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Abstract

Optical transmission measurements provide a detailed picture of redistribution of the c-axis spectral weight of
La2�xSrxCuO4 (x ¼ 0:12, 0.15) and allows to examine the Ferrell–Glover–Tinkham (FGT) sum rule up to 1.8 eV. A new
conductivity peak is observed below Tc at �120 meV, which indicates a possible new collective mode and strongly
increases the FGT sum rule violation. The absolute value of the violation is larger for the optimally doped sample. The

sum rule starts to recover in the range of the low-lying interband transitions (�1 eV). In the normal state no clear energy
scale of the pseudogap can be seen.
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Although recent optical measurements point to a

very important role of the in-plane kinetic energy low-

ering in the energetics of high-Tc cuprates [1,2], the large
violation of the interplane Ferrell–Glover–Tinkham

(FGT) sum rule [3] remains an intriguing issue. An

important question is the energy scale of the sum rule

recovery. However, the accuracy of the optical conduc-

tivity, obtained by the KK transformation of reflectivity

is usually by far insufficient to tackle this problem. The

difficulty can be circumvented by the measurement of

transmission of light polarized along the c-axis. We
performed such measurements in the range 4 meV–1.8

eV on free-standing crystals of La2�xSrxCuO4 (under-

doped, x ¼ 0:12 and optimally-doped x ¼ 0:15) with a
thickness of 10–20 lm [4]. A signal-to-noise ratio of
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about 10�4–10�5 was achieved by using the reference-

channel technique above 0.5 eV [5].

In the normal state the interplane conductivity de-

creases with cooling down, which seems at first glance to

be related to the pseudogap.We found, however, that this

decrease is observed in a very broad frequency range and

thus no clear energy scale of the pseudogap can be de-

rived. At the same time, one can clearly notice, that the

conductivity decreases faster below the tetragonal-

orthorhombic phase transition, which points to a close

relation of this ‘pseudogap-like’ decrease to lattice effects.

The changes that occur to the c-axis spectral weight
below Tc, have the same energy scale and very similar
(apart from the absolute values) for both doping levels.

These changes, which are schematically shown in Fig. 1,

are as follows: (i) the delta-peak of the superconducting

condensate arises at zero frequency; (ii) the gap opens

(20–30 meV); (iii) the conductivity increases at inter-

mediate frequencies with the maximal effect at about 120

meV; (iv) the conductivity slightly lowers in the range of

the low-lying interband transitions (above 1 eV). In the
ed.
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Fig. 1. A cartoon representation of the superconductivity-in-

duced change of the interplane conductivity, derived from

transmission measurements.
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range 0.27–1 eV we could not detect any changes. The

higher-energy region was not accessible as the sample

quickly becomes non-transparent since the interband

absorption sets in.

The FGT sum rule violation is usually represented by

the ratio between the low-frequency conductivity ‘miss-

ing area’ and the condensate spectral weight D:
Nrel ¼

R Xc
0þ½r1nðxÞ � r1sðxÞ�dx=D, where the cut-off fre-

quency Xc is several times larger than the supercon-
ducting gap. In our case a natural choice is Xc ¼ 270
meV. We found that Nrel ¼ 0:2 and 0.7 for x ¼ 0:12 and
0.15 respectively. It matches the previously reported

value of 0.5 for a slightly underdoped La2�xSrxCuO4
sample (Xc ¼ 100 meV) [3] and stays in an excellent
agreement with the doping dependence found in

YBa2Cu3O7�d [6].

However, one should be careful with the interpreta-

tion of this result because the larger value of Nrel for the
underdoped sample can also be attributed to a much

smaller value of D, which stays in the denominator of
the definition of Nrel. A more relevant quantity is the
absolute decrease of the low-frequency spectral weight

Nabs ¼
R Xc
0þ½r1nðxÞ � r1sðxÞ�dx � D, which is related to

the kinetic energy saving in the superconducting state. In

contrast to Nrel, Nabs shows the opposite doping depen-
dence: it is about 2 times larger for x ¼ 0:15. Thus we
have to conclude that FGT sum rule violation in fact

becomes stronger in the optimally doped sample.

The origin of the peak at 120 meV is not yet under-

stood. It might be a signature of a new collective mode

below Tc [4]. Notably, the peak significantly ‘worsens’
the FGT sum rule violation as it contributes to the po-

sitive change of the low-frequency spectral weight. It is

important to establish its nature and the relation to the

c-axis kinetic energy lowering in the superconducting
state.
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