PHYSICAL REVIEW B VOLUME 62, NUMBER 13 1 OCTOBER 2000-I

Gap in the infrared response of HgBaCa,Cu3Og. 5
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The ab-plane optical spectra of one underdoped and one nearly optimally doped single crystal of
HgBaCaCu,0g, 5 Were investigated in the frequency range from 40 to 40000 cnThe frequency-
dependent scattering rate was obtained by Kramers Kronig analysis of the reflectance. Both crystals have a gap
in the scattering rate of about 1000 thwhich is much larger than the 700-crhgap seen in optical studies
of several cuprates with maximutn, around 93 K. There appears to be a universal scaling between gap size
and maximuniT . for the cuprate superconductors.

Although high-temperature superconductivity in the cop-in tunneling and Raman spectra and may in fact have a dif-
per oxides was discovered over a decade ago, an understaridrent doping dependence depending on the doping depen-
ing of the mechanism that gives rise to the high transitiordence ofi ().’
temperaturdl, is still elusive. Most of the research has been  While Puchkovet al® show that the infrared gap has no
directed towards the one- and two-layer systems which havdoping dependence and that its magnitude is the same for
a maximumT. in the 93-K range. Recently, however, high several materials, a relationship between gap size and maxi-
quality single crystals of the three-layer Hg based materialsnum T, cannot be ruled out since all of these materials have
with a maximumT ~135 K have become availabBlmaking T, near 93 K at optimal doping. In this work theb-plane
it possible to examine, spectroscopically, oxide superconinfrared reflectance of single crystal HgB&Cu;Og, 5
ductors that have significantly high&,. (Hg-1223 is measured in order to study the gap in the su-

Of particular interest is the gap, or partial suppression operconducting state of a material with a maximigsignifi-
the density of low-energy excitations, which is seen in allcantly higher than those of the other systems that have been
high-temperature superconductors. In underdoped materiasgudied previously.
this gap seems to persist even in the normal state where it is The measurements were carried out on two single crystals
referred to as the pseudogap. A pseudogap has been segnown in gold foil by a single step synthegighe crystals
with a variety of techniques such as angle-resolved photowere characterized by x-ray diffraction and wavelength dis-
emission(ARPES, tunneling spectroscopy, specific heat, dcpersive spectrometry.The nearly optimally doped crystal
resistivity, nuclear magnetic resonance and opticahad aT, of 130 K and dimensions 0:40.3x 0.03 mn?. The
spectroscopy.lt is not clear whether a true distinction exists underdoped sample had B, of 121 K and dimensions
between the normal-state pseudogap and the supercondudtéx 0.5x 0.04 mni. The smallest dimension is theaxis or
ing state gap since in most experiments no discontinuity if001] direction with the[100] direction 45° from the two
gap properties is seen &af,. However, specific-heat larger edges. In both crystals the width of the transition was
experiments have been interpreted to suggest that the gapabout 6 K. Reflectance measurements between 40 and 8000
do have separate origins. cm ! were performed on as-growab-plane faces with a

The size of the gaps in the one- and two-layer materialMichelson interferometer using three different detectors. A
are of the order of 91T, at optimal doping and essentially grating spectrometer with three additional detectors was used
independent of temperature. As is reduced below optimal for the rest of the range up to 40 000 cm(5 eV).
doping the gaps increase in siZz&.This, however, is not true Theab-plane reflectance of the optimally doped crystal is
in theab-plane infrared response. A compariSaiiinfrared  shown in Fig. 1. At low temperature there is a striking
spectra of YBaCusO, (Y-123), YBa,CuOg (Y-124), temperature-dependent feature below 1000 tnin the op-
Bi,Sr,CaCuyOg.. 5 (Bi-2212) and ThSK,CuOs, s (TI-2201)  timally doped sample this is seen only in the three spectra
showed no dependence of gap size on doping level or evepelow T.. The inset of the figure shows a similar feature in
on which system was being measured. All samples showedtae reflectance of the underdoped sample also at 100d.cm
gap of~700 cm 1. The presence of the feature in the 125-K data, which is now

One explanation for this difference between the dopingabove the 121-KT., shows that it persists in the normal
dependence of the gap in infrared measurements and thgtate, although at a somewhat lower frequency. Similar be-
seen using other techniques may be that for reflectance in theavior in reflectance has been observed in other fiighra-
clean limit, where 14 w)<2A, onset of absorption does not terials, for example, Bi-2212where a feature appears in the
occur untilhw>(2A+%Q) where# () is the frequency of a region of 700 cm? well above T, and shifts to slightly
momentum conserving inelastic excitation. Gaps in the infrahigher frequency in the superconducting state. Detailed
red response will therefore be larger by than those seen analysis shows that the 700-Cthfeature in the reflectance
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] FIG. 2. The real part of the optical conductivity of the optimally
FIG. 1. ab-plane reflectance of the optimally doped crystal of gopeqd crystal of Hg-1223. There is a marked transfer of spectral
Hg-1223 withT,= 130 K. The inset compares this to the reflectanceweight fromw< 1200 to a peak centered at 184 chnThis peak is

of the underdoped sample willi =121 K. The temperature depen- mch narrower and weaker in the spectra shown in the inset for the
dence below 1000 cit corresponds to a gap in the scattering rate-underdoped sample.

spectrum is the result of depressed quasiparticle scattering
below this frequency at low temperature, a gap in the scatshould also be noted that Hg-1223 crystals are prone to sur-
tering rate spectrum. Our observation of the feature at 1006ace deterioration with exposure to afrThe underdoped
cm~ ! in Hg-1223 suggests that in this material, as in othersample was measured soon after growth, and it is possible
high-temperature superconductors, there is a gap in the scdhat some of the absorption in the optimally doped sample,
tering rate but at a substantially higher energy. measured a year later, could be attributed to the influence of
The calculation of the optical conductivity and frequency- parasitic phase¥. It is unlikely that the peak is due to dif-
dependent scattering rate requires extrapolation of the refledraction from the small sample. Diffraction effects should
tance to all frequencies for the Kramers-Kronig analysis. Théearly cancel out with our technique of evaporating gold
spectra were extrapolated to high frequencies using the Bento the sample to create a reference.
2212 data of Terasakit al}° above 5 eV, and using power- ~ The overall infrared spectral weight up to 8000 thn
law extrapolationsw ! above 25 eV ando* above 124 expressed as a squared plasma frequency from the con-
eV. Below our lowest measured point at 43 chrwe as-  ductivity partial sum rule, is 1 (8000)= [ 3%, (w)dw
sumed a Drude conductivity in the normal state anda®  =4.3x10° cm 2. This is a factor of 1.3 higher than the
reflectance in the superconducting state. We estimate our egomparable figure for tha-axis spectral weight of the two-
perimental uncertainty of the reflectance toh8.005. Com- layer Y-123 at optimal doping and a factor of 2.2 higher than
bined with uncertainties due to the extrapolations, this giveshat for Bi-2212° In terms of spectral weight per plane cop-
an uncertainty in our optical conductivity of 8% above per, the Hg-1223 value is higher by factors of 1.33 and 1.53,
200 cm 1. At low frequencies the uncertainty rises, reachingrespectively.
+40% at 43 cm L. The resolution of the spectra is 20 ¢ The frequency-dependent scattering rate was calculated
up to 680 cm* and 30 cm* up to 8000 cmt. using the extended Drude model and is shown in Fig. 3 for
The real part of the optical conductivity of the optimally the optimally doped sample. Here the gap is clearly seen as a
doped sample is shown in Fig. 2. As the temperature is lowtemperature-dependent suppression of the scattering rate be-
ered there is a transfer of spectral weight from a region below 1000 cm 1. There is a substantial residual scattering of
tween 360 and 1200 cit to a peak centered at 184 ¢t~ 300 cmi* at low frequencies which is consistent with the
There is an isosbestic point in the conductivity spectra at 36800 cni * width of the low-frequency peak in the optical
cm™ ! where the curves taken at different temperatures crosgonductivity at low temperature. The scattering rate of the
suggesting that there is a transfer of spectral weight from ongnderdoped sample is shown in the inset of Fig. 3. It shows
component to another without an attendant change in tho residual scattering, and is about 300 Criower than that
lineshape of either component. In this case one component & the optimally doped sample over the entire range shown.
a Drude-like continuum, and the other is the peak at 184 The two samples also show different gap onset tempera-
cm L. turesT*. For the underdoped samplé >300 K, while for
Such a peak is often seen in high-temperature supercothe optimally doped sample 125r* <225 K. These values
ductors where there is oxygen disordéf which, in Hg-  are consistent with measurements of dc resistivignd
1223, is expected more in optimally doped samples than ilNMR %Cu T, (Ref. 16 that giveT* values of 320 and 230
underdoped oné's.In agreement with this, the peak in the K, respectively. The doping dependence is similar to that of
optical conductivity spectra of the underdoped samplepther high-temperature superconducfors.
shown in the inset of Fig. 2, is narrower and weaker. It The gap feature at 1000 crhin Hg-1223 is at a consid-
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. . FIG. 4. A comparison of the frequency-dependent scattering rate
FIG. 3. The frequency-depende_nt scattering rate of th_e optimallyy Hg-1223 with that of Bi-2212 from Puchkoet al. The fre-
doped crystal of Hg-{2123. There is a gap, or suppression of scaly,ency scales differ by a factor of 135/93.45, and a frequency-
tering, below 1000 cm”. The inset shows the spectra for the un- jhqenendent scattering rate of 300 chrhas been subtracted from
derdoped sample. the Hg-1223 data.

erably higher frequency than the corresponding features if, oan ; o ; ;
. X gap size and;. This is demonstrated in an interpre-
Y-123, Y-124, Bi-2212, and TI-2201 which are all at abOUttation by Williams et al7 of NMR data on several high-

700 cm 1.° Since these superconducto_rs also have Sim.”a{emperature superconductors. In an ARPES measurement
values of T,~93 K, the gaps are in the same ratio Harris et al’® find that the gap in BBr, ,LaCuO, ,

(:12305/)700:1'43) as the transition temperatures (135/93which has a maximunT; of 29 K, is roughly three times

Julien et al. analyzing hyperfine NMR shift data find a smaller than the gap ir_1 Bi'2212 _and hence seems to scale
much higher transferred hyperfine coupling constgnin ~ With maximumT.. A similar scaling can be seen i,
Hg-1223 than in Y-123, suggesting a higher in-plane superR@man spectra. Figure 5 is a comparison of Bag Raman
exchangel between the copper spifSWith our finding of a  Intensity of nearly optimally doped Hg-1223 measured by
larger gap in the Hg-1223 material these results support theacutoetal.= with that of Bi-2212 measured by Hackl
idea of a superconducting mechanism closely tied to the art @l Again the frequency scales differ by a factor of
tiferromagnetism of the copper oxygen planes. 135/93=1.45. The positions of the maxima at 500 and 780

Figure 4 shows a comparison of the scattering rate of HgSM are proportional to the superconducting gaps.
1223 with that of Bi-2212 from Puchkoet al® The fre- A universal scaling between gap size and maximiynms
quency scales differ by the ratio of the values of maximumfar from trivial. For example, in conventional electron-
T., 135/93, and a frequency-independent scattering rate of

-1
300 cm ! has been subtracted from the Hg-1223 data to take Frequency (cm )

the residual scattering into account. The similarity of the 10° 200 400 600 800
scattering rate spectra of the two-layer Bi based supercon- o g
ductor with those of the three-layer Hg material is striking. A HgBa,Ca,Cu,0,,, D:-” Ly
slight overshoot like the one seen in the 1200 émegion 8r T 13K n”n.. 0 Wn”
for Hg-1223 is also seen in several other optimally doped > mans 2 o, o ]
materials g 6 Sacuto et al. 5&& Dnn,f
La,_,SK,CuQ, is the only material for whictab-plane 2 °f (top x-axis) u "g
reflectance measurements show a gap that does not scale ¢ >
with maximumT,. It has a gap of about 700 ¢m and a g al an Bi Sr CaCu.O. ]
maximum T, of only 40 K. Many of its other properties, & “.:?f " r2T a :2 848
however, are also inconsistent with the gap properties ob- 2 "ﬂcn@g o Zzﬂon
served in other cuprate superconductors, and it has been sug- ] 'n . @ ° Hackl ef al.
gested that this may be due to the presence of paramagnetic . Y (bottom x-axis)
centers intrinsic to the random alléyt is reasonable to con- 0 A . . X .
clude that La_,Sr,CuQ, should be treated as a special case. 0 100 200 300 400 500 600
Because the gap seen in reflectance measurements in- Frequency (cm™)

cludes a momentum conserving inelastic excitation of energy

70, it is difficult to make direct comparisons to gap sizes  FIG. 5. A comparison of th®;, Raman Intensity of Hg-1223
measured using other techniques. Nevertheless, these otheeasured by Sacutet al. with that of Bi-2212 measure by Hackl
measurements also show evidence for a universal scaling bet al. The frequency scales differ by a factor of 135/9B45.
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phonon mediated superconductorsA/R,T.=3.5 for the ductors, estimates of gap size need to be obtained for more
lowest T, materials, butiseswith T, to as high as 5.2 We systems withT, significantly different from 93 K, particu-

. . . . larly the two-layer Hg compound, Hg-1212, and the two- and
see no change in the gap ratio as maximtyris enhanced three-laver T compounds. T1-2212 and T-2223
by 40%. In addition, this scaling is seen despite the presence Y P ' '
of a momentum conserving inelastic excitation which there- We are grateful to A. Sacuto for helpful discussions. The
fore may also scale with maximui.. In order to further work at McMaster University was supported by the Natural
investigate this remarkable behavior of the cuprate supercorgciences and Engineering Research Council of Canada.
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