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Temperature-modulation analysis of superconductivity-induced transfer of in-plane spectral
weight in Bi2Sr2CaCu2O8

A. B. Kuzmenko, H. J. A. Molegraaf, F. Carbone, and D. van der Marel
Département de Physique de la Matière Condensée, Universitée de Genève, CH-1211 Genève 4, Switzerland

�Received 7 April 2005; revised manuscript received 27 June 2005; published 5 October 2005�

We examine the superconductivity-induced redistribution of optical spectral weight in Bi2Sr2CaCu2O8 near
optimal doping using a detailed Kramers-Kronig consistency analysis of the kink �slope change� at Tc of the
temperature-dependent optical spectra, published earlier �H. J. A. Molegraaf et al., Science 295, 2239 �2002��.
We demonstrate that the temperature dependence of the complex dielectric function at high frequencies �above
0.75 eV� imposes the most stringent limits on the possible changes of the low-frequency integrated spectral
weight. The presented calculations provide additional arguments, supporting the previous conclusion about a
superconductivity-induced increase of the integrated low-frequency spectral weight below Tc. The Ferrell-
Glover-Tinkham sum rule is not satisfied well above 2.5 eV, which indicates that this increase is caused by the
transfer of spectral weight from the interband to the intraband region and only partially by the narrowing of the
Drude peak.

DOI: 10.1103/PhysRevB.72.144503 PACS number�s�: 74.25.Gz, 74.20.Mn, 74.72.Hs, 78.20.Ci

I. INTRODUCTION

The problem of superconductivity- �SC-� induced spectral
weight �SW� transfer in the high-Tc cuprates is in the focus
of numerous experimental1–13 and theoretical14–31 studies. Of
special interest is the charge carrier optical spectral weight21

Wintra � �
0

�

�1,intra���d� =
�e2

�2VN
�

k

nk
�2�k

�kx
2 , �1�

where �1,intra��� denotes the optical conductivity due to the
intraband transitions, including the condensate � peak in the
SC state, V the unit cell volume, �k the band dispersion, nk
the momentum occupation number, and N the number of
momentum states. The influence of the superconducting tran-
sition on the intraband spectral weight is one of the key
experimentally verifiable predictions which distinguish dif-
ferent scenarios of high-Tc superconductivity. This is most
evident in the nearest-neighbor tight-binding model,21,32

where the changes of Wintra and of the electronic kinetic en-
ergy Ekin= �2/N��knk�k are thus simply related �a is the in-
plane lattice constant�:

�Wintra = −
�e2a2

2�2V
�Ekin. �2�

While the Bardeen-Cooper-Schrieffer �BCS� scenario im-
plies an increase of the kinetic energy in the SC state and a
corresponding decrease of Wintra, the theories of unconven-
tional superconductivity in the cuprates predict exactly the
opposite.14,15 Beyond the nearest-neighbor approximation
one should directly compare Eq. �1� with experiment.12

In practice, one measures the low-frequency integrated
SW

W�	c,T� = 
s�T� + �
0+

	c

�1��,T�d� , �3�

where 
s�T� is the spectral weight of the condensate,
�1�� ,T� is the real part of the optical conductivity, and the
cutoff energy 	c represents the scale of scattering of the
intraband �Drude� excitations. Although strongly related to
the total intraband SW, this is not exactly the same as Eq. �1�,
since the intraband and interband optical regions actually
overlap. Care thus should be taken3 not to confuse the
changes of W�	c ,T� due to the real change of Wintra�T� and
the ones due to the narrowing of the intraband peak.

Molegraaf et al.1 reported the SC-induced increase of the
intraband spectral weight in optimally doped �Tc=88 K� and
underdoped �Tc=66 K� single crystals of Bi2Sr2CaCu2O8

�Bi2212� based on combined ellipsometry and reflectivity
measurements. Santander-Syro et al.2 independently arrived
at the same conclusions by analyzing reflectivity spectra of
high-quality Bi2212 films. A recent report of the opposite
result for optimally doped YBa2Cu3O6.9 �Y123, Tc=92.7 K�
and slightly underdoped Bi2212 �Tc=86 K� �Ref. 3� has
prompted us to present in the current paper, in detail, an
alternative analysis of the data reported in Ref. 1. It confirms
the original conclusions and can also be useful for the analy-
sis of future data of a similar nature.

In order to numerically decouple the superconductivity-
induced changes of the optical properties from the tempera-
ture dependences, already present in the normal state �such
as a gradual narrowing of the Drude peak�, we apply the
slope-difference analysis, developed in Ref. 11, which is
closely related to the well-known temperature-modulation
technique.33,34 It appears that any realistic model, which sat-
isfactorily fits the total set of experimental data �reflectivity
below 0.75 eV and ellipsometrically obtained real and imagi-
nary parts of the dielectric function at higher energies�, gives
an increase of W�	c ,T� below Tc. Moreover, all attempts to
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do the same fitting with an artificial constraint that the SC-
induced change of W�	c ,T� be negative, or even zero, failed
to fit the data, despite using flexible multioscillator models.35

Importantly, the ellipsometrically measured real and imagi-
nary parts of the dielectric function, �1��� and �2���, at high
frequencies provide the most stringent limits on the possible
change of the low-frequency spectral weight W�	c ,T�, due to
the Kramers-Kronig �KK� relations.

Finally, we discuss whether the SC-induced increase of
W�	c ,T� is caused by the extra narrowing of the Drude peak
below Tc or by removal of the SW from the interband region.
We find an extra narrowing of the Drude peak, in agreement
with Ref. 3. However, this narrowing is too small to explain
the increase of the low-frequency spectral weight, which
suggests that there is a sizable spectral weight transfer from
the range of the interband transitions.

II. SUPERCONDUCTIVITY-RELATED SPECTRAL
CHANGES

As described in Ref. 1, the normal-incidence reflectivity
R��� was measured between 200 and 6000 cm−1 �from
25 meV to 0.75 eV� and real and imaginary parts of
dielectric function, �1��� and �2���, were obtained by
spectroscopic ellipsometry from 6000 to 36 000 cm−1

�0.75–4.5 eV�.
In Figs. 1 and 2 we display the temperature dependence of

reflectivity and �1,2�� ,T�, respectively, for selected photon
energies. The complex dielectric constant changes as a func-
tion of temperature in the entire range from 0 to 300 K.
For high frequencies �larger than �0.25 eV� the variation
as a function of temperature is essentially proportional to T2.
The same temperature dependence has been observed
in other cuprate superconductors—for example,36

La2−xSrxCuO4—and has been explained quantitatively using
the Hubbard model.37 For low frequencies �below �0.1 eV�
the optical conductivity has a very large intraband contribu-
tion, with a dissipation increasing linearly with temperature,
which causes a nonmonotonous temperature dependence of
�1 and �2. In particular, it was found38 that 1 / �T�1���� is
equal to a constant plus a term proportional to T−2. The
gradual decrease of the high-frequency conductivity with
cooling down is also expected due to the reduction of the
electron-phonon scattering.39

The onset of superconductivity is marked by clear kinks
�slope changes� at Tc of the measured optical quantities
�Figs. 1 and 2�. An exciting feature of the high-Tc cuprates is
that the kinks are seen not only in the region of the SC gap,
but also at much higher photon energies �at least up to
2.5 eV in Ref. 1�. It means that the formation of SC long-
range order causes a redistribution of the spectral weight
across a very large spectral range, a fact which several
groups agree upon.1–3,34,40

FIG. 1. �Color online� Temperature-dependent reflectivity of
Bi2212 close to optimal doping �Tc=88 K� for selected frequencies
in the infrared range. The dots are the data points, and the blue �red�
solid curves are polynomial fits to the temperature dependence be-
low �above� Tc, used to produce the kink �slope difference� values.
The transition temperature is marked by the vertical dotted line.

FIG. 2. �Color online� Temperature-dependent ellipsometrically
measured �1�T� �a� and �2�T� �b� of Bi2212 close to optimal doping
�Tc=88 K� for selected frequencies. The dots are the data points,
and the blue �red� solid curves are polynomial fits to the tempera-
ture dependence below �above� Tc, used to produce the kink �slope
difference� values. Not all temperature data points are shown. The
transition temperature is marked by the vertical dotted line.
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An essential aspect of the data analysis is the way to
separate the superconductivity-induced changes of the opti-
cal constants from the temperature-dependent trends, ob-
served above Tc. A similar problem is faced in the specific-
heat experiments,41,42 where the superconductivity-related
structures are superimposed on a strong temperature-
dependent background. Let us introduce a slope-difference
operator �s, which measures the slope change �kink� at Tc
�Ref. 11�:

�sf��� � 	 �f��,T�
�T

	
Tc+�

− 	 �f��,T�
�T

	
Tc−�

, �4�

where f stands for any optical quantity. It properly quantifies
the effect of the SC transition, since the normal-state trends
are canceled out.43 Since �s is a linear operator, the KK
relation is valid for the slope-difference spectra:

�s�1��� = 8P�
0

� �s�1�x�
x2 − �2 dx . �5�

In order to detect and measure a kink as a function of
temperature as well as to establish whether or not the kink is
seen at Tc the spectra must be measured using a fine tem-
perature resolution. A resolution of 2 K or better was used in
the entire range from 10 to 300 K which enables us to per-
form a reliable slope-difference analysis.

The data points in Figs. 3�a� and 3�b� show �sR���,
�s�1���, and �s�2���, obtained from the directly measured
temperature-dependent curves shown in Fig. 1 and 2. The
details of the corresponding numerical procedure and the de-
termination of the error bars are described in Appendix A.

One can see that �s�1��� is negative and its absolute
value is strongly decreasing as a function of frequency. In the
same region, �s�2��� is almost zero �within our error bars�.
Intuitively, it already suggests that the low-frequency inte-

FIG. 3. �Color online� The spectral dependence of the slope difference �sR��� �a� and �s�1��� and �s�2��� �b�. Data points show the
kink value, derived from the temperature-dependent curves �Figs. 1 and 2� as described in Appendix A. Only a few data points of �sR���
out of all used in the analysis are shown. The line show different fits, as described in the text. The solid green curve indicates the best fit of
�sR���, �s�1���, and �s�2��� simultaneously, giving �sW�	c�
 +770 	−1 cm−2 K−1 �the SC-induced increase of W�	c��. The dashed blue
and dotted red curves are the best fits of the same data with an artificial constraint �sW�	c�=0 and −770 	−1 cm−2 K−1, respectively. One
can see that both constraints are incompatible with the data. The green dash-dotted line is the best fit of �s�1��� by the formula −A�−2

+B. The integrated spectral weight �sW��� �c� for all three fits is shown by the same colors. The inset of panel �a� shows �sR��� calculated
from the ellipsometrically measured dielectric function from 0.75 to 2.75 eV on an expanded vertical scale.
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grated spectral weight W�	c ,T� is likely to increase in the
SC state. Indeed, in the simplest scenario, when the extra SW
is added at zero frequency, one has �s�1���=−8�sW�0
+ ��−2. This formula becomes approximate if changes also
take place at finite frequencies. However, the approximation
is good if the most significant changes �s�1 occur only be-
low �1�� and above �2��. This follows from the exact
expansion44 of Eq. �5�, valid for �1
�
�2:

�s�1��� = − �
j=0

�
Aj

�2+2j + �s�̃1��� + �
j=0

�

Bj�
2j , �6�

where

Aj � 8�
0

�1

x2j�s�1�x�dx ,

Bj � 8�
�2

� �s�1�x�
x2+2j dx ,

�s�̃1��� � 8P�
�1

�2 �s�1�x�
x2 − �2 dx .

For �1=0.8 eV and �2=2.5 eV we can calculate �s�̃1���
directly from the measured �s�1���. It turns out that
��s�̃1����
10−4 K−1, while the average value is indistin-
guishable from zero. In this situation we can neglect
�s�̃1���, compared to the contributions from the low and
high frequencies. Thus, to leading order,

�s�1��� 
 − A0�−2 + B0 = − 8�sW��1��−2 + �s��, �7�

where ��=8��2

� �1����−2d� is the integrated oscillator
strength of all optical excitations above �2.

The best fit of �s�1��� in the spectral region �0.8–2.5 eV�
with Eq. �7� is shown by the green dash-dotted line in Fig.
3�b�. It gives45 �sW�	c�
 +360 	−1 cm−2 K−1 and �s��


−10−4 K−1. Although these absolute values are very ap-
proximate, the signs of both parameters indicate that the
spectral weight is taken from the region above 2.5 eV and
added to the region below 0.8 eV.

III. SLOPE-DIFFERENCE SPECTRAL ANALYSIS

Now we present the full data analysis without using the
approximation �7�. The technique we present here is a modi-
fication of the temperature-modulation spectroscopy.33,34,46

Because of the KK relation �5�, we can model the slope-
difference dielectric function with the following dispersion
formula:

�s���� = �s�� + �
i=0

N
Ai

�i
2 − �2 − i�i�

. �8�

�s�� is responsible for the high-frequency electronic excita-
tions, while each Lorentzian term represents either an addi-
tion or a removal of spectral weight, depending on the sign
of Ai. We emphasize that this model is just a parametrization.

The number of oscillators, N, has to be chosen in order to get
a good fit of experimental data. The physical meaning of
some oscillators, taken alone, may not be well defined. How-
ever, the essential feature of the functional form �8� is that it
preserves47 the KK relation �5�.

We include the infrared �sR��� to the fitting procedure by
making use of the following relation:11,46

�sR��� =
�R

��1
��,Tc��s�1��� +

�R

��2
��,Tc��s�2���

= 2R��,Tc�Re
 �s����
����,Tc�����,Tc� − 1�� . �9�

The method which we use to determine the “sensitivity func-
tions” ��R /��1,2��� ,Tc� from the experimental data is de-
scribed in Appendix B.

The green solid lines in Figs. 3�a� and 3�b� denote the best
fit48 of �s�1��� and �s�2��� and, simultaneously, �sR���.
One can see that all essential spectral details are well repro-
duced. The corresponding parameter values are collected in
Table I. The first oscillator in Eq. �8� combines the conden-
sate and the narrow ��
100 cm−1� quasiparticle peak, while
the remaining oscillators mimic the redistribution of spectral
weight at finite frequencies.

The slope-difference integrated spectral weight for the
model �8�,

�sW��� =
A0

8
+ �

0+

�

�s�1�x�dx , �10�

is presented as a solid green curve in Fig. 3�c�. It gives
�sW�	c�
 +770 	−1 cm−2 K−1, which is about 2 times
larger than the rough estimate in Sec. IV.

In order to test how robust this result is, we did two more
fits of the same data, with an extra imposed constraint that
either �i� �sW�	c�=0 or �ii� �sW�	c�=−770 	−1 cm−2 K−1.
The resulting “best-fitting” curves are shown in Figs.
3�a�–3�c� as dashed blue and dotted red, respectively. One
can clearly see that the models with �sW�	c��0 fail to re-
produce the experimental spectra, most spectacularly the
high-frequency spectrum of �s�1���. This is not surprising,
since the imposed constraint changes the sign of the leading
term ��−2 in formula �7�.

TABLE I. Model parameters of �s���� by formula �8� which
correspond to the best fit of the experimental data. �s��=−3.1
�10−5 K−1.

i �i �cm−1� Ai �105 cm−2 K−1� �i �cm−1�

0 0 2.82 0

1 0 −11.25 3977

2 582 −2.40 488

3 939 2.20 707

4 2078 6.51 4496

5 2082 2.60 6141

6 3543 −0.17 1685
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To exclude the possibility that the failure to get a good fit
with the mentioned constraint would be a spurious result
caused by the limited number of Lorentz oscillators used for
fitting the data, we have also used the KK-constrained varia-
tional dielectric model,35 which is, in simple terms, a collec-
tion of a large number of adjustable oscillators, uniformly
distributed in the whole spectral range, including the region
above 2.5 eV. Thus we are confident that the dispersion
model is able to reproduce all significant spectral features of
the true function �s�1���. However, these efforts did not
improve the quality of the fit.

From this analysis we conclude that our experimental data
unequivocally reveal the superconductivity-induced increase
of W�	c ,T� in optimally doped Bi2212, confirming the state-
ments given in Refs. 1 and 2.

In Fig. 4 the model curves of �s�1��� and �s�2��� from
Fig. 3�b� are extended into the midinfrared range, where only
the reflectivity was measured. The indicated error bars were
estimated using the following criterium: when �s�1,2��� is
varied within these limits, a satisfactory fit of the measured
�sR��� and �s�1,2��� can still be achieved. Quite naturally,
the uncertainty increases as the frequency is lowered. One

can see that the trend of negative �s�1��� is continued down
to 0.2 eV, with a possible exception in the region near
0.5 eV, where error bars do not allow one to conclude about
the sign of �s�1���. In Ref. 3, the temperature dependence of
the frequency-averaged �1 between 0.25 and 0.4 eV of
slightly underdoped Bi2212 was presented �Fig. S6�. Al-
though this plot does not exclude the possibility that ��1� has
a kink �slope change� at Tc in the range between −0.001 K−1

and −0.002 K−1, we obtain a kink value for the same aver-
aged quantity, which is approximately 4 times larger. At this
moment it is not clear whether this discrepancy, which ap-
pears to be of a quantitative rather than of a qualitative na-
ture, is related to a sample issue or to the differences in the
experimental procedure.

An alternative approach is to fit the total set of spectra at
every temperature1,49 using a certain KK-consistent model
with temperature-dependent parameters. There is a variety of
possibilities to parametrize the dielectric function. However,
it was shown by one of us49 that every model which repro-
duces satisfactorily not only the spectral features, but also
the temperature dependence of the directly measured R���
and ����, gives a net increase of the low-frequency spectral
weight below Tc.

IV. DISCUSSION

A. Absolute change of the spectral weight

Having found that the integrated spectral weight W�	c ,T�
exhibits an extra increase below Tc, we want to evaluate its
absolute superconductivity-induced change, continued into
the low-temperature region:

�W�	c,T� � W�	c,T� − Wn�	c,T� , �11�

where Wn�	c ,T� is the “correct” extrapolation of the normal-
state curve below Tc. In principle, Wn�	c ,T� can be mea-
sured when the superconducting order parameter is sup-
pressed by an extremely high magnetic field �of the order of
hundreds of teslas�. Unfortunately, such large fields are cur-
rently prohibitive for accurate optical experiments.

However, an order-of-magnitude estimate and, simulta-
neously, an upper limit of �W�	c ,T� at zero temperature can
be obtained by the formula

�W�	c,0� � Tc�sW�	c� . �12�

This gives �W�	c ,0K��7�104 	−1 cm−2, which is about
1% of the total low-frequency spectral weight W�	c ,0K�

7�106 	−1 cm−2. Since the temperature dependence of
�W�	c ,T� is expected to saturate somewhat below Tc, a
more realistic estimate is smaller by about a factor of 2–5—
i.e., between 0.2% and 0.5% of W�	c ,0K�. These rough
margins are suggested by the temperature dependence of the
ab-plane50 and c-axis8 penetration depths.

If we assume that �sW�	c� reflects largely the change of
the intraband spectral weight �see Sec. IV B�, then, according
to Eq. �2�, the corresponding lowering of the kinetic energy
Ekin is 0.4–1 meV per Cu atom.1 This amount is large

FIG. 4. �Color online� The continuation of the model slope-
difference curves �s�1��� �a� and �s�2��� �b� of Fig. 3�b� to the
midinfrared region, where only the reflectivity was measured. The
colors and types of curves correspond to the ones in Fig. 3 �namely,
the solid green curve is the best fit of all data, without any assump-
tions about the integrated spectral weight, while the dashed blue
and dotted red curves are the fits with artificial constraints on the
spectral weight�. Note that the error bars, which are estimated as
described in the text, are significantly increasing as the frequency is
lowered.
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enough to account for the condensation energy of about
0.25 meV �Ref. 42� in optimally doped Bi2212. However,
we should remember that Eq. �2� is strictly valid only in the
context of the nearest-neighbor tight-binding model �see also
the footnote �32� in Ref. 1�.

B. Origin of the spectral weight transfer

A legitimate question is whether the observed increase of
W�	c ,T� below Tc is due to the transfer of SW from the
interband transitions to the intraband �Drude� conductivity—
i.e., by the increase of Wintra�T�—or is simply caused by an
extra narrowing of the Drude peak in the SC state,3,39 with-
out changing Wintra�T�. The distinction between the intraband
and interband spectral weights can be made in theoretical
models, but in experimental spectra their separation is not
unique, because of the unavoidable overlap between these
spectral ranges. Nevertheless, the temperature and spectral
behavior of the optical constants suggests a likely scenario.

Figure 5�a� shows the slope-difference conductivity
�s�1���, which is obtained by the most detailed multioscil-
lator fit35 of the data, shown in Fig. 3. The decrease of �1���
below Tc in the frequency range from 0.15 to about 0.8 eV is
due to an extra narrowing of the Drude peak, caused by the
reduced charge carrier scattering in the superconducting
state. In the most crude model where the intraband peak is
described by the Drude formula �1���= �4��−1�p

2���2

+�2�−1 and the superconductivity-induced narrowing is given
by a simple change of �, we get �s�1���= �4��−1�p

2��2

−�2���2+�2�−2�s�. This shape �with �=0.14 eV� matches
the experimental curve above 0.15 eV quite well, even

though the real shape of the conductivity peak is much more
complicated. Below 0.12 eV the drop of the conductivity is
caused by the opening of the SC gap. Thus, a peak of
�s�1��� at 0.13–0.14 eV, where the SC-induced change of
�1 is even positive, is probably a cooperative effect of the
narrowing of the Drude peak and the suppression of conduc-
tivity in the gap region. This peak corresponds to a dip in the
spectrum �sR��� �Fig. 3�a��.

Figure 5�b� depicts �sW���, which is obtained by the in-
tegration of �s�1��� of Fig. 5�a�. There is almost no
superconductivity-induced change of �1��� above 0.8 eV up
to at least 2.5 eV. Correspondingly, �sW��� is a positive
constant in this region �Fig. 3�c��, showing that the Ferrell-
Glover-Tinkham sum rule �in the slope-difference represen-
tation� �sW���=0 is not satisfied even for � well above
2.5 eV. Therefore, the scenario where the narrowing of the
Drude peak is fully responsible for the observed SC-induced
increase �sW��� requires an assumption that a large portion
of the Drude peak extends to energies well above 2.5 eV.
Given the fact that the bandwidth is about 2 eV, such a scat-
tering rate seems to be unrealistically large. Accordingly,
�sW���, which corresponds to the discussed Drude-
narrowing model �dotted line in Fig. 5�b�� accounts for only
about one-third of the actual value at the cutoff energy 	c. It
suggests that, at least in optimally doped Bi2212, a more
plausible explanation is a superconductivity-induced spectral
weight transfer from the interband transitions to the intra-
band peak.

While the redistribution of SW below 2.5 eV is well de-
termined in our measurements, the observation of the details
of the interband spectral weight removal, which is most
likely spread over a very broad range of energies, is beyond
our experimental accuracy at the moment.

C. Comparison with other measurements

It is interesting to compare the spectral weight transfer for
different doping levels and in different high-Tc compounds.
The temperature-dependent optical spectra of underdoped
Bi2212 �Tc=66 K� show similar trends,1,49 as the ones of the
optimally doped sample, pointing towards the
superconductivity-induced increase of the low-frequency
spectral weight, opposite to the BCS scenario. However, the
kinks at Tc in the underdoped sample are not as sharp as in
the optimally doped one, which might be caused by a broad-
ening of the fluctuation region around Tc in the pseudogap
regime.

A surprising result came recently from the overdoped re-
gion. The analysis of overdoped Bi2212 films �Tc=63 K�
revealed a superconductivity-induced spectral weight
reduction13—i.e., a change which is opposite to optimally
doped and underdoped Bi2212—reported in Refs. 1 and 2.
The authors concluded that if a single mechanism is respon-
sible for superconductivity across the whole phase diagram,
this mechanism should allow for a smooth transition between
the two regimes around optimal doping.

Recently superconductivity-induced reduction of low fre-
quency spectral weight was reported by Boris et al.3 for op-

FIG. 5. �a� Slope-difference conductivity �s�1��� of optimally
doped Bi2212. �b� The corresponding integrated spectral weight
�sW���. The dashed lines show a model which mimics the narrow-
ing of the Drude peak.
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timally doped Y123 �Tc=92.7 K� and slightly underdoped
Bi2212 �Tc=86 K�. With respect to Bi2212, these conclu-
sions contradict those of Refs. 1 and 2, unless one assumes
that the sign change is due to a small difference in the doping
levels. Given the fact the in both optimally doped �Tc

=88 K� and in the underdoped �Tc=66 K� samples of
Bi2212 the same effect was observed,1 the latter possibility
seems rather unlikely. However, the conclusions of Ref. 3
were based on the temperature independence of �1��� below
Tc above 0.25 eV �see Refs. 51 and 52 for a detailed discus-
sion�, whereas our analysis shows a distinct extra decrease of
�1 below Tc, compared to the normal-state trends �see the
negative value of �s�1 in Figs. 3�b� and 4�. Since no
temperature-dependent spectra on Bi2212 were presented
above 0.5 eV, it currently remains unclear whether a similar
slope-difference analysis of the data from Ref. 3 would ac-
tually lead to the opposite conclusion regarding the
superconductivity-induced spectral weight transfer.51

Although the authors of Ref. 3 applied the same argu-
ments to the case of Y123 as to Bi2212, we note here that the
temperature-dependent curves of �1 on Y123 �but not on
Bi2212� show an upward kink at Tc �i.e., opposite to our data
of Bi2212—e.g., those shown in Figs. 2�a�, 3�b�, and 4�a��,
which indeed suggests the decrease of the low-frequency
spectral weight below Tc �see Figs. 1 C-F, S3 B, and S6 A of
Ref. 3�. Interestingly, the kink is much stronger in the b
direction �parallel to the chains�, showing the importance of
the chains in the process of the spectral weight transfer.

Taken together, the results of various groups imply that
the direction and the amount of the spectral weight transfer
in cuprates are determined by different aspects of these ma-
terials, such as the level of the doping and the nature of the
doping reservoirs �chains in the case of Y123 can play a role
as well�. This calls for further doping-dependent studies of
various cuprate families combined with realistic calculations,
beyond Eq. �2�, of the spectral weight transfer within com-
peting superconductivity scenarios taking into account the
actual band parameters of individual materials.

V. SUMMARY

We presented a detailed analysis of the superconductivity-
induced redistribution of spectral weight in optimally doped
Bi2212 by applying a modified temperature-modulation
technique33 to the published earlier optical data.1 By taking
advantage of a high-temperature resolution, we determine
the kinks �slope changes� at Tc of directly measured optical
quantities—reflectivity R��� below 0.75 eV and ellipso-
metrically measured �1��� and �2��� at higher energies. The
Kramers-Kronig constrained modeling of the slope-
difference spectra clearly shows an extra gain of the low-
frequency integrated SW as a result of the superconducting
transition. Moreover, an artificially imposed condition of the
opposite sign of the spectral weight change is incompatible
with the experimental data, most importantly with the
changes of the dielectric function between 0.8 and 2.5 eV.
Qualitatively, one of the hallmarks of the SC-induced in-
crease of the low-frequency spectral weight is an extra de-

crease below Tc of high-frequency �1, as compared to the
normal-state trends.

The increased low-frequency SW is not compensated at
2.5 eV and somewhat higher energies; this suggests that this
is mostly caused by the spectral weight transfer from the
interband towards intraband transitions and only partially by
the narrowing of the Drude peak. This implies that the elec-
tronic kinetic energy decreases in the superconducting state,
which is opposite to the BCS scenario.

Further experiments should help in completing the gen-
eral picture of the SC-induced spectral weight transfer in
different parts of the phase diagram of the high-Tc cuprates.
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APPENDIX A: DETERMINATION OF �sR„�… AND
�s�1,2„�…

According to the definition �4�, the determination of
�sR��� involves the calculation of �R�T� /�T above and be-
low Tc. The numerical derivatives, calculated straightfor-
wardly from the data points shown in Fig. 1, are rather noisy,
with the exception of some frequencies, where the signal is
especially good. In order to limit the statistical noise, we can
take advantage of the large number of temperatures mea-
sured and use the following procedure. For each frequency, a
curve R�T� is fitted to a second-order polynomial Plow�T�
between Tlow and Tc and another polynomial Phigh�T� be-
tween Tc and Thigh, where Tlow
Tc and Thigh�Tc are some
selected temperatures. For the optimally doped Bi2212 we
used Tlow=30 K, Tc=88 K, and Thigh=170 K. The polyno-
mial curves below and above Tc are shown by respectively

FIG. 6. The “sensitivity functions” ��R /��1���� and ��R /��2�
���� in the near and far infrared, obtained for Bi2212 near optimal
doping at Tc=88 K as described in Appendix B.
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blue and red curves in Fig. 1. The superconductivity-induced
slope change is calculated as

�sR = 	dPhigh�T�
dT

	
Tc

− 	dPlow�T�
dT

	
Tc

. �A1�

We estimate the error bars of �sR by varying Tlow and Thigh in
certain reasonable limits �20–40 K and 150–200 K, respec-
tively�. These error bars reflect mostly the systematic uncer-
tainties of the numerical procedure. Exactly the same method
was applied to determine �s�1��� and �s�2��� from the
temperature-dependent curves shown in Fig. 2.

APPENDIX B: DETERMINATION OF „�R /��1,2…„� ,Tc…

The application of the slope-difference analysis in the
range where only R��� is measured requires the knowledge
of “sensitivity functions” ��R /��1,2����, taken at Tc. We de-
termine them from a Drude-Lorentz model, which fits well
both R��� and the ellipsometrically measured �1��� and
�2��� at higher frequencies. The accuracy in this case is su-
perior to the usual KK transform of reflectivity, since the
high-frequency ellipsometry data effectively “anchor” the
phase of R at low frequencies.35,44 The result is shown in Fig.
6. Both ��R /��1��� ,Tc� and ��R /��1��� ,Tc� are rather struc-
tureless and vanishing, as � goes to 0.
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