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Abstroct 

The far infrared (FIR) reflectance of the high-Te superconductor La 1.8SSrO.1SCu04 has 

been measured in the frequency range 15 to 400 cm -1, Below the superconducting onset 

temperature T=36K, absorption features in the FIR spectrum indicate an energy gap, with a 

functional form similar to the BCS gaP. but with a smaller magniture. 
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Very recently, intense scientific interest has focused on the layered Perovskite-structure 

compounds La-M-Cu-O, with M = Ba or Sr[ \-8]. Of particular importance are the materials 

La2-xBClxCu04 and La2-xSr xCu04' with x typically 0.\5. These systems show unusual 

transport and magnetic anomalles[ 1-8]. su~t1ve of superconducting tranSitions, with onset 

temperatures T co as high as S2K under hydrostatic pressure[ 7] and 37K under ambient 

pressure( 8]. 

Outstanding features of the La ... Sa-Cu or La-Sr-Cu oxides include sharp drops in de 

electrical resistivity below T co' with zero (or nearly zero) resistance states at lower 

temperature. In high quality specimens, the transition width is as little as 1.4K[ 8]. Similarly, 

magnetic suseptibmty measurements indicate perfect diamagnetism throughout a substantial 

volume of the sample, as expected from the Meissner effect of a superconducting ground state~ 

The nature of the "superconducting" state in these compounds is of great current interest. 

I mportant questions aiiress the behavior of the specific heat, the extent of "bulk." 

superconductivity and the capacity for persistent currents, strength of the electron-phonon 

coupling, and existence of an energy gap. 

We have addressed the question of the energy gap in the anomalous superconducting phase 

of LaI.8SSrO.1SCu04 by means offar infrared (FIR) reflectance measurements, over the 

frequency range IS to 400 cm -1. This spectral range is of interest since, in the BCS theory of 

superconductivity, a transition temperature of order 40K would imply an energy gap of 

magnltude 2b. = (3.S-4)kS Te, or the order of 100 em-I. In La 1.8SSrO.IScu04, we find 

direct evidence that an energy gap exists. The gap first opens at T ca=36K, and disp lays a 

temperature dependence in rough agreement with the predictions of the BCS theory. The 

absolute magnitude of the gap (extrapolated to T=O) Is, however, substantially smaller than the 
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BG!"; pred1ct1on. We 1nterpret our results In terms of a gapped superconducting ground state, and 

discuss possib Ie mechanisms that might 1800 to a reduction of the gap magnitude. 

We have prepared polycrystalline samples of La 1.8SSrO. ISCu04 by reoction of La203, 

CuO, and SrC03. Finely ground powders of the starting materials were pressed into a pellet 

approximately I cm in diameter, and sintered at 1100 C for 44 hours. The finished 

ceramic-like pellets were 78% dense. We have characterized our samples by careful magnetic 

susceptibility measurements, employing a SQUID magnetometer. During the measurement, the 

samples were cooled in a 16 Gauss field. Fig. I shows Xg versus temperature for 

La 1.8SSrO. ISCu04. The sharp break In Xg signals the onset of the superconduct1ng transition 

at T co=36K. The form of Xg below T co SUlJ.j8Sts a transition width of approximately 10K. 

Indicating reasonable sample quality. At low temperature, the volume susceptibility of our 

samples approa:hes Xv=-8.0x 1 0-l emu/cc. Within experimental error, this value is in exact 

agreement with that expected for a perfect diamagnet: Xv=-8.0x 1 0-2. emu /cc. 

FIR reflectance measurements were performed with a Michelson interferometer, adapted 

to a Helium gas flow cryostat to allow sample temperature variations from room temperature to 

6K. During the experiment, chopped rediation impinged on the sample surface at near normal 

incidence. The reflected radiation was lOCK-in detected with a high sensitivity composite 

bolometer operated at 1.2K. At each sample temperature for which a reflectance spectrum was 

recorded, the data was normalized to a polished brass mirror. 

Fig. 2 shows a series of normalized reflectance spectra of La 1.8SSrO.1SCu04 at selected 

temperatures ebove end below T co=36K. At S2K, the reflectance R is approximately 86% at 20 
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cm -I, and decreases smoothly with increasing frequency. Above 50K, the reflectance curve 

was found to be rather insensitive to temperature. At 36K, R has begun to rise at low frequency, 

and is approximately 90:g at 20 cm- I. At temperatures below approximately 34K, the low 

frequency reflectance is unity. In the low temperature regime below Tco ' the reflectance 

follows a consistent behavior. At low frequency. R is near unity and decreases on ly slightly with 

increasing frequency. At moderate frequency, R displays a strong drop at a characteristic 

frequency fa. and begins to flatten out once again at a higher characteristic frequency fl' At 6K. 

fa and flare clear ly ident i fied at 50 cm - I and 66 cm - I , respectively. We a Iso note, at low 

temperatures, the presence of a shallow minimum in R near 70 cm- 1. Between 90 and 400 

cm ~ I, the reflectance deCreases smoothly with increasing frequency, with no outstanding 

features. 

Both fa and f 1 decrease with increasing temperature above6K. At and above 36K, fa and 

f 1 arena longer. identifiable. We associate the reflectance'feature winmwed by fa and f 1 in 

La 1.8SSrO.1SCu04 with the onset of photon absorption at the superconducting gap energy hU = 

Eg = 2l:l. The absorption feature first appears just below T co=36K. Below this critical 

temperature, the absorption edge at fo increases with decreasing temperature, as expected for an 

electronic gap that opens at T co and subsequently grows with decreesing temperature. 

fig. 3 shows both fa and f 1 plotted versus temperature. Also plotted is fp, which 

corresponds to the frequency of the (negative) peek in the frequency-derivatives of the 

reflectance traces of fig. 2 (the derivative traces are not shown). The derivative method yields 

a very accurate measurement of f p' which I ies between fa and f l' The general behavior of the 

/I' I \ 
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data of Fig. 3 is similar in form to that predicted by the BCS gap[ 9]. The solid line in Fig. 3 is 

the BCS gap, normalized to Tc= 36K, but with a zero temperature magnitude of Eg=26.=60 

cm -1. This magnitude is approximately 30% smaller than that predicted from the 

expression[ 9] 

26 = 3.5KS T c' ( 1 ) 

for which Eg(T=O)= 87 cm- 1 (using Te = Tco =36K). 

The relattvely small magnitude of the zero-temperature gap we observe in 

La 1.8SSr o. lSCu04 (26./kB T co=2.4) is surprising. The proportionality constant 3.S in Eq. 

( 1) is appropriate only to the weak-coupling limit, where N( O)V« 1 , with N( 0) the density of 

states at the Fermi level and V the interaction potential. In the strong-coupling limit, inelastic 

phonon processes give rise to quasi-particle damping which in turn increases the 

proportionality constant in Eq. ( 1)[ 10]. Hence, in the strong coupling limit, Eq. ( 1) would tend 

to underestimate the gap magnitude, rather than overestimate it. In Lal.8SSrO.1 SCu04. the 

Debye temperature of ~400K[ 11] and Te~40K would suggest an electron-phonon coupling 

constant on the order of g=0.43. This is not too different from g=0.39 for lead, a strong 

coupling superconductor for which Eg=4.1 KS T[ 12]. 

We consider the possibility that the absorption we observe in Lal.8SSrO.1SCu04 results 

from a distributIon of BCS-like gap energIes within the sample. If a distribution were present, 

one would as--.,ociate the upper energy cutoff with T co and the lower cutoff with T c 1 ' where T c 1 

~.~~.;"t,t.;: 
, .. ;.,!i'[, 
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represents the low temperature limit of the transition width. In Fig. I, we identify Tc I with the 

flattening out of X at lower temperatures, hence T c I ~25K. A distribution would suggest that, at 

temperatures T such that Tcl < T < T co' a gap will exist at zero frequency. This is, however, in 

contrast to the FIR reflectance data of Fig. 2 which shows, at T =24K, a weJJ-developed 

absorption edge neer 50 cm -) , with no evidence for ecXiitional absorption at lower frequency. 

We do not, therefore, expect a gap distribution to be appropriate to La 1.85SrO.ISCu04' 

Another possibility for a small gap megnitucB in a superconductor is a strongly variable 

densIty of states near the FermI energy[ 13]. In Lal.8SSrO.IScu04' one mIght expect the 

Fermi surface to result from hybridized copper and oxygen bands, with the possibility of density 

of states fluctuations. However, it remains uncertain if the mechanism of fluctuations in N( E) 

alone would be sufficiently strong to reduce the gap to the observed value. 

It Is apparent that Lal.8SSrO.I SCu04 is not a conventional type-II superconductor. A 

number of novel mechanisms have been suggested[ 14, 15J to occount for the observed high T c 

anomalfes in resistivity and susceptibl1ity, Inc'luding a superconducting ground state driven by a 

charge density wave instability[ 14], and superconductivity with virtual plasmon exchange 

associated with the quasi-twa-dimensional electronic structure[ ISJ. Whether such 

mechanisms are consistent with the characteristic temperature dependence and magnitude of the 

superconductlng gap we observe, remaIns to be seen. 

In conclusion, we have observed absorption features in the FIR spectrum of 

La 1.8SSrO.I SCu04 which Identify an energy gap in the superconducting state. The development 

of the gap is consistent with the superconducting onset temperature T co=36K. On the other 

hand, the magnitude of the gap is inconsistent with the conventionai strong- (or weak) coupiing 

If 



\..1 

7 

theory of BCS superconductivity, and suggests novel interaction mechanisms in this unusual 

material. Complementary measurements of the magnetic field dependence of the gap, in addition 

to tunneling spectroscopy, should be of importance in understanding the details of the 

superconducting ground state. Such measurements are presently underway. 
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course of this work. This research was supported under NSF grant CHE83-51881 and a grant 

from E.!. DuPonte de Nemours & Co. (A.S.); the Director, Office of Energy Research, Office of 

Bastc SCtences, Matertals Sc1ences Dtvts10n of the US Department of Energy, under contract 

DE-AC03-76SF00098 (P.L.RJ; and NSF grant DMR-8400041 (A.Z.>' UW. acknowledges a 

Postdoctoral Fellowship from the Deutsche Forschungsgemeinschaft, and A.Z. acknowledges 
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Figure Captions 

1. Magnetic susceptibility of La 1.8SSrO.1SCu04 as a function of temperature. The initial 

break in the data determines T co=36K. 

2. Normal ized reflectance of La 1.8SSrO. ISCu04 versus frequency at selected temperatures. 

3. Charocteristic frequencies fa. fp• and f I (see text) for FIR absorption in 

laI.8SSrO.1SCu04' versus temperature. The solid line is the BCS gap, normalized to Tc=36K, 

but reduced in mSJnitude by 30:f; from the prediction of EQ. ( 1 ). 
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