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Abstract

We use the experimental technique of thermal-modulation reflectometry to study the relatively small temperature dependence
of the optical conductivity of superconductors. Due to a large cancellation of systematic errors, this technique is shown to be a
very sensitive probe of small changes in reflectivity. We analyze thermal-modulation reflection spectra of single crystals and
epitaxially grown thin films of YBa,Cu;0,_;s and obtain the a,r?F (w) function in the normal state, as well as the superconduc-
tivity-induced changes in reflectivity. We present detailed model calculations, based on the Eliashberg-Migdal extension of the
BCS model, which show good qualitative and quantitative agreement with the experimental spectra.

1. Introduction

Optical spectroscopy in the infrared region pro-
vides a valuable tool to study low-energy excitations
in high-T, superconductors. In principle such mea-
surements can provide information about the super-
conducting energy gap (if any) and the pairing
mechanism. A lot of discussion is still focussed on the
problem of how to distinguish electronic contribu-
tions from those which are due to phonons, and to
what extent these two are coupled. The latter de-
serves special attention, because in the conventional
superconductors electron-phonon coupling is be-
lieved to be responsible for superconductivity. While
the role of electron-phonon coupling is not very clear
in the new high-T, materials, there exists a tendency
in the theoretical community to consider conven-
tional coupling mechanisms, such as electron—
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phonon, as a necessary ingredient to obtain pairing.
It is not yet clear, however, whether an exceptionally
large electro—phonon coupling is really required, or
whether a small germ suffices, which is then further
“boosted” by other mechanisms such as interlayer
pairing (as was recently proposed by Anderson [1]).
This uncertainty emphasizes the importance of a
proper understanding of electron—-phonon coupling in
these materials if we want to make progress towards
a theory of high-T, superconductivity which is of
practical importance, e.g. is able to predict 7, for new
compounds. Although many data of high quality have
been obtained on a wide variety of cuprate high-T
superconductors, it has turned out to be difficult to
obtain a clear interpretation of these data. In partic-
ular, there have been many papers where the obser-
vation of a “clean” gap has been claimed, but closer
inspection reveals that there is a considerable amount
of residual absorptivity at energies below the pre-
sumed gap. Some of the difficulties are connected with
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experimental problems concerning the complicated
structure of such systems, but others are related to
the theoretical interpretation of the results obtained.
Two examples are that the value these gaps would
have is far too high to be compatible with a simple
BCS picture, and the position of these features does
not appear to shift to zero frequency if 7- 7. In-
stead a gradual filling of the gap region is observed
with a change of slope of the intensity in this region
at the phase transition, which can be fitted in a phe-
nomenological way using a two-fluid description of
the superconducting state.

In the conventional theory superconductivity is a
consequence of electron pairing mediated by the ex-
change of the Bose-like excitations. This pairing leads
to the appearance of an energy gap and hence to zero
absorption for frequencies less than 24. In the optical
data it is possible to determine this threshold by
measuring the departure of the reflectivity from un-
ity, or of the absorptivity from zero. The most in-
formative value is the optical conductivity (o). But
in order to calculate & it is necessary to determine with
great accuracy small departures from 100% reflectiv-
ity, followed by a Kramers—-Kronig analysis to obtain
the phase of the reflectivity. When the absolute re-
flectivity is close to 100% the progression of experi-
mental errors in this procedure often leads to large
uncertainties in the conductivity.

For experimental reasons 24 was determined in
conventional superconductors as a maximum of the
ratio of the reflectivity in the SC state to the normal
state. For HTS there are several difficulties when one
tries to apply this procedure due the high critical tem-
perature T itself. Between zero temperature and T,
some intrinsic changes in the electronic subsystem
occur, due to which we have practically two different
substances at low (helium) and normal-state tem-
peratures. This is even more important if the mech-
anism of pairing is of an electronic nature.

2, Thermal-modulation reflectometry

Another method of the determination of the en-
ergy gap has been used by Abel et al. [2]. It provides
a possible way to avoid some of the aforementioned
difficulties (e.g. problems with the absolute value of
reflectivity and Kramers-Kronig transformations).

Abel et al. determined the ratio of optical reflectivi-
ties at two close temperatures R(w, T') /R(w, T+ 8T),
and the maximum of this ratio was ascribed to the
superconducting energy gap 24(T). This feature re-
flects the fact that the main change below T is due to
the decrease of 4 in the single-particle excitation
spectrum. However, in real superconductors the sit-
uation is more complicated. First, for 7> 0 the gap
itself is not well defined. Second, we have a strong
temperature dependence of the number of thermally
excited Bose-like quasi-particles. As we shall see be-
low, this is the dominating effect, and gives us a pos-
sibility to extract information about the spectrum of
these intermediate bosons. The third complication is
connected to the so called Holstein shift. The optical
conductivity contains contributions from the inter-
mediate bosons which are responsible for the pairing
because they are coupled to the electron-hole excita-
tions (boson-assisted conductivity, see e.g. Refs. {3]
and [4]). The difference between the normal and the
superconducting state is the following: A threshold
point of an absorption which in the former case takes
place at the characteristic boson frequency £, should
in the latter case be shifted to Q,+ 24. This effect was
observed in conventional superconductors and played
an important rolé in establishing the phonon-me-
diated nature of superconductivity in these systems
[5,6]. However, the absence of such a shift in the re-
flectivity spectra of high-T, superconductors is one of
the most important objections against the conven-
tional mechanism of superconductivity in these com-
pounds [7,8]. The thermo-modulation method, in
which the ratio of reflectivities at two close tempera-
tures is analyzed [2], gives the possibility to observe
the boson anomalies in the normal as well as in the
superconducting state. In the present paper we make
a detailed comparison between model calculations
based on strong-coupling theory, and experimental
thermo-modulation reflection spectra. The data used
in the present analysis are in good agreement with
those obtained by Abel et al., but cover a wider range
of frequencies and temperatures.

The main advantage of measurements of R(w, T)/
R(w, T+ 8T) between two close temperatures is that
all thermal effects connected with extrinsic factors
(e.g. the experimental setup, spurious signals) are
compensated and the ration reflects only the temper-
ature dependence of the occupation numbers of the
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bosonic and fermionic excitations. If the change of
temperature 87 < T, it is possible to expand

R(w,T)/R(w, T+8T)=1+r(w, T)8T. (1)

From the expression for the reflectivity at normal in-
cidence R=|(1 —\ﬂ)/( 1 +\/E) |2 one obtains the
following exact expression for the thermo-reflectance
coefficient:

r(w,T)=—0InR(w, T)/0T
de/oT

=2 Rel:m:l. (2)

Although in the comparison which we will make to
experimental optical data we will use numerical cal-
culations based on the full solution of the Eliashberg
equations, we will make some further approxima-
tions in order to demonstrate that r(w, T) reflects
the a2 F function. We first notice, that for a good
metal in the frequency region under consideration
(w<wy,) | €| > 1, so that we may write r(w, T) =4
Re 9(e~1/2) /3T. As can be seen from Fig. 8 of Ref.
[11] 0.25<¢€" /€' <0.4 for the relevant frequency
range in the superconducting state. Although in the
next section we will make a comparison between ex-
periment and theory using the exact expression for
the thermo-reflection (Eq. (2)), in the present qual-
itative discussion we only consider the “clean” limit,
where (€"/€¢ )= (wt)~! may be treated as a small
parameter in a Taylor series expansion. The leading
order of this expansion is

a 6"

(3)

For the description of the dielectric function in the
normal state we use the extended Drude expression

(9]
w3/ w?
m*(w)/m+i/(wt(w))

(0, T)=¢€,— (4)

We will here make the approximation that the main

temperature dependence enters through the parame-

ter 7(w). As we consider here the range of frequen-

cies where wt>> 1, we obtain the simple expression
2 or!

rlw,T)= Zo_p oT -

(3)

As is shown in the Appendix, for sufficiently low fre-

quencies the temperature derivative of the optical
scattering rate is proportional to the transport spec-
tral function, whereas at high frequencies it is pro-
portional to A,,, so that

in A (T>£)

, |2n2T
3w

r(wa T)=

ai(w)F(w) (T<) |

(6)
So we see that thermal-modulation reflectometry can
provide rather direct experimental information on the
transport spectral function.
In the superconducting state it is possible to obtain
a useful expression in the region where —¢’ ~c?/
(w2} )> 4no(w, T)/w (i.e., when R~1), where
o,=we" /(4r) is the real part of the optical conduc-
tivity. Here A is the London penetration depth. In
this case

, 00 (w, T)
or -

In the Appendix we show that in the superconducting

state the dominant term in dg,(w, T) /0T is propor-

tional to a2 F(w—24). As a result we obtain, disre-

garding the slowly varying term

8miwiii T

33

(7

rw, T)=8nc 3w

r(w, T)= al(w=2M)F(w-24). (8)
At intermediate temperatures the dielectric function
can sometimes be approximated with the two-fluid
interpolation formula e(w, T)=¢.f.(T)
+¢€,(1—£(T)), as was supported experimentally
[11] for YBa,Cu,0,_; and theoretically in the case
of strong or intermediate coupling [ 12], where ¢,(w)
and €, (w) are the dielectric functions at 7=0, and at
T=T,, respectively. The function f;(T) is propor-
tional to the number of superconducting electrons and
is assumed to be of the form f(T)=1-(T/T.)"
where v is some exponent (usually v=4). For T< T,
we see that r(w, T) cRe[o,(w) — o, (w) ] and has its
maximal amplitude directly below 7.

3. Comparison of experimental data with strong-
coupling calculations

In Fig. 1(a) the experimental values of the thermo-
reflectance coefficient r(w, T) are displayed for an
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Fig. 1. (a) Experimental r(w, T') with E 1 ¢ for an epitaxial thin
film of YBa,Cu;0,_s. From top to bottom: T=35, 55, 75, 95,
115 and 135 K. The curves have been shifted vertically with 0,
—0.0005, —0.0010 K, etc. (b) The same for a single crystal.
Temperatures are 35, 80 and 125 K. Vertical offsets have been
given of 0, —0.001 and —0.002 K.

ab-oriented thin film of YBa,Cu;0,_;with T,=90 K
[11] for temperatures between 30 K and 140 K. The
ratios were calculated from data differing by 10 K.
We see a feature in the frequency region w<1000
cm~! both in the normal state and in the supercon-
ducting state. We made a similar analysis of the data
obtained by Bauer on a single crystal of YBa,Cu;Oq 5

with a T, of 81-86 K [14]. As only reflectivity data
at 10, 60, 100 and 150 K were taken, the ratios

2 R(T\)-R(Ty)
T, —-T, R(T\)+R(T?)

(displayed in Fig. 1(b)) are calculated for the pairs
(T, T,)=(10, 60), (60, 100) and (100, 150). Al-
though one expects deviations from a pure thermal
derivative in this case, the thermal-modulation spec-
tra obtained from both sets of data are actually quite
similar. The origin of the larger value of r between
100 K and 150 K in Bauer’s data is not clear, and
may be due to the lower oxygen concentration with a
T, of 80-85 K in this sample. In the normal state all
features end at the frequencies near 700 cm~!, which
corresponds to the range of phonon frequencies for
these materials. According to expression (6) the
shape of r(w, T) should be proportional to the spec-
trum of intermediate phonons o F(w). This gives
us the possibility to speak about the intermediate-bo-
son contribution to the optical properties of high-T
systems.

Let us first calculate the thermo-modulation spec-
tra using the weak-coupling BCS model in the clear-
limit, either assuming a single gap at 220 cm~! (Fig.
2(a)) or a distribution of gaps between 0 and 500
cm~! (Fig. 2b)). We see, that the calculated 7 (w, T)
has only one feature corresponding to the energy gap.
Also the calculated thermomodulation effect on the
reflectivity is much larger than the experimental
values.

To obtain a better understanding of these features
we carried out model calculations of the reflectivity
assuming an o>F function with a single broad peak at
we=350 cm~!, the constant of interaction being
A=1.5, and the bare w,=3 eV, which gives a critical
temperature 7,=87 K. This shape of a?*F(w) was
used in Ref. [13]. These parameters lead to a linear
dependence of the resistivity in the normal state, with
a slope that corresponds to experimental values [15].
To match the 164 K data it is either necessary to take
alarger wo or alarger A (= 2.5). The results are shown
in Fig. 3.

According to expression (8), for T« T, the spec-
trum of the intermediate bosons should be shifted by
24. The experimental data indeed show such a shift
and make it possible to estimate the value of 24 (if
4, is actually a distribution of gap values due to e.g.
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Fig. 2. (a) Theoretical calculation of (w, T') based on the BCS
model (24=3.5 kpT,) using the method of Ref. {16]. Tempera-
tures are 35, 55 and 75 K from top to bottom. Vertical offsets
have been given of 0, —0.001, and —0.002 K. (b) Theoretical
calculation of r(w, T') based on a BCS-like model with a gap dis-
tributed between 0 and 8k T,. Temperatures and offsets are as in
Fig. 2(a).

anisotropic pairing, the shift corresponds to a gap
value averaged over the Fermi surface) to be 250 to
300 cm~!, corresponding to a ratio 24/7,~4to 5. It
is interesting to note the negative contribution to r(w,
T') above 24+ Q, which is a consequence of the mod-
ification of the optical conductivity (second term in
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Fig. 3. Theoretical calculation of r(w, T) based on the strong-
coupling formalism with parameters as explained in the text. From
top to bottom: T=35, 55, 75, 95, 115 and 125 K. The curves
have been shifted vertically with 0, —0.0005, —0.0010 K, etc.

Eq. (14)). At intermediate temperatures the ratio
r(w, T) behaves according to the two-fluid model and
reaches a maximal amplitude just below T..

4, Conclusions

We demonstrate that thermal-modulation reflec-
tometry can be used to record small changes in reflec-
tivity of superconductors, even if the reflectivity it-
self is close to 100%. We observe that the thermal
modulations of superconducting YBa,Cu;0,_; are
quite small, but well reproducible from sample to
sample. Although the observed effects are much
smaller than results of a weak-coupling BCS-type cal-
culation in the clean limit, qualitatively good agree-
ment with a strong-coupling type model calculation
is obtained, where A=1.5, and w,=3 ¢V is assumed,
and an «®F function with a single broad peak at 350
cm ™! is taken.
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Appendix A
Normal state

Let us first consider the reflectance in the normal
state. The temperature dependence of the optical-

scattering rate can be expressed using the reaction of
Ref. [10] (valid for wt>1)

(w,T)~!
n T Q
= _([ anf,(Q)F(.Q)[Zw coth(ﬁ)
+ (w—sz)coth(%)>- (w+Q)coth(%2)] ,
9

where a2 (@) F(w) is a transport spectral function of
the electron—-boson interaction

at(w)F(w)

N
- T(,Z) KM 1*(Vi=Vie20(_x =) Y

(10)

where £2 and M are an intermediate-boson frequency
and a matrix element, and {...)) denotes an average
over the Fermi surface. In the limiting cases, where
the temperatures are either much smaller or much
larger than the characteristic frequency £,, we have

(w, T) '=
41:TJ d(In Q)e2(Q)F(Q) =214, T (T> ),
1]

2 T
i l 42 a2(2)F(Q) (0—2)

2

3
+E Tzatzr(w)F(w) (T<<.Qo).

(11)

The first term has been previously obtained by Allen
[4]. The first derivative with respect to temperature
becomes

dt(w, T)~! 2T ¢ (T>8),
0T | 4n’T
—Eafr(w)F(w) (T<<.Qo) .
(12)
Appendix B
Superconducting state

For T« T, the expression for the boson-assisted
conductivity was obtained by Allen [4]:

o(w,T)

ne? 5 "
=W<<|Mkk’| V=V ) fil(1=f)

x(l - M)J(Ek+Ek, F Qe —@)) .
EEy

Here E,= (¢ +4%)'/2 is a quasiparticle spectrum, 4,

is the superconducting gap and f, is the Fermi distri-

bution. For low temperatures 7< 4 it is possible to

neglect the temperature dependence of the gap, and

we obtain

do (e, T ne? 2n2nT
% = (@5 ){—401,2,F(w—24)

w—24

+ j dQaZF(Q)

\/(w—Q)(w—Q—M)}
Aw—-Q—4) :

(14)

The first term is proportional to the Eliashberg func-
tion aZ(w) F(w) shifted by 24 (Holstein shift). The
second term is weakly varying with frequency and is
a consequence of a modification of the conductivity
atw>24+Q.
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