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Abstract

The ab-plane infrared and visible (3 meV–3 eV) response of Bi2Sr2CaCu2O8þd (Bi-2212) thin films has been measured

between 300 and 10 K for different doping levels. In the superconducting state, dramatic differences appear between the

underdoped and optimally/overdoped regimes regarding the electrodynamics of the formation of the superfluid con-

densate. In the optimally doped and overdoped regimes, the superfluid grows up by removing states from energies

below 60 meV. This energy is of the order of a few times the superconducting gap. In this respect, optimally doped and

overdoped Bi-2212 exhibit a conventional behavior. In the underdoped regime, states extending up to 2 eV, far beyond

any conventional scale for a BCS-like mechanism, contribute to the superfluid. The spectral weight change, below the

critical temperature and beyond the intraband transitions, may be assigned to a change of electronic kinetic energy �1
meV, a figure which addresses the issue of a kinetic energy driven mechanism.
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In cuprate superconductors, the pairing mechanism

remains an open question. One clue is the typical energy

scale of the excitations responsible for pairing. Infrared

(IR) and visible spectroscopy measures the charge den-

sity distribution as a function of energy, through the

investigation of the area under the frequency (x) and
temperature (T ) dependent optical conductivity

r1ðx; T Þ. This area, known as the spectral weight W , is
defined as:

W ¼
Z xc

0þ
r1ðx; T Þdx ð1Þ
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where xc is a cut-off frequency. When integrating from

zero to infinite frequency, this spectral weight should

be conserved. Ferrell, Glover and Tinkham (FGT)

noted that, in the superconducting state, the spectral

weight DW lost from the finite frequency conductivity

is retrieved in the spectral weight Ws of the dðxÞ
function centered at zero frequency, representing the

condensate [1]. DW is approximately equal to Ws (the
so-called FGT sum rule) when the cut-off frequency xc

in Eq. (1) covers the spectrum of excitations responsi-

ble for the pairing mechanism. In conventional super-

conductors, this occurs at an energy corresponding

roughly to 4–8D (D is the superconducting gap) [1].

Assuming a similar behavior in cuprates, the FGT rule

should be exhausted at �hxc � 0:1–0:2 eV, as a typical
maximum gap value in these d-wave superconductors is

roughly 25 meV [2]. Lately, ellipsometric measurements
ed.
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Fig. 1. (a) Reflectivity of the B70KUND sample in the whole

experimental range, at high (250 K) and low (10 K) tempera-

tures. The inset shows the variation of the reflectivity in the

far-infrared, and the phonon peaks from the substrate. (b)

Temperature changes of reflectivity in the far-infrared range for

the B70KUND sample. The spectral range 700–1300 cm�1 is

zoomed in the inset. Note that relative variations of the

reflectivity of less than 0.2% can be resolved.
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[3] and ellipsometric + IR reflectivity experiments [4]

showed that in-plane spectral weight was lost in the

visible range, which raised the question of an anoma-

lous in-plane energy scale, but without direct evidence

that this spectral weight is indeed transferred into the

condensate.

The data presented in this paper address this specific

issue. We report on the investigation of the FGT sum

rule in three carefully selected thin films from the Bi-

2212 family, probing three typical locations in the phase

diagram: the underdoped (UND), the optimally doped

(OPT) and the overdoped (OVD) regimes. A detailed

study of the spectral weight changes as the temperature

goes from well above Tc down to T � Tc allows to work
out the FGT sum rule with well controlled error bars.

We find that within these error bars, retrieving the

condensate spectral weight in the OVD and OPT sam-

ples requires integrating up to an energy of the order of

0.1 eV (800 cm�1), i.e. a conventional energy scale. In the

UND sample, about 30% of the FGT sum rule is still

missing at 1 eV, and the integration must be performed

up to at least 16,000 cm�1 (2 eV), an energy scale much

larger than typical boson energies in a solid, and �100
times larger than the maximum gap. We derive the

associated change of the in-plane kinetic energy.

Among 13 samples investigated, three were selected

for this work. The selection procedure and criteria are

described in Ref. [5]. The thin films were epitaxially

grown by r.f. magnetron sputtering on (1 0 0) SrTiO3
substrates heated at temperatures J 700 �C. The vari-
ous doping levels (UND and OVD) were obtained by

post-annealing the films in a controlled atmosphere [6].

Our films critical temperatures are 70 K (B70KUND),

80 K (B80KOPT) and 63 K (B63KOVD). The reflec-

tivities, taken at typically 15 temperatures (10–300 K)

and at quasinormal incidence (�8�), were measured in
the spectral range [30–7000] cm�1 with a Fourier

Transform spectrometer (Bruker IFS-66v), supple-

mented with a standard grating spectrometer in the

range [4000–28000] cm�1 (Cary-5).

It is known that temperature changes of the optical

response in the mid-infrared and the visible ranges are

small, but cannot be neglected. Yet, as suggested in Ref.

[7], most studies rely on a single spectrum at one tem-

perature in the visible range. We did monitor the tem-

perature evolution of the reflectivity spectra in the full

available range. This is obviously important if one is

looking for a spectral weight transfer originating from

(or going to) any part of the whole frequency range.

Fig. 1(a) shows two reflectivity curves (at T ¼ 250 K
and T ¼ 10 K) of the B70KUND sample. This is an

example of the typical spectra we have measured. The

signal-to-noise ratio is unprecedented, and relative

variations of the reflectivity of less than 0.2% can be

measured in the infrared [Fig. 1(b)] and the visible (not

shown). In the far-infrared [inset, Fig. 1(a)], the three
phonon peaks coming from the underlying substrate are

clearly visible, specially at high temperatures (or low

doping), when the system is less metallic.

The contribution of the substrate to the experimen-

tally measured reflectivity precludes the Kramers–Kro-

nig analysis in such thin films. In order to extract the

optical functions intrinsic to Bi-2212, we simulated its

dielectric function at each temperature and doping level

using Drude–Lorentz oscillators (thus warranting cau-

sality). We then modelled the reflectance of the film on

top of the substrate, using the optical constants of

SrTiO3 that were experimentally determined at each

temperature [5,8]. The fit yields a valuable extrapolation

of the conductivity in the low energy range (x < 30
cm�1, not available experimentally) [9,10], which is

important in the evaluation of the spectral weight.

Fig. 2 shows the conductivity spectra for the

B70KUND, B80KOPT and B63KOVD samples, at

some selected temperatures. The superconducting tran-

sition is marked, for the overdoped sample, by a decrease
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Fig. 2. Selected conductivity spectra for the B70KUND (up-

per), B80KOPT (middle) and B63KOVR (lower) samples. For

the B70KUND sample, in the spectral range shown, the spectra

at 50 and 10 K are indistinguishable. The error bars in the

conductivity spectra are Dr=rK 10% for �hx > 30 cm�1, and

Dr=r � 20% for �hx < 30 cm�1 [5,11].
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Fig. 3. Ratio DW =Ws versus frequency showing the exhaustion
of the FGT sum rule at conventional energies for the OVD

(diamonds, right error bars) and OPT (triangles, middle error

bars) samples. An unconventional (�16,000 cm�1 or 2 eV) en-

ergy scale is required for the UND sample (circles, left error

bars). TA ¼ 80, 91 and 80 K for the OVD, OPT and UND

samples, respectively. For all the samples, TB ¼ 10 K (see text).
Note that the frequency scale changes at 800 and 8000 cm�1.
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of the conductivity over the spectral range shown in Fig.

2, so that a clear loss of spectral weight, associated with

the formation of the zero-frequency condensate, is ob-

served in this spectral range. In contrast, the low fre-

quency (�hxK 100 cm�1) conductivity of the underdoped

sample does not decrease when temperature decreases

below Tc. Beyond this energy scale, the normal- and su-
perconducting-state conductivities cross, and there is no

a clear loss of spectral weight within the spectral range

shown in the figure. A quantitative analysis is needed in

this case, based on the FGT sum rule.

From an experimental point of view, the FGT sum

rule usually compares the change DW ¼ W ðTA P TcÞ�
W ðTB < TcÞ (Eq. (1)) and the superfluid spectral weight
Ws. Ws was determined for T < Tc at low frequencies,

within the measured spectral range, by looking at the

region where the real part of the dielectric function e1ðxÞ
behaves linearly when plotted versus 1=x2 (London

approximation). The slope is directly related to the
superfluid spectral weight Ws through the ‘‘London’’
frequency XL ¼ c=kL, where kL is the London penetra-
tion depth. At TB ¼ 10 K, for instance, we find

XL ¼ 7200, 2900 and 2350 cm�1 for the UND, OPT and

OVD samples respectively [11]. The values for the OPT

and OVD samples are in fair agreement with those re-

ported in the literature [12]. There are no reliable data

on the absolute value of the London penetration depth

for underdoped samples [13].

Fig. 3 shows the ratio DW =Ws for the samples studied
in this work. In the UND sample, we find that at ener-

gies as large as 1 eV (8000 cm�1), DW =Ws � 0:65� 0:18
(details about the evaluation of the error bars are given

in Ref. [5]). It approaches 1 at �16,000 cm�1. A large

part (�30%) of the superfluid weight in the underdoped
regime thus builds up at the expense of spectral weight

coming from high energy regions of the optical spectrum

(�hx P 1 eV). Because of our error bars, we cannot make

a similar statement for the OPT and OVD samples,

where the sum rule may be exhausted at roughly 500–

1000 cm�1. Our results for the OVD and OPT samples

thus do not contradict earlier similar work in

YBa2Cu3O7�d (Y-123) and Tl2Ba2CuO6þd (Tl-2212) [14].

Underdoped Y-123 showed a conventional behavior,

possibly because only one spectrum is usually recorded

in the visible range which is precisely the energy range

which matters in this case.

One interpretation of the sum rule violation can be

made in the context of the tight-binding Hubbard

model. The relation between the low-frequency spectral

weight and the kinetic energy Ekin per copper site is [7]:

DW
Ws

� 4pc
137�h

a2

V
1

X2
L

ðEkin;s � Ekin;nÞ ¼ 1 ð2Þ
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where a is the (average) lattice spacing in the plane and
V is the volume per site (SI units). This relation means
that a breakdown of the FGT sum-rule up to an energy

�hxc of the order of the plasma frequency (�1 eV for Bi-
2212) is related to a change in the carrier kinetic energy

DEk ¼ Ekin;s � Ekin;n, when entering the superconducting
state. According to our results in the UD sample (Fig.

3), DW =Ws ¼ 0:65� 0:18 at 1 eV, which yields

DEk ¼ 1:1� 0:3 meV per copper site. This is a huge ki-
netic energy gain, � 15 times larger than the condensa-
tion energy U0. For optimally doped Bi-2212, U0 ’ 1 J/
g at 
0.08 meV per copper site [15].
Fig. 4 shows the temperature changes in kinetic

energy per charge carrier (relative to the 10 K kinetic

energy) as calculated from the infrared (0–1 eV) changes

in spectral weight (Eq. (2)). This figure shows the kink

resulting in a decrease of 1 meV in the superconducting

state, consistent with the experimental results of Ref. [4].

Note that it is the analysis of the IR spectral weight

together with the superfluid weight that actually tell that

such extra transfer is used to build-up the supercon-

ducting condensate (Fig. 3).

Various scenarios are consistent with our results.

Most of them (but not all) propose indeed a supercon-

ducting transition driven by an in-plane kinetic energy

change: holes moving in an antiferromagnetic back-

ground [16], hole undressing [17], phase fluctuations of

the superconducting order parameter in superconduc-

tors with low carrier density (phase stiffness) [18], and

quasiparticle formation in the superconducting state

[19]. There is a quantitative agreement between our
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Fig. 4. Temperature changes in kinetic energy per charge car-

rier, as calculated from the infrared (0–1 eV) changes in spectral

weight (see Eq. (2)). The kinetic energy at 10 K is taken as the

ground energy. The 1 eV frequency cut-off can be changed from

0.8 to 1.2 without altering the main features (in particular the 1

meV kink at Tc).
results and those of the hole undressing and quasipar-

ticle formation scenarios.

In conclusion, we have have found for the in-plane

conductivity of the underdoped Bi-2212 a large (�30%)
transfer of spectral weight from regions of the visible–

ultraviolet spectrum to the superfluid condensate. This

corresponds to a kinetic energy lowering of �1 meV per
copper site. The very large energy scale required in order

to exhaust the sum rule in the underdoped sample can-

not be related to a conventional bosonic scale, hence

strongly suggests an electronic pairing mechanism.
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