured by many laboratotes’ Often, these
measurements extend well into the superconducting state, Il. EXPERIMENTAL
and in general, these measurements concentrate on the exist--rhe samples used in this study were high-quatitaxis-

ence of the optical gap edgeAdT), even though it is well oriented, thin films of TBa,CaCwOy, (TI-2223,%

known that it is the small variations in the optical properties Ba,CaCy0 (TI-2212) 63 (BiPb),SKL,CaCUL0

of a superconductor at energies well abowg(d) that con- (Bzin-2223 648and YB&&CugO; (YBCO).% T2he2T of ea(l:%
) . Cc

tain information on the nature of the pairing interaction. sample was determined by the standard four-point probe
The important quantity measured in an qptical experimen]:nethod, using a low-frequendy~20 H2), constant-current
performed on the higfi, superconductors is the supercon- o mpjitude, square wave excitation, and a lock-in amplifier.
ducting to normal-state reflectance rafy/Ry, or the ratio 1o T, of each sample was taken to be the temperature at
of the real part of the optical conductivity in the supercon-hich the sample’s resistance fell to zero within the noise

ducting state to that in the normal state, {&gw)l/ |imits of the measurement apparatusl0° Q). The critical
Reloy(w)}. Unlike Rg/Ry which can be measured directly, temperatures were measured to ba18 K for TI-2223,

the conductivity ratio is usually calculated with the help of _1qg6  for BiPb-2223~105 K for TI-2212. and~91 K for
the Kramers-Kronig relations. Unfortunately, systematic un~gco ’ ’

certainties in the Kramers-Kronig transformation limit the o ghtical data were collected with a thermal-difference
precision of the measurement such that the minute St“_mtu,rn%ﬂectance(TDR) spectrometer similar to the one described
resulting from the energy dependence of the gap function i%e\jousiy®® Briefly, a TDR spectrum is obtained by measur-
lost at energies well above the optical gap edge. . ing the reflectance spectruR(w), of a sample at tempera-
Reflectance measurements, on the other hand, are ideally;, To+AT, and atT,— AT, then subtracting these quanti-

suited as a means of obtaining information abBt) Op- ies and dividing by their average value. Equivalently, the
erative in the cuprate superconductors. Most importantly, thgpg spectrumAR/R, is defined as

reflectanceR is a quantity that is measured directly. Thus, the

precision of the measurement is only a function of the SNR AR; R(w,To+AT)—R(w,To—AT)
of the instrument used to collect the data. Further, because =

the light penetrates the sample on the order of 1000 the R (R0, Tot AT) +R(0,To=AT)/2
reflectance measurement probes the bulk superconducting [IR(w,To)/dT]

properties of the material. In addition, since it is an optical ~ R(w—TO) ) ()
measurement, it is not limited to energies commonly avail- ’
able to tunnel junctions, thus the properties of the materialvhere we note that if the changes in the reflectance of the
can be measured over a very wide energy range. Finally, bgample are linear within 2T, then the TDR spectrum ap-
measuring the reflectance ratio with polarized light, it is pos-proximates the normalized thermoreflectdiiasf the mate-
sible to obtain information on both the energy and momenyial. Unless indicated otherwise, we gkT equal b 5 K in

tum dependence of the superconducting gap function. all of these experiments.
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FIG. 2. The thermal-difference reflectan€EDR) spectra of
TI,Ba,CaCyOg at 300 K withAT=0 K and AT=5 K. The data

oo collected withAT=0 K establishes the baseline signal-to-noise ra-
Light Source —» I:l tio of the TDR spectrometer at7x10°. Thus, by using TDR
spectroscopy, it is possible to detect the temperature-dependent

changes in a sample’s reflectance~6.007%.

FIG. 1. Schematic diagram of the spectrometer used for thermal

difference reflectance measurements of the cuprate supercondulfl€ Small changes in the reflectance of a superconductor
ors. which may occur upon entering the superconducting state.

A schematic of the TDR spectrometer used in these stud-
ies is shown in Fig. 1. The present instrument has an added . RESULTS
77 K cryoshield which surrounds the sample and aids in the

collection of high-quality optical data at lower operating In general, the TDR spectrum of a material is difficult to

temperatures. Each sample was mounted on the cold sta ein}erpret. Fortunately, however, there are instances in which
P ' P 9€{Re derivative line shapes observed in the spectrum are char-

a small Joule-Thomson refrigeratdr installed in an - o . :
: . . acteristic of a specific optical-absorption process. For ex-
ultrahigh-vacuum optical chamber. The refrigerator can L . . X .
mple, it is well known that optical absorptions in the deriva-

maintain the sample temperature between 70 and 350 K wit Ive spectra of semiconductors display characteristic line

+20 mK stability over the course of a scan. The base pres- . : " S
sure of the turbo-pumped optical chamber, with the quuid_shapes which are unique to the nature of the critical points in

ioi i 70
nitrogen trap filled, was approximatelMO‘g torr. Unpo- the joint density of states of the materfal’® Also, metals

larized light was incident on the sample at an angle of g50POSSess a unique derivative line shape whose location corre-

The signal from the detector was measured with a digitaF’ponds 0 the energy of the screened plasma frequency of the

167 T ; ; _
lock-in amplifie® tuned to the optical chopping frequency. material?’ To illustrate typical TDR spectra for metallic ma:

With the present optical system, TDR spectra can be Col'genals, we first develop the formalism within Drude theory.

. After the general features of this type of spectroscopy are

lected between photon energies of 0.3 and 5.0 eV.

For each sample, the TDR data were collected continuznogrr;’o\r'lvgug{grssem our TDR spectra of the higheuprate
ously for a period of approximately nine days. Each TDR P '
spectrum from 0.3 to 4.5 eV consists of nine different scans.
In each scan, the appropriate optics and detectors are chosen ) ,
to maximize the magnitude of signal measured at the detec-A' Thermal-difference reflectance spectroscopy in the Drude
tor, and thus maintain the highest possible SNR over the model
entire spectrum. Using digital averaging and thermal cycling The TDR spectrum of a metal provides information about
techniques$? the baseline noise of the instrument has beerthe temperature-dependent processes which affect the mate-
reduced to approximately the one part ir 1ével. We illus-  rial's optical properties. In the simplest model of the optical
trate this in Fig. 2 where the TDR spectrum of TI-2212 atproperties of a metal, the Drude model, the TDR spectrum
300 K with aAT=5 K is shown with the same spectrum arises from the temperature-dependent changes in the mate-
collected with aAT=0 K. As can be seen, the noise level of rial's plasma frequency and scattering r&té° The optical
the instrument is much smaller than the optical features irproperties of a Drude metal are determined by three param-
the AT=5 K TDR spectrum. This extremely low baseline eters; the bare plasma frequency, the optical scattering rate,
noise allows for the detection of changes in the reflectance aind the high-frequency dielectric constant. Given these pa-
the sample to approximately 0.007%, at photon energies beameters the reflectance spectruRy, of a Drude metal at
tween 0.3 and 4.5 eV, and is thus ideally suited to measuraormal incidence is given B%7*

[eH(@) el (0)]%%— {28 (0) + 2[ 7(w) + 87 (0)]°% 05+ 1
[ef(0)+el(@)]°%+ {26,(0) + 2[ o7 (@) + £7(0) "G5+ 1’

©)
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with spect to temperaturg, and the partial derivatives &t with
respect to botl, (w) andg;(w). The TDR spectrum may be
(o) w? @ written as,
e(w)=ee—| 7317/, 4
o™+ ARy 1 [dR(@,T) ds(w,T)
and R R(wT) lde(w,T) 4T
r P IR(w,T) deij(w,T)
_ P 2AT, 7
Si(w)—z prearg rd b 5) dei(w,T)  dT @)

where we now write the temperature and energy dependence
of R, g, , andg; explicitly. The partial derivatives dR(w, T)
with respect tce,(w,T) ande;(w,T) may be calculated us-
ing Eq. (3) and are independent of the model used to de-
scribe the optical properties of the material. The thermal de-
rivatives of the real and imaginary components of the
o= /47TN5 ©6) dielectric function, however, are model specific. Within the

P m* Drude model, assuming that both the optical effective mass,
m*, and the high-frequency dielectric constaat, are inde-

In Eq. (6), N is the electron density of the materiad} is the  pendent of temperature, these derivatives can be shown to
optical effective mass, anglis the electronic charge. Figure pe,

3(a) showsR for a Drude metal calculated by using E&)

where ¢,(w) and ¢;(w) are the real and imaginary compo-
nents of the complex dielectric functiom,, is the high-
frequency dielectric constart, is the Drude scattering rate,
and wy, is the bare plasma frequency given by,

and the Drude model parameters shown in Table I. In this  gg, (w,T) “’;2) 1dVv T dr
model, the plasma frequency is located at 3.0 eV, the high- 0T |\ o2+T12 (v ﬁ) + 02+12) dTl’ (8)
frequency dielectric constant is 4.0, and the model is heavily

damped withI'=0.3 eV. These parameters are similar toand

those observed in the high: cuprate superconductors. As

seen in Fig. 8), R is relatively large at low energies and dei(w,T) T de (w) 1 wf, dr

falls abruptly at approximately 1.5 eV near the screened — 7 = |7~ 4T o\ w2+ 12) a1’ ©)

plasma frequencyp,, where&)p~(wp/\/;). Abovew,, R

passes through a minimum and then increases slowly to whereV is the unit-cell volumedV/dT is the derivative of

constant magnitude at high energies. the unit-cell volume with respect to temperature, dibddT

The TDR spectrum of a Drude model is obtained by cal-is the derivative of the Drude scattering rate with respect to

culating the partial derivatives of,(w) and &;(w) with re-  temperature. The parametevs dV/dT, andI" are, in gen-
eral, temperature dependent. The Drude TDR spectrum may
then be calculated with Eq7) by inserting typical values of

1 Drude Model V, dV/dT, anddI'/dT into Egs.(8) and(9). In most metals,

(a) the thermal-expansion coefficient, Y3HV/dT, is approxi-

mately 10° K™, anddI'/dT is approximately Boltzmann's

R 05 constant,kg .6” Using the Drude parameters in Table |, the

TDR spectrum of this model is shown in Figb3. The spec-

trum shows a distinctive derivative response at energies close

-8

0 ‘ ‘ : : to the screened plasma frequency. In Figp) 3@, is seen to
0 1 2 3 4 5 be located at an energy very close to the negative peak in the
Energy (¢V) TDR spectrum.
0.01
(b) TABLE I. Drude and modified Drude optical parameters. Pa-
0.005+ rameters used to model the reflectance and TDR spectra of a Drude
AR 0 k and a modified Drude metal shown in Figs. 3 and 4. The optical
R properties of a Drude metal are determined by the bare plasma
-0.005- i frequency,w,, the high-frequency dielectric constamt,, and the
Wp optical scattering ratd,. The TDR spectrum of a Drude metal is
'0’010 1 5 3 4 5 determined by the temperature dependence of both the unit-cell
Energy (eV) volume and the scattering rate. The modified Drude metal is taken

to be one in which the scattering rate is linearly dependent on fre-

. _quency.
FIG. 3. Model calculations based on the Drude parameters in

Table 1. (a) The reflectance spectrum of the Drude model at neary,,qel w, (&V) &, T (eV) 10V . ar .
normal incidence(b) The TDR spectrum of the Drude model with P * vV aT (K™ T (eVK™)
a AT=5 K. The structure in the TDR spectrum is a result of the

temperature-dependent changes in the material’'s plasma frequenl%wOle 30 40 03 10 Ke

and optical scattering rate. The location of the screened plasmiodified Drude 3.0 4.0 06 107° kg

frequencya, is indicated by the arrow in the figure.
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Modified Drude Model modified Drude TDR spectrum. This demonstrates a unique

: (a) feature of TDR spectra of metals. Though the location of the
- screened plasma frequency is obscured in the conventional
4 reflectance measurement, its location is quite apparent in the
R 054 1 TDR spectrum. We find that, in general, Bsncreasesf,

tends to be closer to the zero crossing in the TDR spectrum.
Similarly, asI" becomes smallety, tends towards the nega-
0 ‘ : : : tive peak in the TDR spectrum. Thus, an approximafe

0 ! 2 3 4 3 may be obtained directly by measuring the energies of the
Energy (eV) negative peak and the zero crossing in the TDR spectrum of
0.002 (b) Drude-like metals.
0.001 1
ST~ B. Normal-state thermal-difference reflectance spectra
R 0 of cuprate superconductors
-0.0017\\/? The normal-state TDR spectra of TI-2223, TI-2212, BiPb-
@p 2223, and YBCO are shown in Fig. 5. All of these spectra
-0.0020 1 5 3 4 5 were measured at 300 K and at a temperature just above each
Energy (V) sample’sT. between photon energies of 0.3 and 4.5 eV with

aAT=5 K. The TDR spectra of all these materials are quali-

FIG. 4. Model calculations based on the modified Drude param{@tively similar. For example, they all possess a large deriva-
eters in Table I(a) The reflectance spectrum of the modified Drude five structure near 1.0 eV. This structure is known to arise
model at near-normal incidence. This reflectance spectrum is sim{f0m the temperature-induced changes in both the scattering
lar to the reflectance spectra of the cuprate superconduttpigne  rate and the volume of the material’s unit cell, as discussed
TDR spectrum of the modified Drude model withd =5 K. The ~ previously. From these TDR spectra, we have graphically
location of the screened plasma frequerfy, is indicated by the ~ determined the location db,, for each material. These val-
arrow in the figure. Unlike the TDR in the Drude modél, lies  ues are shown in Table Il where we tadg to be the average
close to the zero crossing in the modified Drude model. of the energies of the negative peak in the TDR spectrum and

the zero crossing. The plasma response of YBCO, Rigj, 5

It is well known that the optical response of the cuprateis unique in that it is the only orthorhombic material studied,
superconductors is distinctively non-Drutfe®%*%6 How-  and thus is known to possess two distinct in-plane plasma
ever, this response can be approximated phenomenologicalffequencies. These correspond to the so-called plane and
by a modified Drude model in which the optical scatteringchain contributions to the optical properties of the
rate is both temperature and energy dependent. Schlesing@aterial>®* The existence of two in-plane plasma frequen-
et al,*® proposed that the optical scattering rate in the cu<ies, which is difficult to measure in unpolarized reflectance

prates could be written as spectroscopy, is clearly evident in the TDR spectrum of
YBCO.
I'=maxkgT,Aw), (10 In addition to the plasma response, there is significant

structure in the TDR spectra of these materials at photon

whereA is approximately 0.6, and méx:) represents that energies greater tha@,. In particular, all of the materials
the larger of the two quantities is to be taken. A similar formpossess structure in their TDR spectrum between 3.0 and 4.0
of optical scattering rate has been derived in the context of aV. This structure most likely corresponds to the thermal
nested Fermi liqui® and in marginal Fermi liquid derivative of charge-transfer excitations in these materials.
theory’3-"Although this form ofT implies a causal change The TI-2212 spectrum shows a particularly strong effect.
in the optical effective mas®*, this change is small at the This structure arises mainly from the temperature-induced
energies of interegt-1.0 eV) and we neglect it. This form of changes in the energy position of this transition, and, by the
scattering rate directly affects the form of the reflectancenature of the transition, is most dramatically affected by the
spectrum. Thé& of this model, calculated using the modified changes in the volume of the unit cell with temperature. In
Drude parameters in Table I, is shown in Figa)} Instead of  addition, the TDR spectra of both TI-2212 and YBCO show
possessing an abrupt decreas®iat |, the reflectance is structure near 1.7 and 2.0 eV, respectively. This structure is
seen to decrease nearly linearly with increasing energy. Thisost likely the TDR response of @—d'°L Cu-O charge-
energy-dependent behavior Bf makes it difficult to deter- transfer excitation which is known to exist in materials pos-
mine @, directly from the data. Instead, numerous tech-sessing Cu-O based plarfé<8-"8This optical structure may
niques involving the Kramers-Kronig transformation Bf  be obscured in the TI-2223 and BiPb-2223 spectra because
and optical sum rule argumertsare utilized in an attempt of the location of the TDR screened plasma response.
to determine the optical parameters. The temperature dependence of the TDR spectra of these

The TDR spectrum of this modified Drude model is materials in the normal state yields information on the tem-
shown in Fig. 4b). As in the conventional Drude model, perature dependence of both the coefficient of thermal ex-
there is a large derivative structure located nggrwhich  pansion and the optical scattering rate. The optical scattering
allows for the direct determination d@b, to within the ex-  rate in the cuprates is most commonly described by(Eg).
perimental uncertainties obtained by other mettidss can  The linear temperature dependence of this scattering rate is
be seen in Fig. @), @, lies close to the zero crossing in the consistent with the observed linear temperature-dependent
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FIG. 5. The normal-state TDR spectra(@f TI,Ba,CaCuzO14 (T,~118 K), (b) TI,Ba,CaCyOg (T.~105 K), (¢c) (BiPb),Sr,CaCus04q
(T.~106 K), and(d) YBa,Cuz0; (T.~91 K). For each sample, data are shown at 300 K and at a temperature just above the sSemple’s

The amplitude of the TDR spectrum of each sample is observed to depend linearly on temperature, indicating that the optical scattering rate

scales aff?.

resistivity of these materials, which is essentially a measuref the cuprate superconducto(Big. 5. We find that the
of the scattering rate in the limit of zero frequency. Becauseamplitude of the TDR spectra of these materials from 300 to
the optical scattering rate depends linearly on temperature iapproximately 100 K varies approximatelinearly with
the modified Drude model and is dominated by thetemperature. This behavior is illustrated in Fig. 7 where the
w-dependent contribution at the energies of interest, the coramplitude of the positive maximum in the TDR spectrum of
tribution of this term to the temperature dependence of thdl-2223 is plotted versus temperature. Because the changes
TDR spectrum is negligible. Consequently, tieenperature in the lattice with temperature cannot account for this behav-
dependenceof the TDR spectrum in the modified Drude ior, this result suggests that the temperature dependence of
model is dominated by the temperature-dependent changestine optical scattering ratescales asf>. We note that ar?
the thermal-expansion coefficient. To illustrate thesetemperature dependence of the scatteringdats not agree
temperature-dependent effects, we have calculated the TDRith the observed™ dependence of the resistivity in the cu-
spectrum of the modified Drude model shown in Fih)dat  prates. This may arise because the resistivity is a measure of
300 and 100 K. The results of these calculations are shown ithe scattering rate near the Fermi surface, or essentially at
Fig. 6 where we use Ed10) for the optical scattering rate zero frequency, while the TDR spectrum probes the tempera-
and the measured temperature-dependent lattice parametéuse dependence of the scattering rate at optical frequencies.
of YBCO for bothV anddV/dT.”® From Fig. 6 it is clearly Thus, from this experimental observation, we propose that
seen that the TDR spectrum in the modified Drude model ishe temperature-dependeaptical scattering rate in these
nearly independent of temperature and that, in general, thematerials is of the form,
amplitude of the TDR spectrum at higher temperatures de-
cregses due to the incre%se in the sizge of the Enit cell. I'=A(ksT)*+Ba, (11)
This temperature-dependent behavior is in stark contrasthereA andB are constants. We have retained a term in the
to that observed in the temperature-dependent TDR spectsgattering rate that inear with w because it well describes

TABLE Il. Screened plasma frequencies obtained graphically from the TDR spectra. Values of the
screened plasma frequencie?sf(wp/\/g), obtained graphically from the TDR spectra of the cuprate
superconductors shown in Fig. 5. We take the magnitudg,db be the average between the most negative
peak in the TDR plasma response and the zero crossing.

Sample TDR negative pedkV) TDR zero crossingeV) ap (eV)

T1-2223 1.04 1.17 1.110.07
T1-2212 0.79 1.03 0.910.12
BiPb-2223 1.04 1.24 1.140.10
YBCO 1.37 1.59 1.480.11

0.88 1.18 1.020.15




53 THERMAL-DIFFERENCE REFLECTANCE SPECTROSCOPYO. . 6741

0.0015 0.006
————— 300K ----- 300K
0.001 — 100K —— 100K
0.003- )
0.0005
AR 0 AR 0 f’/k\---__
R R \/
-0.0005 -} :
00034 ™
-0.001 N
0.0015 ‘ : — -0.006 , ; —
0 I 2 3 4 5 0 1 2 3 4 5
Energy (eV) Energy (eV)

FIG. 6. Calculated TDR spectrum at 300 and 100 K based upon FIG. 8. Calculated TDR spectrum at 300 and 100 K based upon
the temperature-dependent lattice parameters obZB#D, and an the temperature-dependent lattice parameters obE®B#; and an
optical scattering rat& equal to matkgT,0.6w). This model, un-  Optical scattering ratd” equal to B(kgT)?+0.6w, with B=100
like the TDR response observed in the cuprate superconductor§Y - This model, like the TDR response observed in the cuprate

yields a TDR spectrum which is virtualindependentf tempera- ~ Superconductors, yields a TDR spectrum whichingarly depen-
ture from 300 to 100 K. denton temperature from 300 to 100 K.

the reflectance spectrum of the cuprate supercondufdms. @PoveT., where the amplitude of the structure in the TDR

Fig. 8 the TDR spectrum of the modified Drude model, usingSPectrum of each sample tendsdeecreasewith temperature.
the scattering rate shown in E€L1), is plotted at 300 and Since this same effect is observed in all of the different ma-

100 K. It is easily seen that, similar to the temperature-terials* each with a differenk., we associate this change in

dependent TDR response of the cuprate superconductors, tH¥ optical properties with the onset of superconductivity. In

amplitude of the TDR signal in this model is linearly depen-Principle, the change in the TDR spectrum Taf contains
information about the underlying superconducting gap func-

dent onT. . - . :
tion. To facilitate the interpretation of these spectra, we have
) ) developed a normalization procedure from which it is pos-
C. Superconducting-state thermal-difference reflectance sible to obtain the superconducting to normal-state reflec-

spectra of cuprate superconductors tance ratio directly from the raw TDR spectra.

The low-temperature TDR spectra of T1-2223, T1-2212,
BiPb-2223, and YBCO are shown in Fig. 9. For each sample, D. Calculation of the superconducting to normal-state
the TDR spectrum is shown at temperatures immediately reflectance ratio from TDR spectra
above the sample’J,, and at temperatures well into the

superconducting state. Upon entering the SUpercondUCtmt%mperature for T1-2223 and YBCO, or virtually indepen-

state, ther_e Is a significamcreasein the amplitude Of. thg . dent of temperature for BiPb-2223 and T1-2212, at tempera-
structure in the TDR spect'rum of each sample. This is Ir}uresjust above the materialls, it is possible to remove the

stark contrast to the behavior of the spectra at temperatur%sormal-state TDR response from the TDR data collected be-
low T. to show more clearly the structure in the spectra

T1,Ba,Ca,Cu;0; which results from the onset of superconductivity. This nor-

Since the TDR spectrum of each sample is proportional to

_ 0005 malization procedure results in data that are proportional to

= the superconducting to normal-state reflectance retRy, ,

-(%0 0.004- spectrum of the material at temperatures just below the ma-

v terial's T . It is analogous to the division of the supercon-

E 0.003- ducting state conductance spectra by the normal-state con-

= ductance typically performed in N/I/S tunneling

o 00024 . measurements.

'g To illustrate this normalization procedure, we concentrate

= 0.001- on the temperature-dependent TDR spectrum of T1-2223.

£ The critical temperature of this material was determined to

< 0 be approximately 118 K. We take the normal-state TDR
0 100 200 300 spectrum as the data collected at 135 K. Recalling (&h.

Temperature (K) these data represent the normalized difference in the reflec-
tance of the material collected at 140 and 130X =5 K).

FIG. 7. The amplitude of the positive maximum in the TDR Thus, within the temperature range of the measurement, the
response of FBa,CaCu0;, as a function of temperature. The sample is completely in the normal state. The temperature
linear dependence of the amplitude of the TDR structure is evidentlependence of the amplitude of the TDR spectrum for T1-
in the figure. 2223 is observed to be proportional to temperature at tem-
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FIG. 9. The TDR spectra &) TI,BaCaCuzO1q (T,~118 K). (b) TI,Ba,CaCyOg (T.~105K), (c) (BiPb),Sr,CaCus04q (T,~106 K),
and (d) YBa,Cuz0; (T,~91 K) at the indicated temperatures. For each sample, data are shown at temperatures corresponding to both the
normal state and the superconducting state of the sample. We observe additional structure between 1.0 and 2.0 eV in the TDR spectra
collected at temperatures below each sample’s superconducting critical temperature.

peratures above&,.%° Thus, we assume the temperature de-with the assumption that the normal-state reflectance of the

pendence of the material at any temperatfitewere in the  material at 110 K is approximately equal to the average value

normal statecan be expressed as of the reflectancg,R). Thus, the superconducting to normal-
state reflectance ratio of T1-2223 at 110 K can be written as

ARY [T | ARygs 15
R 1135 K R (12) s "
R« R AR AR
where the superscripd indicates that this represents strictly —S= ;10 Ko1- 115 K_ 115 K (15
Ry Riig k R R

the normal-state response of the material. With @g) we
may extrapolate the normal-state TDR response of the mate-

rial into the superconducting state. This procedure isjustified‘-he R¢/Ry of T1-2223 at 110 K obtained in this manner is
i ' o ; %hown in Fig. 10a). ThisR4/Ry is seen to possess a signifi-
temperatures greater than the normalization temperétere cant amount of structure aSt/plzloton energies as high as 2.0 eV.
135 K for T1-2223 we find that the measured TDR spectra rq R¢/Ry of T1-2212, BiPb-2223, and YBCO are shown as
. . . N 1 1

and the extrapolated spectra are thually identical. . (b), (c), and(d) in Fig. 10, respectively. The normalization

The R¢/Ry of the material can be obtained by subtracting o ceqyre for both T1-2223 and YBCO follow what is de-
the %xfl%rglatedtnorma}l-titate TtDR lspelclztrt{[mdfrotm f[he Me8s¢ribed above. The normalization procedure for T1-2212 and
tsure hich spelc fum o q € rtnafetrllqa coflecte 3 E} empietraBin_zzz& however, did not utilize the linear temperature-
uré which cycles in and out of the supérconducting s aedependent extrapolation because the TDR spectra of these

For T1-2223, the.spectra collected at 115 K CyCIeS.betweeHwaterials were observed to be virtually independent of tem-
the superconducting and normal state. The subtraction of t}l‘f

erature for temperatures just aboVg, although this ap-
extrapolated TDR spectrum from the measured TDR spe proximate lineaff dependence is observed from 300 to
trum at 115 K yields

~120 K in these materials.

In each sample, there is considerable structure in the re-
flectance ratio at high photon energies. This structure is re-
lated to the onset of superconductivity and thus contains in-
formation about the energy dependence of the
superconducting gap functiol\(w). In the following sec-
tions, we extract information pertaining to the functional
form of A(w), and the underlying electron-boson coupling
function,G(w), based upon a generalized Eliashberg descrip-
tion of the superconducting state, and the associated strong-
coupling description of the optical properties of a supercon-
ductor.

N N N
AR115 K AR115 K_ R120 K™ RllO K R120 K™ R11() K

R R (R) (R) '
(13

which can easily be shown to be

AR115 K ARTIS K: R?10 K

R R

- : (14
Riio k
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FIG. 10. The superconducting to normal-state reflectance @gdRy, of (a) TI,Ba,CaCus0, at T=110 K, (b) TI,Ba,CaCyOg at
T=90 K, (c) (BiPh),SL,CaCu;0,7 at T=90 K, and(d) YBa,Cu;O; at T=80 K. For all samplesR¢/Ry deviates significantly from unity at
energies as high as 2.5 eV.

IV. DATA ANALYSIS complex, energy-dependent gap function will necessarily

We analyze our results based upon the following mode[nodlfy the optical scattering time of the material. The scat-

assumptions. First, we assume an isotropic Eliashber modeefring time of the material in the superconducting state,
describFi)n b(.)th thé optical properties anF()JI the su erc?)nductts(w)’ may be calculated by assuming a form for the scatter-
g P brop P ing time of the material in the normal statg,(w).>*3> From

:r?a ﬁiari]Ifug_r(;?s%rzl.‘oE\i/(?Iﬂ'thtizoal_JsgsTjﬁiig#%r:éesir%%exgﬁgiﬁcgﬁ : is, the superconducting to normal-state reflectance ratio
gnly piC, P ay be calculated and compared to experiment.

we have measured the optical properties with unpolarize The procedure we use to calculate a theoreRRy, is

gﬂﬂgg‘ Lhivgoggﬁggtxﬁee;sﬁgj If)f ;?Oemmt?]teerluar:. '(;;::Zeezndas follows. We first assume a functional form of the electron-
TDR data. it is possible o obtain information abe fw) in  00SON coupling function(w), and a magnitude of the Cou-
' P lomb repulsion,u*, to match the experimentally measured

tehsiséig Tllte{:‘llisr.\ L!\(r?lQ\isr;ur;nglfzngk;ng\?;u:ﬁ?igtrsrﬁivvsiire T.. The theoreticall, is the temperature at whicA(w,T)
y g 9 @ equals zero. Thus, we can fifig for a modelG(w) and u*

gﬁ&;{?:‘s Stmpgflﬁia?rirgagﬁ%g;PZneglﬁZgﬁgzr'm;ﬂlvgiéﬂ?y solving forA(w,T) at a variety of temperatures and find-
ductor 9 P prop 9 sup ing the temperature at which(w,T) collapses to zero. We

obtain A(w,T) based uporG(w), T, and u* using the finite

s e e dEmperaire, reckeneroy axs frmulion of e Eleshberg
P P integral equations. In an isotropic model, these equations can

ing state arise from the existence of a finkéw,T) at tem- .

peratures belowl ., and neglect the minor changes in the be written a3

unit cell that are known to occur in the neighborhoodTef

in these material&8~8This assumption is justified by the Ao, T)= 1 dew, R A(w',T)
arguments, and theoretical TDR calculations, discussed in ’ Z(w,T) Jo Jo 2= A%(w',T)
Sec. Il B. In the end, we find that the changes in the ampli-

tude of the TDR spectrum which may occur with an associ- YK ' Ty— w* °°d ,

ated structural change @, alter the amplitude of the TDR +(@,0",T) Z(0,T) Jo O

spectrum only a fraction of a percent of the measured ampli-

tude. Further, a simple discontinuous change in the structure Alw',T) Bo'

of the unit cell cannot account for thfferent spectral form R Jo -2’ T) tanf ——1, (16)
of the TDR structure which grows in &t., as evidenced @' *=A%w’,T)

most clearly in T1-2223115 K spectrum in Fig. &]. with

A. Formalism 1 (= o'
In our model, we assume the Eliashberg theory of super- (o, T)=1-— fo do’ R w2 A2 T)
conductivity is an appropriate formalism to describe the su- ’
perconducting state of these materials. The existence of a XK_(w,0',T), 17
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f(—w')+n(Q) With a modelG(w) andu* that matches the observéd,
. a0 and theA(w,T) obtained from the solution of the Eliashberg
o' +wt+tQ . . ;
equations at the temperature at which the superconducting to
f(—0)+n(Q) f(o)+n(Q) normal-state reflectance ratio is collected, we calculate the
- reflectance in both the superconducting and normal states

K+(w,w’,T)=fwdQ G(Q)
0

oot —o'tet according to the following method. With a knowledge of
flw)+n(Q) A(w,T) it is possible to express the real part of the optical
T o et (18)  conductivity in the superconducting state {Re(w,T)}, in
terms of the real part of the optical conductivity in the nor-
mal state, Rfry(w,T)}. It can be shown that the ratio of
o f(—w')+n(Q) Re{og(w,T)} to Roy(w,T)} at low temperatures can be
K_(w,0 ,T):fo dQ G(Q) m written a§
f(—0")+n(Q) f(o')+n(Q)
o' —o+Q —w'+to+Q Re{og(w)} 2 fwlzd e( @ )
[ — ~ R -
f(w')+n(Q) Refon(w)} o Jo Jo?—A2(&)
0l (19
—w' -0+ -
<R e( ) )
and J(0—8)2—22(0—a)
2 l2 A(@
P expBo)+1) YT | expBw)— 1) @ Jo ®°—A%(®)

where A(w,T) is the complex, energy- and temperature- Alw—)
dependent superconducting gap functiaf(w,T) is the xR J AV ~
. (w— @) —A(w—®)

complex, energy- and temperature-dependent renormaliza-

tion function, G(Q)) is the generalized energy-dependent

electron-boson coupling function averaged over the Fermi ) ) o

surface, u* is the screened Coulomb repulsiof(w) and ~ Equation(20) is valid in both the extreme anomaloUsand

n(w) are the Fermi and Bose occupation factors, respectivel§>M) and London(l and¢<\) limits, wherel is the electron

and8=1/kgT. Together, these equations form a nonlinear sefn€an free path¢ is the superconducting coherence length,

of coupled integral equations which must be solved self2nd\ is the optical penetration depth. At the photon energies

consistently forA(w,T). of interest, the cuprate superconductors are taken to be in the
A full description of the procedures used to solve the fi-London limit. If we assume a model fery(w,T), it is pos-

nite temperature real-energy axis Eliashberg equations hzdble to calculaters(w,T) usingA(w,T) and Eq.(20). In our

been described previoudl§/Briefly, an iterative procedure is Model, we assume a modified Drude description of the

used to solve such integral equationsGifw), «*, andT are normal-state optical _propertles of the materials and use a

known, then the real and imaginary components offormal-state scattering ratd,(w,T)=1/7\(w,T), of the

K. (w,0',T) are calculated and stored for all poidts»’}. ~ form in Eq. (11). The C(_)mplex optical conductivity in the

Then, using the calculated. (w,»’,T) and a guess at the Drude model can be written s

initial form of A(w,T). Egs.(16) and (17) are iterated until

the solution is self-consistent. Specifically, the first-order

guess forA(w,T) is usually taken as a constant, real quantity

with a magnitude approximately that of a typical BCS gap. o(w,T)= —

With this first-order guess oA(w,T), the renormalization 1-lor

function Z(w,T) is calculated using Eq.17). Then a new

A(w,T) is calculated using Eq16), the first-order guess at whereoy. is the zero-frequency conductivity of the material,

A(w,T), and the newly calculated(w,T). This iteration pro- and 7 is the scattering time, which we take to be both fre-

cedure is repeated until the newly calculatde,T) does not  quency and temperature dependent. Using E2f8.and(21)

differ significantly from the solution of the previous itera- it can be shown that the scattering time in the superconduct-

tion. ing staterg(w,T) can be expressed as,

) . (20

Odc

(21)

1+ a)zf,z\‘(a),T) \/wzfﬁ,(w,T)—ZwTN(w,T) 9(w,T)+l\/szﬁj(w,T)‘*‘szN(W,T) (0, T)+1

200, T) 0w, T) | 2020 T) 0w.T) !
(22)

T(w,T)=
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TABLE lll. Example model systems used in an attempt to fit the experimdéyéRy spectra. The parameters used to model the
experimentalRg/Ry data. The electron-boson coupling function used as input to the Eliashberg equations consists of both an electron-
phonon and, in the midinfrared and near-infrared models, a higher energy electron-boson component. These components are cutoff Lorent-
zian peaks with amplitudesAg,A,), energies(wg,w,), and widths(I'y,I';) shown. Using the indicated value of the screened Coulomb
repulsion,u*, the model critical temperature is calculated using the approximate analytic expressigndierived by Allen and Dynes. The
strength ofG(w) is varied such that the calculat@d equals the experimentdl. of each sample. The modBL/Ry is calculated by using
A(w,T) obtained by solving the zero-temperature Eliashberg equations and multiplying this solution by the known temperature dependence
of a BCS gap. We use the model parameters obtained 8aJTaCu0,q (Table IV) to calculate theRg/Ry .

wo FO w1 Fl ,LL* TC a AO wp 1/TN
Model Ay (eV) (mev) A (eV) (meVv) (eV) N Ky (meV) (eV) e, (eV)
Phonon 2.0 0.10 15.5 0.10 1455 1181 28.02 2.76 4.29 +10Bw

Phonontmidinfrared 1.9 0.05 70 0795 05 100.0 0.15 1.733 1184 3280 276 4.29 +04B
Phonontnearinfrared 1.9 0.05 70 115 1.0 100.0 0.15 1526 118.1 28.04 276 4.29+O43

&Calculated using the approximate analytic expressiorT foderived by Allen and Dynes.

with teraction whose associated electron-boson coupling function
is restricted to energies of less tharl00 meV, the optical
2 (o2 o properties of the material in the superconducting state will
0w, T)=— fo dé Re( Jo?—AoT) reflect this energy dependence. As an example, we choose a
' cutoff Lorentzian peak model interactibentered at 100
w—® 2 (o2 meV with a damping of 15.5 meV. Using a typicaf value
o022 0—ab.T) - f do of 0.1 eV, th_e_ amplitude oG(w? was raised to a level at
’ which the critical temperature is about 118 K, as obtained
A(&,T) from the approximate analytic expression derived by Allen
XR Y and Dynes forT..'° The model parameters are shown in
Vo©—A%(,T) Table Ill. These parameters are used as input to the Eliash-
Aw—a,T) ) berg equations to obtaiA(w,T) at zero temperature. The

XR

xR (23) finite temperaturé\(w,T) is then approximated by multiply-
ing the zero-temperature solution by the known temperature
dependence of the BCS gaffhen, using Eq(22) and(23),

and approximate optical parameters for TI-2828e calcu-

late the theoretical superconducting to normal-state reflec-

V(w—)2—A%(w—o,T)

With both 7¢(w,T) and 7y(w,T), we calculate a model
Rg/Ry, vary the optical parameters,, €., andI’, within
the limits permitted by the 20% uncertainty of the literature .
values™ and attempt to obtain a match with the data. Botht@"ce ratio. .

the superconducting and normal-state reflectance spectra are!n F|g. 11, we show the rgsults of 'these.calculatlons based
calculated fors- and p-polarized light at a 45° angle of in- upon this I(_)W-energy coupling funcfuon. Flg_ure(a)lshows_
cidence. The calculated reflectance ratio is sensitive to thg1e qpproxmate&(a),T) at 110 K. It is seen in that there Is
spectral form ofG(w) used as input to the Eliashberg equa_cpn5|derable structure iA(w) at low energies, but at ener-
tions which yieldA(w,T). If a givenG(w) does not lead to a gies above gpproxmately 0.6 P.N(w) is very near zero. The
satisfactory fit of the measured data with reasonable optic s/Ry of this model, along with the measurédyRy of

parameters, the shape Gf{w) is altered, and the entire pro- 1-2223, are shown in Fig. 1. Clearly, this model repre-
cess is repeated. sents a poor match to the measured data. The calculated

We note that in order to calculaRy/Ry with sufficient R</Ry shows a great deal of structure at energies where there

accuracy to use the model as a means of fitting our experf—s a f|n|t9, IargeA(_w). And, as ant|c:|pa}ted, very little struc-
mental data, it is necessary to both solve for a self-consisterﬁwe at high energies where the associated structure in the gap

: ; tion tends to zero.
A(w,T) and changes in{o,T) at the one part in T0evel. If unc .
this precision is not attained in the numerical calculations of, Even though the calculate@y/Ry, of this model does not

the optical properties of the superconductor, it is not possibl(fz't.th.ese Qata, this result IS Important bgcause I m@cates that,
thin Eliashberg theory, if the pairing interaction is at ener-

to describes changes in the superconducting to normal-staf¥ . :
reflectance ratio a? the 0.01% Igvel g gies below approximately 100 meV, like the electron-phonon

interaction, thenpo matter how strong the couplinthe op-

tical properties of the material remain unchanged at energies

on the order of 2.0 eV. Since we have observed such changes
Having established the numerical procedures required tat these high energies in all of these samples, we conclude

interpret high precisioiRg/Ry data, we first present the re- that the electron-phonon interaction cannot solely account

sults of calculations based upon an interaction that is strictljor the superconductivity in the materials studied in this

electron-phonon based. We plot, along with these results, theork.

measureRg/Ry of the TI-2223 sample at 110 K for com- To illustrate the sensitivity of the calculat&l/Ry to the

parison[Fig. 10a)]. If the superconductivity in TI-2223 is form of the inputG(w), we have calculated the theoretical

mediated strictly by either phonons, or any other pairing in-Rg/Ry based upon a variety of functional forms of the cou-

B. Comparison of theory and experiment
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Energy (eV)

Energy (V)

FIG. 11. Calculation ofRg/Ry based upon an electron-boson
coupling function which consists only of an electron-phonon inter-
action. The model parameters are shown in Table(#l.The real ~ coupling function which consists of an electron-phonon interaction
(solid line) and imaginarydashed linecomponents ofA(w) at 110  and a “midinfrared” interaction at 0.5 eV. The model parameters
K. (b) The calculatedRg/Ry, (dashed lingshown with the measured are shown in Table Ill.(a The real (solid line) and imaginary
R¢/Ry, (solid ling) of TI,Ba,CaCu;0;0 at 110 K. From the figure it  (dashed ling components ofA(w) at 110 K. (b) The calculated
is easily seen that there only is significant structure in the calculate®s/Ry (dashed lingshown with the measure®y/Ry, (solid ling) of
R¢/Ry at energies where there is structureAitw), and that this ~ Tl,BaCaCu0;, at 110 K. From the figure it is easily seen that,
model interaction does not match the experimental spectrum.  although there is additional structure Ry/Ry at higher energies,

this model interaction does not match the experimental spectrum.
pling function. These forms include both a low-energy, pre-
sumably electron-phonon, and a higher-energy electron-
boson interaction. The low-energy electron-boson interaction
in all of these calculations is located at 50.0 meV with a

FIG. 12. Calculation oRg/Ry based upon an electron-boson

broadening of 7.0 meV. The complete model parameters are = 000 (a)

shown in Table Ill. Figures 12 and 13 show théaw, T=110 > 0.034 A

K), andR¢/ Ry, based upon model interactions which consist 2 oA /

of an electron-phonon componeplus an interaction cen- §

tered at 0.5 and 1.0 eV, respectively. In each model, there is < -0.03

considerable structure in the reflectance ratio at energies _
S -0.06 T=110K

whereA(w) possesses significant structure, but the calculated 0 1 3 3 a 5

R4/ Ry does not match the experimental spectrum. Energy (eV)

The best fit of the TI-222R4/Ry is obtained by includ-

ing, in addition to the electron-phonon interaction, a high- 1,006 T1,Ba,Ca;Cu3049

energy interaction located at 1.6 eV. The model parameters (b)

of this fit are shown in Table IV. In this fitting process we 100374

have matched the theoretica}., calculated by solving the
Eliashberg equations at finite temperatures, to the experimen-
tal T . Figure 14a), shows theA(w,T) obtained by solving

the finite-temperature Eliashberg equations at 110 K,reotd

the approximate\(w,T) calculated by multiplying the zero-
temperature solution by the temperature dependence of the
BCS gap. The calculateRg/Ry based upon thisS(w) is

shown in Fig. 14b) along with the measureRg/Ry of TI- FIG. 13. Calculation ofRg/Ry based upon an electron-boson
2223. We find very good agreement between the measuregd,niing function which consists of an electron-phonon interaction
and calculated results based upon this coupling model. Thgng a “near-infrared” interaction at 1.0 eV. The model parameters
zero-temperature solution of the Eliashberg equations basegfle shown in Table Ill.(a) The real(solid line and imaginary
upon this model is shown in Fig. 15, where it is clearly seenashed ling components ofA(w) at 110 K. (b) The calculated
that there is considerable structure in baifw) andZ(w) at  R¢/Ry, (dashed lineshown with the measureRy/ Ry (solid line) of
high energies. Tl,Ba,CaCus0,p at 110 K. From the figure it is easily seen that,
Using the same fitting procedure, we show our best fits talthough there is additional structure Ry/Ry at higher energies,
date of the TI-2212 and BiPb-2223 superconducting tahis model interaction does not match the experimental spectrum.

Energy (e:V)
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TABLE IV. Parameters used to fit the experimerfaf Ry spectra. The parameters used to fit the experim&ydRy data shown in
Figs. 15, 16, and 17. The electron-boson coupling function used as input to the Eliashberg equations consists of both an electron-phonon and
a high-energy electron-boson component. These components are cutoff Lorentzian peaks with anipftydes energied wpp,wy), and
widths (I'pp,I'x) shown. Using the indicated value of the screened Coulomb repulgfarthe model critical temperature is calculated to
match the experimental of each sample. The experimenfay/Ry is fit by using A(w,T) obtained by solving the finite-temperature
Eliashberg equations at the temperature at whictR§I®y data are measured, and by varying the magnitude of the bare plasma frequency,
wy, the high-frequency dielectric constast,, and the Drude-like normal-state scattering ratey 1ivithin the 20% uncertainty of the
literature values.

T ® wpn  I'pp oy Ix uf T Ao wp Umy
Sample (K) Ap, (V)  (eV) Ay (V) (eV) (eVv) N (K) (meV) (eV) e, (eV)

T1-2223 1181 19 005 0.007 084 16 020 0.15 149 IBS 2441 265 438 0.030.43w
BiPb-2223 1061 19 0.05 0.007 105 21 018 0.15 143 @5 2155 288 4.00 0.640.43w
T1-2212 101 18 005 0007 121 20 015 015 137 @S 21.70 225 405 0.640.5lw

3Measured using the conventional four-point probe technique.
®Calculated using the full finite-temperature Eliashberg equations.

normal-state reflectance ratios. The parameters used in thesadequacies in our normalization procedure, an unusual
fits are shown in Table IV. The calculatddw,T) andRg/Ry normal-state scattering rate not well described by our model,
of TI-2212 and BiPb-2223 are shown in Figs. 16 and 17,0r our neglect of the causal change in the optical effective
respectively. While excellent agreement is obtained with the

BiPb-2223 data, the TI-2212 data has a less satisfactory fit. 2

This is not unexpected because of the crudeness of the model (a)
used(i.e., the neglect of anisotropy and the modified Drude —_ 157
description of the normal-state optical propenti&ghile it is S ]
remarkable that theory and experiment match so well in the ©
TI-2223 and BiPb-2223 samples, the poorer fit of the TI- 05+ /\
2212 R{/Ry, particularly in the low-energy region, should 0 ‘ , ‘ ] .
not be surprising given the simplicity of the theoretical 0 025 05 2 35 5 65 8
model. This disagreement could result, for example, from Energy (eV)
0.1 b
0.1 @ S 005 i (b)
a QL AN -
S 005 - > oj'\ =
L A ’\ -- é
o~ Q- A Wl RN — < 4
3 s 0.05
< -0.05 0.1 ' 1 v '
T 110K 0 025 05 2 35 5 65 8§
'0‘1 T T T V_
0 1 2 3 4 5 . Energy (eV)
Energy (eV) (C)
{.006 T12B32C32CU3§ 10 2 31
(b) Sl
oA N~
e - - .
0+ R
0 025 05 2 35 5 65 8
0,994 - _ T=110K Energy (eV)
0 I 2 3 4 5
Energy (eV) FIG. 15. The Eliashberg model which results in the best fit of

the TLBa,CaCuw019 Rg/Ry data at 110 K. The model parameters

FIG. 14. Calculation ofRg/Ry based upon an electron-boson are shown in Table 1V(a) A generalized electron-boson coupling
coupling function which consists of an electron-phonon interactiorfunction G(w) consisting of an electron-phonon interaction at 50
and an electronic interaction at 1.6 eV. The model parameters am@eV and an electronic interaction centered at 1.6 eV. Using this
shown in Table IV.(a) The real(solid line) and imaginarydashed coupling function and the isotropic Eliashberg integral equations,
line) components ofA(w) at 110 K. (b) The calculatedRd/Ry, the complex, energy-dependent gap functiafw), and the mass
(dashed ling shown with the measure®Rs/Ry (solid line) of renormalization functionZ(w), are calculated. The reéolid line)
TI,Ba,CaCus0,4 at 110 K. From the figure it is easily seen that and imaginarydashed lingcomponents of bothh(w) andZ(w) are
there is very good agreement between experiment and theory basstdown in(b) and (c), respectively. Note the change in the energy
upon this model interaction. scale atw=0.5 eV.
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FIG. 16. Calculation ofRg/Ry based upon an electron-boson R i
coupling function which consists of an electron-phonon interaction R—S 14
and an electronic interaction at 2.0 eV. The model parameters are N
shown in Table 1V.(a) The real(solid line) and imaginary(dashed 0.996
line) components ofA(w) at 90 K. (b) The calculatedRg/Ry 0.992

(dashed ling shown with the measure®¢/Ry (solid line) of
TI,Ba,CaCyOg at 90 K. From the figure it is seen that, although the
match is not as impressive as tRe/Ry of TI,Ba,CaCu;04q, there

Energy (eV)

is reasonable agreement between experiment and theory based uponFIG. 18. The experimentalsolid line) and calculateddashed

this model interaction.

Energy (eV)
(BiPb}, Sr,Ca,Cu304¢

FIG. 17. Calculation ofRg/Ry based upon an electron-boson )
coupling function which consists of an electron-phonon intera(:tionreSpeCt“/eI

Energy (eV)

line) superconducting to normal-state reflectance ratiggRy, of
Tl,Ba,CaCuy0;q at (a) T=110 K, (b) T=100 K, and(c) T=90 K.

The spectra are obtained by using the model parameters of Table IV
and the calculated temperature dependencA(efT) at the indi-
cated temperatures.

mass,m*, which may not be negligible at the lower photon
energies. In addition, we have not yet been able to obtain a
satisfactory fit of the YBCQR¢/Ry [Fig. 10d)]. This is pre-
sumably because of the complications due to the existence of
the two plasma frequencies in the materf?

The temperature-dependeRy/ Ry spectra of these mate-
rials may be obtained from the raw TDR spectra by integrat-
ing the normalized TDR response of each sample over tem-
perature forT less thanT.. This procedure is a simple
extension of the normalization procedure described previ-
ously (Sec. Ill D) to successively lower temperatures below
Tc. The temperature dependence of R¢Ry based upon
the model parameters shown in Table IV is easily calculated
by solving for A(w,T) at temperatures below the sample’s
Tc, and using the normal-state optical parameters obtained
from the initial fits(Figs. 15—17. In Figs. 18, 19, and 20 we
plot the temperature dependence of the experimental and cal-
culated R/Ry of TI-2223, TI-2212, and BiPb-2223,
¥ In TI-2223 and BiPb-2223, there is good

and an electronic interaction at 2.1 eV. The model parameters arddreement between the experimental and theoretical spectra

shown in Table IV.(a) The real(solid line) and imaginarydashed
line) components ofA(w) at 90 K. (b) The calculatedRd/Ry
(dashed ling shown with the measure®Rs/Ry (solid line) of

based solely upon the temperature-dependent change in
A(w,T) which arises naturally from Eliashberg theory. The
TI-2212 spectra, as before, does not agree well with this

(BiPh),Sr,CaCus0;0 at 90 K. From the figure it is seen that there is model description, particularly at low energies.
very good agreement between experiment and theory based upon In making these theoretical fits of thy/Ry spectra, no

this model interaction.

effort was made to improve the agreement by invoking
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Tl,Ba,CaCu,0q V. CONCLUSIONS

We have shown that the technique of thermal-difference
reflectance spectroscopy can provide unique information on
temperature-dependent phenomena in the cuprate supercon-
ductors. In the normal state of these materials, the
temperature-dependent TDR spectra clearly indicate that the
optical scattering rate scales & This is in contrast to the
predictions of both nested Fermi liquid the&rand marginal
Fermi liquid theory*~"®and the well-known lineal- depen-
dence of the transport properties of these materials, none of
which actually predicts the temperature dependence of the
scattering rate abptical frequencies. The TDR response of
these materials, based upon a Drude-like model, however, is
a direct measurement of the temperature dependence of the
optical scattering rate. We find that the formIofdescribed
by Eq. (11) is necessary to account for these experimental
results and suggest that an accurate description of the scat-
tering rate in these materials should describe bothTtlue-

Energy (eV) pendence of the scattering rate gt zero freque_ncy, and the
(T?+w) dependence of the scattering rate at optical frequen-
i - cies.
g ey ot s ! The common, and most mportant feaure n R,
N spectra of Tl-2223, BiPb -2223, TI-2212, and YBCO is that

TI,Ba,CaCyOg at (a) T=100 K, (b) T=90 K. The spectra are S L . .
obtained by using the model parameters of Table IV and the calcut-here Is significant deviation from unity at very high photon

lated temperature dependencefv,T) at the indicated tempera- er_]erg'esng'o eV). In order to account for this de,v'at'on
tures. within Eliashberg theory, the electron-boson coupling func-

tion G(w) must contain a high-energy component in addition
) _ to the known electron-phonon interaction. Only with the ex-
changes in the normal-state density of states, the effects @dtence of this high-energy component of the pairing interac-

anisotropy, the breakdown of particle-hole symmetry or morejon can we account for the change in the optical properties
complex structure in the electron-boson coupling functionof these materials &t at photon energies of the order of 2.0
all of which could produce a better fit but would have in- eV. Further, because the measuRgR), of these materials
creased the number of adjustable parameters. cannot be accounted for with@(w) which is only nonzero
at low energieg~100 meV, these results rule out mecha-
nisms of high-temperature superconductivity which involve

(BiPb), Sr,Ca,Cu301 pairing interactions which are restricted to these low ener-
1006~ gies. Specifically, these TDR data indicate that an electron-
1,003 (a) phonon baseql i_nte_raction cannot_be solely responsible for the

R ' ) superconductivity in these materials.
=S ] R e v == Because of the proximity of known charge-transfer
Ry e excitation§”"®~"8to the energies of the excitations which we
0.9971 require to fit our experimental data for TI-2223, we had ar-
0.994 gued that the microscopic origin of this high-energy electron-
boson interaction is most likely @°®d*°L Cu-O charge
transfer®® The present data provide further support for that
1.006- conjecture and suggest that the charge-transfer excitation
1,003 contribution to the pairing interaction is a universal feature
R ‘ ‘: of the high-temperatur€l ->40 K) cuprate superconductors.
=S We have now shown that this effect occurs in both Wb
Ry 2212 and three-layefTI-2223 and BiPb-2223Cu-0, super-
0.9971 conductors and is not tied to the presence of thallium, nor to
0.994 — : T=90K the existence of planes and chains in the crystal structure
0 1 2 3 4 5 (YBCO). We predict that all cuprate superconductors with
Energy (eV) critical temperatures greater than approximately 40 K will

show an analogous optical signature at these high energies.
FIG. 20. The experimentgkolid line) and calculateddashed
line) superconducting to normal-state reflectance ratigRy, of ACKNOWLEDGMENTS
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