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Infrared signature of the superconducting state in Pp_,Ce,CuO,

A. Zimmers, R. P. S. M. Lobd,and N. Bontemps
Laboratoire de Physique du Solide (UPR 5 CNRS) ESPCI, 10 Rue Vauquelin 75231 Paris, France

C. C. Homes
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA

M. C. Barr, Y. Dagan, and R. L. Greene
Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742, USA
(Received 14 May 2004; revised manuscript received 9 July 2004; published 26 Octobgr 2004

We measured the far infrared reflectivity of two superconducting,gCu0, films above and below,.
The reflectivity in the superconducting state increases and the optical conductivity drops at low energies, in
agreement with the opening of(possibly anisotropic superconducting gap. The maximum energy of the gap
scales roughly witfT; as 2A,,,/kgT.=4.7. We determined absolute values of the penetration depth at 5 K as
Aap=(3300£700 A for x=0.15 and\ ,,=(2000+300 A for x=0.17. A spectral weight analysis shows that the
Ferrell-Glover-Tinkham sum rule is satisfied at conventional low energy sealés, .
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Since the discovery of higfi; superconductivity, consid- tirely different from that of the normal state g&pl? This
erable efforts have been made to describe and understand tfeature is translated as a spectral weight loss in the real part
response of the superconducting phase. Over the years, max-the optical conductivity. Comparing one overdoped to one
surements have been carried out in larger temperature amgtimally doped sample we show that the energy scale asso-
doping ranges, hoping to gain new insight into the problemciated with the superconducting gap roughly scales Wjth

The discovery of electron-doped cuprdtégave access Two PCCO films were epitaxially grown by pulsed-laser
to the mirror image of the hole doped phase diagram wittdeposition on SrTi@ and annealed in reducing
respect to the Mott insulator state. Since then, significanatmospheré® The optimally doped sample is obtained with
work has been made looking for the differences and similarix=0.15, hasT.=21 K and is 3780 A thick. The sample with
ties in systems with either type of carrfefhe general phase x=0.17 is in the overdoped regime, h@s=15 K and a
diagram presents global symmetry, yet the magnetic propethickness of 3750 A. The critical temperatures were obtained
ties show clear differences, the most obvious being the muchy electrical transport and are defined by the zero resistance.
broader antiferromagnetic phase on the electron doped sid&hin films are extremely homogeneous in the Ce concentra-

On the hole-doped side the main results from infraredion and their large surface to volume ratio makes them easy
spectroscopy can be summarized @gin the normal state, to anneal.
indirect evidence of the pseudogap phase has come from Near normal incidence infrared and visible reflectivity
analysis of the inverse quasiparticle lifetimer{l), which is ~ spectra were taken between 60 and 21000'dma Bruker
depleted over a range-100 meV? (ii) the system evolves IFS 66v interferometer at ESPCI. These data were extended
smoothly from the normal state into the superconductingo the very far-infrared 10—200 cm?') at Brookhaven Na-
state with no typical energy scaling with;® (iii) for most  tional Laboratory utilizing a Bruker IFS 113v interferometer.
dopings these materials are in the clean lifnind (iv) a  The films had an exposed area to the infrared light of about
nonconventional pairing mechanism is supported by som& mm in diameter. At ESPCI, gold mirrors were used as a
evidence that high energy states contribute to the formatioreference below 10000 c¢rh and silver mirrors above
of the condensate in the underdoped regine. 8000 cm?. The data are corrected for the absolute reflectiv-

Recent studies abovk,, in the electron-doped side, have ity of Au and Ag. The reflectivity measured at BNL uses an
concluded through direct spectral weight analysis that a higin situ overcoating of the sample by gold as a referefice.
energy partial gap opened in the normal st&té&? However Measurements taken at ESPCI and at BNL agree within
very little is known about the optical properties in the super-0.2%, giving a rough estimate of the error in the reflectivity.
conducting state, most likely due to the low energy associThe relative accuracy of the measuremggtween two con-
ated with the superconducting g&p*®Indeed, most studies secutive temperatures, for instanis estimated to be better
rely on the Raman scattering of NdCe,CuO, (NCCO) and  than 0.1%.

Pr,_,CeCuQ, (PCCQO at optimal doping(maximumT,) X Data were taken at several temperatures in the whole
=0.1517"-1° spectral range but in this paper we are only going to compare

In this paper, we take advantage of the large surface anthe far-infrared spectrurtbelow 500 cm?) just aboveT, to
good homogeneity of PCCO films to explore the changeshe one at 5 K. The normal state properties and the full spec-
induced by superconductivity in the far-infrared spectra. Outral range are discussed elsewhtYe.
data show an enhanced reflectivity at low frequencies when To account for the substrate contributions we measured
going into the superconducting state, on an energy scale ethe reflectivity of SrTiQ at the same temperatures as those
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selected to measure our samples. We then searched for a
dielectric function for the film that describes the reflectivity
of the whole system using a standard thin film model. This
procedure has been successfully used to account for the tem-
perature dependence of the substrate phoriionparticular

the SrTiQ, soft mode and far infrared properties.We fitted

both films normal state reflectivities in the whole spectral
range(20—21000 crmt) within 0.2%. The dielectric function
thus obtained was utilized to generate the bulk reflectivities
of PCCO aboveT,. In both samples, it turns out that below
200 cm? the normal state bulk response is the same as the
experimentally determined film reflectivitywithin 0.2%)
meaning that the substrate contribution is negligible in this
low frequency range. As we discuss further, the supercon-
ducting transition is characterized by an increase of the low
frequency reflectivity. The shape of this extra reflectivity is
not trivial to simulate. However, as the superconducting state
is more reflective than the normal state, it is safe to assume
that the low frequency bulk and measured reflectivity are
also identical in the superconducting state. In each film, be-
yond 100 cm?, the reflectivities of the normal and the su-
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FIG. 1. Real part of the optical conductivity for the optimally

perconducting state are identical, within the accuracy of thgiop panej and overdopegbottom panel Pr,_,Ce,Cu0,. The insets

measurement, from 25 K, just aboV¥g down to the lowest
temperature.

The overall bulk reflectivity of PCCO can then be ob- and the solid line to 5 K.

tained by combining the measured data below 200 cim
the bulk simulation above 100 ¢t Finally, we applied

show the far-infrared reflectivity for the respective samples. In all
panels the dashed line corresponds to a temperature just dpove

counter the second point we can look at the low frequency

standard Kramers-Kronig analysis to such reconstructe§cattering rate just abovk. In the optimally doped sample

spectra in order to extract the optical conductivity of PCCO.W€ have 1H0)~85c

Below 20 cn! we used a Hagen-Rubefib—a\w) extrapo-

m* and in the overdoped material
1/7(0)=30 cnT!. These values are of the same order of the

lation for the normal state reflectivity and a superconducto
extrapolation(1-bw*) belowT,. Above 21000 cmt we used
a constant up to facm* followed by a free electron X*

termination.

Ifrequency where the reflectivity increases. It is then reason-

able to assign the reflectivity rise and the conductivity drop

to the superconducting gap. In the absence of a specific
model for such a gap, we can only estimate the maximum
gap value from the frequencies where the low energy reflec-

Figure 1 shows the real part of the optical conductivity ity or conductivity in the superconducting state differs

(o) for x=0.15 (top panel and 0.17(bottom panel The

from the ones abové,.. If we use the values obtained from

insets in this figure show the measured far-infrared reflectivyy, we have a 2,,,,/ksT, ratio of 6 forx=0.15 and 5.6 for

ity. In all panels the dashed line is taken just abdyeand

x=0.17. This value is probably an overestimate of the gap

the solid line at 5 K. In both compounds the far infrared energy. Considering the frequencies obtained from the reflec-
reflectivity increases, corresponding to a depletion in the sutivity, the 2A,,,,/kgT, ratio is 4.7 for both samples, in closer

perconductingr; at low frequencies.

In Fig. 2 we plot the ratio between superconducting andmetry in NCCO sample¥19

normal reflectivity(left pane) and conductivity(right pane)

for thex=0.15(dashed lingandx=0.17(solid line) samples.

We note that there is an increase in the low energy reflectiv-
ity at 70 cm* for x=0.15 and 50 crt for x=0.17. The cor-
responding decreases in the optical conductivity occurs at
90 cmit and 60 cmt.

In a sswave BCS superconductor a rise in the low fre-
quency reflectivity is associated with an isotropic supercon-
ducting gap(2A). However the BCS reflectivity is much flat-
ter and closer to unity than what is seen in our data.
Nevertheless, the reflectivity rise is compatible with the on-
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set of an anisotropic gap. Indeed, the two strongest argu- fiG. 2. Superconducting to normal state ratio of the reflectivity
ments against the observation of the gap in cuprategipre (left pane) and optical conductivity(right panej in PCCO. The

the energy range where the reflectivity increases does nefashed line is fox=0.15 and the solid line fax=0.17. The dotted
vary with doping andii) cuprates are thought to be in the straight lines are guides for the eye representing the average high
clean limit making the observation of a gap difficult. The frequency behavior. The arrows indicate the frequency where this
first argument is clearly not applicable to our data. Tolinear behavior breaks down.
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FIG. 3. Superconducting plasma frequency extracted from the o . )
1/w component ofr, in the superconducting state. The dotted lines ~ FIG. 4. Partial differential sum rule for optimally and overdoped

are the average values fox, between 20 and 500 crh PCCO calculated using E¢4). The dashed lines are the supercon-
ducting plasma frequencies calculated from Fig. 3. The shaded ar-

To further quantify the superconducting properties of°2s indicate the error in these values.

PCCO, we looked at thé-sum rule. It follows from charge

conservation and states that cm™! for x=0.17. The contributions to errors s, come
from (i) the uncertainties in fitting the low frequeneyr5° to
p 2 e a constant value; an@i) different extrapolations used in the
f oy(w)do' = ——, (1) Kramers-Kronig calculations. The absolute value of the su-
Zy m perconducting penetration depth at 5K can be calculated us-

0 iNg Aap=(1/2m) 0 and yield \,,=(3300+700 A for x

where Z,=377 () is the vacuum impedance, the charge =0.15 and\,,=(2000+300 A for x=0.17. These values are
density, ance andm the electronic charge and mass, respecin good agreement with the ones obtained by microwave
tively. absorptior?>26

Infinite conductivity in the superconducting state is repre- We can now verify the FGT sum rule by comparing the
sented by aj(w) peak at the origin inory. The f-sum rule  spectral weight lost imr; to the superfluid weight calculated
then implies that the spectral weight of th&w) peak must above. To do so, we define a partial differential sum rule
come from finite frequencies, hence the decrease;inin

fact, Ferrell, Glover, and TinkhafFGT) (Refs. 22 and 283 7 “
have shown that the spectral weight lost at finites frequencies A(w) = —OJ [oY(w') - 03(w')]de’, (4)
of o4 in the superconducting state is recovered in the super- Ls .
fluid weight. 0

To verify the FGT sum rule we need to determine theyhere the superscriptd and S refer to the normal and su-
superfluid weight. One_way to calcqle}te4|t is to use the Imagiperconducting states, respectively. One should re@o) as
nary parto;, of the optical conductivity* In the supercon-  the contribution from states up i to the superconducting

ducting state one can write; as plasma frequency, i.eQ¢.=A(w— ).
2 Figure 4 shows\(w) for both films. To correctly obtain
oq(w) = Z—Qgcé(w) +o1(w), (2) A(w), one must integrate from*@ut our data only go down
0

to 20 cn. To get the area between 0 and 20 ¢mve fitted

where(. is the superconducting plasma frequengythen  the normal stater; using a Drude peak. For lack of a good
follows from Kramers-Kronig as extrapolation, the superconducting was set to 0 below

20 cnil. Inspection of Fig. 1 shows that this approximation

is reasonable for the overdoped sample. However it will
S do’ (3) largely overestimaté (w) in the optimally doped compound.
w T In that case we used a constant extrapolation to zero fre-

quency. The dashed lines in Fig. 4 are the superconducting

and we definer3® as the first term on the right-hand side of plasma frequencies calculated from Fig. 3. The shaded areas
Eqg. (3). indicate the error in these values.

Kramers-Kronig of the reflectivity data yield directty; Figure 4 is showing how far one must integrate the
ando,. Becauser, is obtained only for finite frequencies, it conductivity to obtainQg. from A(w). Within error bars
has no information on thé(w) function and therefore equals the FGT sum rule is fulfilled in both samples below
o1. We can thus apply Eq3) and calculater3". 200 cnm! (25 meV). A similar analysis in underdoped

Figure 3 shows that/wo3® for both samples is indeed Bi,SrL,CaCuyOg_s shows that one must integrate Ed) to
fairly constant below 500 cm and corresponds td),,  Vvery high energieg2 eV) in order to recover the spectral
=(4800+1000 cm! for x=0.15 and Q4=(7900+750  weight of the condensafe’ A similar effect was also seen in

©

2 20 [ oy(w')
oy(w) = Zo—wﬂgc— 7 1

0
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YBa,CuOg 5 Where the integration must be carried up to  In conclusion, we have measured the optical conductivity
0.5 eV to satisfy the FGT sum rufeThis energy range is of one optimally doped and one overdopeg_R&e,CuQ,
characteristic of the boson spectrum responsible for the paifiim. The reflectivity increase at low frequencies can be as-
ing mechanism, which led to the conclusion that the pairingsociated with the superconducting gap maximum and its
mechanism was unconventiorf&t2In our PCCO samples, value scales withT, as 2\ ,,~4.7ksT.. The superconduct-
Fig. 4 shows that the states contributing to the formation ofng penetration depth at 5 K was determined to g
the superfluid lie at energies comparable to the phonon spee<(3300+700 A for the optimally doped sample anil,y,
trum. . . =(2000+300 A for the overdoped one. The partial differen-
The energy scale over which the condensate is recoverggh sym rule shows that the superfluid condensate is built
as well as the superconducting gap value are much smallgfom states below 25 meV compatible with a more conven-

than the magnitude of the normal stafgseudd gap ob-  tional low energy pairing mechanism.
served around 100 me¥?-12This is in striking contrast with

hole doped cuprates where the area loss in the real part of the The authors thank Dr. V.N. Kulkarni for RBS/Channeling
conductivity, due to superconductivity, occurs over an energyneasurements and C.P. Hill for help in the sample prepara-
scale which is similar to the one associated with thetion. The work at University of Maryland was supported by
pseudogap state. This might imply that the normal state gaplSF Grant No. DMR-0102350. The work at Brookhaven
in electron doped cuprates has a different microscopic origifNational Laboratory was supported by DOE under Contract

from the pseudogap in hole doped cuprates. No. DE-AC02-98CH10886.
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