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Anisotropy in the ab-plane optical properties of B,L,Sr,CaCu,Og4 single-domain crystals
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The ab-plane optical properties of the high-temperature superconducs&r,BaCuyOg are anisotropic in
both the normal and the superconducting state. Consistent with the orthorhombic structure, the principal axes
lie along thea and b crystallographic axes, nearly 45° from the Cu-O bond direction. In the normal state,
analysis of the temperature-dependent optical conductivity suggests a scattering rate for the free carriers that
showsab anisotropy in both magnitude and temperature dependence. In the superconducting state, the anisot-
ropy in the oscillator strength of the superfluid response determined from the far-infrared frequency depen-
dence ofo,(w) and from a sum-rule analysis leads to a penetration deptiat is larger along the axis than
thea axis: (\">\2). [S0163-18209)01845-1

[. INTRODUCTION related optical constants are obtained from a Kramers-Kronig
analysis of the reflectance at each temperature. Analysis of
There have been many publications about &eplane  the optical conductivity is carried out using one- and two-
anisotropy of the optical properties of the high-temperaturecomponent models. A discussion of the anisotropy in the
Superconductor%_YBachbo775 was the focus of much of superconducting state will be given in the context of these
this work?~°its Cu-O chains along thie axis are considered two models. A detailed study of dc transport measurements
to be the cause of the anisotropy in the optical conductivityperformed on similar single-domain crystals is reported
as well as in the dc transp&tproperties. This assignment elsewheré®*°
follows the conventional approach of separating the response
into chain and plane components, with the underlying as-
sumption that the quasi-two-dimensional Cu@lanes are
isotropic®~®In this paper we describe a study of tieplane The first single-crystal reflectance spectra of
anisotropy in the optical properties of single-domain crystalsBi,Sr,CaCyOg were reported by Reedyékt all® The tem-
of Bi,SrLCaCyOg. Unlike YBa,CusO,_ 5, there are no perature dependence of samples with=85K was mea-
Cu-O chains, making it possible to study the anisotropy ofsured in the far infrared and the optical conductivity deter-
the CuQ planes. One issue is the anisotropy of the ordemined by Kramers-Kronig analysis. Similar spectra were
parameter in the superconducting state. A second and equallyund by other worker$’=2° The reflectance drops steadily
important issue is the anisotropy of the electronic structure inhroughout the infrared to a minimum around 10000 ¢m
the normal state. (1.3 eV). Very little temperature dependence is observed
The CuQ planes in BjSr,CaCyOg are separated by above 1000 cm'. Also visible are a band centered around
double B0, layers, which are believed to act as a chargel6 000 cm?® (2 eV) as well as structuréwith considerable
reservoir. There is an orthorhombic distortion in #igplane  sample-to-sample variatidrspanning 28 000—32 000 c¢th
because of weak superlattice modulation along lthaxis,  (3.5—-4 eV}. The lower band is interpreted as the Cu-O
which is attributed to an incommensurate defect structure icharge transfer band, while the upper one is most likely as-
the BiLO, layers' 13 Note that thea andb axes in this ma- sociated with excitations of the Bi-O layers.
terial are along the Bi-O bonds and nearly 45° from the Cu-O  As first shown by Forreet al,*° the micaceous nature of
bonds. Based on the very small difference in thandb  the bismuthates makes it possible to prepare thin free-
bond lengthg~0.04 A), one would expect an almost isotro- standing flakes of BBr,CaCyOg that are as little as 1000 A
pic ab-plane conductivity. thick and to make infrared transmission studies of these
In the experiments reported here, we measured the refleflakes. Because the samples are free standing, the transmit-
tance of BySL,CaCuyOg single-domain crystals for light po- tance may be measured over a wide frequency range without
larized along the two principal axes in theb plane in a interference from a substrate. Romeal 3! measured the
frequency range of 80—33000 cM(10 meV-4.1 eV. The  transmittancel between 80 and 30 000 crhat temperatures
reflectance in the far-infrared and mid-infrared regions wadetween 20 and 300 K. The transmittance is low overall, and
measured for temperatures above and below the supercoimcreases with increasing frequency. The low-frequeficy
ducting transition temperature. The optical conductivity andwas rather different above and below the superconducting

Il. PREVIOUS WORK ON Bi ,Sr,CaCu,0g
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transition, with a finite intercept fof > T, contrasting with  duces samples that are very slightly on the underdoped side
Tcw? for T<T.. At higher frequencies7 increases quasi- of the B,LSr,CaCyOg phase diagram.
linearly with » out to~2200 cm * (0.27 e\}; above which it Typical crystals are thin platelets with dimensions of a
increases more quickly. There is a transmission maximum dew millimeters in theab plane. Identification of tha andb
14000 cm! (1.8 eV) and a second maximum at 25000 axes was done by using low-energy electron diffraction tech-
cm 1 (3.1 eV). The linear increase is different from thew? niques. The incommensurate superlattice modulation pattern
behavior that is expected for a simple méfal. was seen along theaxis and not in the perpendicular direc-
That theab plane itself is not isotropic was observed by tion (a axis), suggesting the samples were single-domain
Romero and co-worker&:® This anisotropy occurs in spite crystals. The alignment of the principal axes in the crystal
of the pseudotetragonal crystal structure of this material an@as confirmed by observing the extinction points when the
the absence of chains. The optical conductivity and othesample was rotated under a microscq@dympus, model
optical constants of B8r,CaCyOg have been estimated by BHM) with crossed polarizers. Meissner effect measure-
many workers with qualitatively similar results. Reedyk ments indicate the samples are single phase with the onset of
et al,*® Quijadaet al.?* Puchkov and co-workerS;?’Basov  superconductivity around 86 K. This is in good agreement
et al,?® and Liu and co-workef8?° reported the results of with the onset of superconductivity as determined by using
Kramers-Kronig analysis of reflectance. Romero andfour-probe resistance measureméfits.
co-workers®=3® determined the optical conductivity by
Kramers-Kronig analysis of the transmittance. In the normal
state the low-frequency conductivity approaches the dc con- B. Optical techniques
ductivity and fﬂls with increasing frequency. Hovxielver, Normal-incidence reflectance of the samples was mea-
above~30926m the decrease iy () is closer tow sured by using a modified Perkin-Elmer 16U grating spec-
than thew = behavior expected for free carriers. Further-yometer in the near-infrared and ultraviolet regi¢@800—
more, theT dependence ofry(w) at high frequencies is 33000 cmY). The far-infrared and midinfrared regions were
much smaller than at dc or low frequencies. Thus,coyered using a Bruker IFS-113v Fourier transform spec-
Bi,Sr,CaCyO;g displays the non-Drude conductivity that is @ trometer (80-4000 cm?). Linear polarization of the light
common feature of the highy superconductors. BeloW,,  was achieved by placing a polarizer of the appropriate fre-
o1(w) has a broad maximum around 1000 ¢nf0.15 eV),  quency range in the path of the beam using a gear mecha-
with some structure in the phonon region. A slight dip in nism that allowedin situ rotation. This setup allowed for
1(w) can be seen around 400 ¢(50 meV) although this  very accurate determination of the anisotropy in the reflec-
antiresonance or ‘“notch” is not as noticeable as in thetgnce.
YBa,Cu,07_ 5 system. Low-temperature measuremer(ts0—300 K were done
Recently, considerable work has been reported olby attaching the sample holder assembly to the tip of a
Bi,Sr,CaCyOg samples in the underdoped portion of the continuous-flow cryostat. A flexible transfer line delivered
phase diagrarf?"*These measurements are in the regimejiquid helium from a storage tank to the cryostat. The tem-
where a pseudogap may occur in the normal state. Thgerature of the sample was stabilized by using a temperature
pseudogap is not evident in the optical conductivity meacontroller connected to a previously calibrated Si diode sen-
sured in theab plane. Instead, there is structure in the scatsor and a heating element attached to the tip of the cryostat.
tering rate, 1/(w,T), as calculated from a memory-function  The data acquisition process consisted of measuring spec-
analysis of the optical conductivity. In optimally doped ma- tra at each temperature for both the sample and for a refer-
terials, the scattering rate is a nearly linear function of theence Al mirror, and then dividing the sample spectrum by the
frequency. In contrast, the underdoped cuprates have a scaéference spectrum in order to obtain a preliminary reflec-
tering rate that is depressed at frequencies below about 7Q@nce of the sample. After measuring the temperature depen-
cm™* at temperatures a little above,. dence in this preliminary reflectance for each polarization,
the proper normalizing of the reflectance was obtained by
taking a final room-temperature spectrum, coating the
Ill. EXPERIMENTAL TECHNIQUES AND DATA sample with a 2000-A-thick film of Al, and remeasuring this
ANALYSIS coated surface. A properly normalized room-temperature re-
flectance was then obtained after the reflectance of the un-
coated sample was divided by the reflectance of the coated
The BLSrL,CaCyOg crystals used in the study were grown surface and the ratio multiplied by the known reflectance of
by using standard techniques as reported elsewfidrea  Al. This result was then used to correct the reflectance data
typical experiment, the starting materials,,8i, SrCG;, measured at other temperatures by comparing the individual
CaCQ, and CuO are ground and placed in an alumina crufoom-temperature spectra taken in the two separate runs.
cible. The mixture is then heated to a temperature of 50-This procedure corrects for any misalignment between the
70 °C above the liquidus temperature and equilibrated for &ample and the mirror used as a temporary reference before
h. The temperature is subsequently lowered to 875-880 °Ghe sample was coated and, more importantly, it provides a
and after reaching equilibrium for 6 h, the temperature isreference surface of the same size and profile as the actual
slowly cooled at 0.5-2°C/h to 820 °C, after which the fur- sample area.
nace is cooled more quickly. Samples are subsequently an- The uncertainties in the absolute value of the reflectance
nealed in dry oxygen at 600 °Crf@& h and later reannealed reported here are in the order tfl%, while the uncertainty
in argon at 750 °C for a period of 12 h. This procedure pro-in the relative anisotropy is much smallet,0.25%. This

A. Crystal growth and characterization
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uncertainty is in good agreement with the reproducibility Photon Energy (eV)
found from the measurements of three different sanfdles. 0 1 2 3

C. Kramers-Kronig analysis .

We estimated the optical constants by Kramers-Kronig 0.8 L Bi,Sr,CaCu,04 i
transformation of the reflectance ddfaThe low- and high- ) 300 K
frequency extrapolations were done in the following way. = @ axis .
The conventional low-frequency extrapolation for metals is \ —___ b axs

the so-called Hagen-Rubens relatioR(w)=1—A\w, o8

whereA is a constant determined by the reflectance of the
lowest frequency measured in the experiment. For High-
samples, this procedure is inadequate; it can only be used as @ ©4[
a first approximation. A better procedure extends the low-
frequency data using a Lorentz-Drude model, dominated at
the low frequencies by the free-carri@rude form. Finite- 0.2
frequency excitations are modeled by Lorentz oscillators.
The fitted reflectance is then used as an extension below the
lowest measured frequency. In the superconducting state, the gl 1. 0010 in a1,
reflectance is expected to be unity for frequencies close to 0 10000 20000 30000
zero. An empirical formula that represents the wyap- Frequency (cm™)

proaches unity iSR=1—Bw*, whereB is a constant deter-
mined from the lowest frequency measured. However, it isiari
better to use the same Lorentz-Drude model, but with the
Drude scattering rate set to zero.

At high frequencies, thab-plane anisotropy in the reflec- parallel to theb axis occurs at a slightly lower frequency
tance is consistent with the anisotropy obtained using ellipthan for thea axis. The splitting is about 500 crh, making
sometric technique in the visible and UV rangd&Ve there-  the in-plane anisotropy of Bsr,CaCuyOg much less pro-
fore extended the data up to 50 000 cnby appending the nounced than in YB&WO;_ 5, where the splitting is about
results of Kellyet al®8 Above this frequency, the reflectance 5500 cnil. The larger plasma edge along thelirection in
for higher interband transitions was modeled using the foryBa,Cu,0,_; has been attributéd>€ to the presence of
mula CuO chains along theb axis. The anisotropy of
oS Bi,Sr,CaCyOg, which does not have chains, demonstrates
_f) , (1)  thatthe electronic structure of the Cu@lanes is themselves
w anisotropic. This anisotropy is of course consistent with the

whereR; andw; are the reflectance and frequency of the lastorthorhombic structure of Bbr,CaCyOs. However, the
data point. The exponertt is a number that can take up structural anisotropy of the Cy(plane is much smaller in
values between 0 and 4; we used?2. At very high frequen-  Bi>S,CaCyOg than in YBaCuO;- 5. Indeed, because the
cies (w¢/), where the free-electron behavior sets in, the apCu-O bonds are nearly 45° from tleeand b axes, there is
proximation used is almost no difference in their lengths. Bi,CaCyOg is thus

of particular interest because the orthorhombic distortion of
the CuQ layers appears to be the only reason for the in-
plane anisotropy in the optical properties.

. . At frequencies above the plasmon minimum the reflec-
wiih w;, chosen to be~100 eV andR,, adjusted to maich tance is substantially higher f&llb. Two interband transi-

smoothly toR(w) from Eq. (1). We observed some depen- tions are evident in this region. The first interband peak is

dence of the results for frequencies close to the highest fre- ; L .
quencies on the choice sfandw;. . For lower frequencies, present in both directions, while the second one, centered at

however, the effects due to the choice of the exposemtd .3'8 eV, is more pronounced'for t.he polarlgatlon aldnand

w;: were insignificant. is almost a_bsent along tteedirection. The first peak, at 2.3
eV, is assigned to the charge transfer band of the £LuO

planes of this material, whereas the second one is most likely

associated with interband transitions occurring in thgOBi

A. Room-temperature spectra layers. This result is in agreement with ellipsometric mea-
|.38

flectance

FIG. 1. The 300-K reflectance of EBr,CaCyOg for light po-
zed along thea andb axes.

R(w)=Rf

Y 4
R<w>=7zf/( f) , )

w

IV. THE REFLECTANCE

Figure 1 displays the room-temperature reflectance ofurements of Kellyet a
Bi,Sr,CaCyOg over a wide frequency range for polarization
along thea andb axes. At low frequencies theeaxis reflec-
tance is 1-2% higher than the axis reflectance. As the
frequency increases, the reflectance in both polarizations The temperature dependence of the polarized reflectance
falls off in a quasilinear fashion. Near the plasmon mini-in the far-infrared and mid-infrared regions is shown in Fig.
mum, we observe that the plasma edge for the polarizatio@. Two things should be noticed about these data. First, there

B. Temperature-dependent spectra
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FIG. 2. Temperature dependence of a@andb-axis reflectance A. Room temperature

of BizSpCaCy0g. The 300-K optical conductivities, and o, are shown in

Fig. 4. The inset shows the low-energy region on an ex-
is an increase in the far-infrared reflectance as the temperganded scale. All of the aspects of the reflectance are also
ture of the sample is lowered, with two shoulderlike featuresevident here. First, there is a weak anisotropy in the far-
developing in both polarizations as the sample enters thafrared conductivity ¢,> o) that is in agreement with the
superconducting state. The first feature is at a frequency belc value for similar sample$$. Second, the low-frequency
tween 100 and 200 cr; it is followed by a stronger feature o1(w) falls off much more slowly than the ~2 dependence
at w=400—450cm! and a weak minimum around 900 Of a simple Drude spectrumEor these samples the slope of
cm™L. The interpretation of these features will be given wheno1(®) between 400-8000 cm region is o~ %°%%%2 for
discussing the optical conductivity obtained from the botha apdb directions. This slope is.nearly the same as for
Kramers-Kronig analysis. the a-axis room-temperature conductiviiof YBa,Cu;07 5

Second, the reflectance is higher Eira at all frequencies (0 %%%°9%)_ Interpretation of this non-Drude behavior of

and temperatures. Even when the sample is superconductirigl® OPtical conductivity of the copper-oxide superconductors
there remains a difference in the reflectan@,t R;,) of has been one of the most debated issues related to the optical

about 1%. Romeret al®! found the transmittance of free- profﬁét'fs Zfr thae:; r(;]faé?”aslséhows the enerav-loss function
standing single crystals of Er,CaCyOg to be higher for PPEr 9. ay '

liaht polarized alona the axis. implvind more absorotion —Im(1/e). There is a slight difference in the position of the
gnt p ) gm » IMPYyIng orpt loss function maxima for the two polarizations. In simple
for the b-axis polarization. The reflectance data in Fig. 2

: metals, the position of this peak gives the “screened”
agree with these results.

. . . lasma frequency,= w, /€, and its width is a measure of
Figure 3 shows for two different samples the anlsotrop)}t) a Yp= ©p Ve

in th ducti b defined he scattering rate of the free carriers. However, because of
in the superconducting-state absorptian20 K), defined as o ynysual behavior of the conductivity in the midinfrared,

Ra=Rp=Ap—Aa, whereA=1—T. In both cases, the low- jt js difficult to make the same assignment here, unless some
frequency absorption anisotropy is about 0.5-1 %. Althoughyssumptions are made about this midinfrared absorption. If a
the accuracy in absolute reflectance is only%, so that we  generalized Drude modlis used to describe the data, the
cannot determine whether treeaxis reflectance is indeed results lead to a renormalized scattering rate* 14nd an
unity below 200 cm*, our accuracy in anisotropy determi- effective mass enhancememt for the quasiparticles. The
nation is £0.25%. This measure of the uncertainty in the extra absorption is then a consequence of a linear increase of
anisotropy determination was obtained in two ways. It rep-1/7* as the frequency of the light is increased, and the width
resents the statistical variation in repeated measures of @f the loss function is the value of 4/ at the screened
single sample; it also represents the reproducibility foundplasma frequency. However, if two or more types of carriers
from the measurements of three different sampleéEhere-  contribute, then the broadening inlm(1/e) is due to the
fore, we can say with certainty that tlseaxis reflectance is combination of the free Drude-like carriers with other type of
lessthan 100% down to-150 cm * (~20 me\). bound-carrier excitations in the midinfrared.
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It has been suggested by Bozowtal*° that there is a »>1000cm* does the exponent i@ become on the order
universal frequency dependence in the loss function of all thef 2. Similar observations were made by Geioal** from
copper-oxide superconductors, withim(1/e)xw? for small  measurements on the 4a.Sr,CuQ, system.

o. The low-frequency data for-Im(1/e) are shown on a The real part of the dielectric functios () is shown in
log-log scale in the inset of Fig. 5. This plot shows that therethe lower panel of Fig. 5. The zero Cross”‘]ge@(a)) which
are actually two regimes to consider in the®,CaCyOs  also is related to the screened plasma frequesgy evi-
samples we measured. For frequencies below 1000,dine  dently occurs at a lower energy f&ib than forElla. This
power-law dependence irIm(1/e) is w%9%*%% Only for  difference could be due to either a larger bare plasma fre-
quencyw, for the charge carriers moving along thelirec-
Photon Energy (eV) tion or to a larger high-frequency dielectric constantfor
0 1 2 3 Ellb. The more pronounced peak in the interband transition
0.6 ARRRRRARS ARAARAA ARARRARAN centered ato=23.8 eV for Ellb suggests a larget., for this
direction, making the latter the more likely possibility.

Figure 6 shows the results of evaluating the partial sum

i rule for oy(w). This function is given by

0.4 0.01 |

T m 2mvce||
\ 0001 et Neti(@) =~ f o(0")do’, (3)
0.2 | 100 1000 10000/ b
Frequency (cm™')
\ wheree andm are the free-electron charge and mass, respec-
ST~ tively, m, the effective mass, and, the volume occupied
et by one formula unit of BiSr,CaCyQOg. The curves give the
- e 3 effective number of carriers per formula unit participating in
- optical transitions below frequencw. Although Ngg is
B Lz . roughly isotropic at low frequencies, some differences ap-
. pear at higher energies, particularly in the interband region
where transitions in the BD, layers are thought to occdf.
At a frequency of 12000 cit (1.5 eV), the onset of the
Bi,Sr,CaCu,0g i charge-transfer bantll~0.75. Thus, assuming an effective
300 K - mass ofmp=m, there are about 0.37 carriers per Guit.

a axis
- —— - b axis

I B. Temperature dependence of the optical conductivity
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The temperature evolution of the optical conductivity is
shown in Figs. 7a) and 7b) for Ella andEllb, respectively.

FIG. 5. (Upper panel Room-temperature loss function |here are several important features to these spectra. First, in
[—1Im(1/€)] on a wide-frequency scale along the principal axes inthe normal stat¢100—-300 K the low-frequency optical con-
the ab plane of BySrL,CaCuOg. Inset: Logarithmic scale to show ductivity extrapolates reasonably well to the dc conductivity.
power-law dependence at low frequenci@ower panel real part ~ For example, at 300 K tha-axis conductivity extrapolates to
of dielectric function for theab plane of BySr,CaCyOg. about 340@) " cm™?; the b-axis to about 3000t cm™L
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FIG. 6. The results of evaluating the partial sum rule for the Photon Energy (meV)
room-temperature conductivity of EBr,CaCyOs. 100 200 300

These values correspond to resistivities of 290 and 330 Bi,Sr,CaCu,04

©Q cm fora andb, respectively. b oxis

Second, with decreasing temperature, the low-frequency ~ zo00b (e 300 K
conductivity increases strongly, in agreement with the T, - fgg ﬁ
T-linear resistivity. There is a characteristic narrowing of this . 100K
far-infrared portion of the spectrum. This narrowing can be —_— 23 i
seen most easily by noting that the 300-K data are larger thar T ]

the lower-temperature data above about 500 tisut then
crosses through each of the lower temperature curves at pro
gressively lower frequencies, becoming the smallest conduc-
tivity near 100 cm®. Third, at high frequenciesr; () does

not show much temperature variation; all the curves draw
together around 3000 crh.

Below T., the low-frequency conductivity is consider-

ably reduced, so that the 20-K conductivity is smallest at all

Conductivity (@ 'em

1000 |

L RTINS TN RSO R
frequencies measured. The “missing area” in the far- 0 1000 2000

infrared conductivity appears as the zero-frequency delta- (o) Frequency (cm™")

function response of the superfluid. This aspect is discussed ) )

in more detail below. In addition, a minimum develops FIG- 7- (@ Temperature dependence of thaxis optical con-
aroundew~400cnilin the superconducting state. This fea- ductivity obtained from Kramers-Kronig analysis of the reflectance.

O_.......l -
3000

(b) Temperature dependence in th@xis optical conductivity ob-

ture is visible for both polarizations, but is most evident in_ . ) ;
tained from Kramers-Kronig analysis of the reflectance.

the b-axis data. The lower reflectance of th@olarization is
responsible for the upturn observeddn(w) at the lowest
temperature for this polarization. This result may have interpolarization along, which has reflectance lower than unity,
esting consequences for the understanding of dynamic progontradicts the conventioné-wave notion of a gap, where
erties in these materials. For instance, it indicates the preger frequencies below & no excitations are allowed.
ence of low-lying excitations for carriers moving along the We note that photoemission experiments on samples from
axis that are not present in the perpendicular direction. It ishe same batch as the ones used in this study have shown
not clear what the origin of these excitations is. Perhaps, thevidence for the opening of a gap beldw in the energy
presence of the superlattice structure in brexis may intro-  spectrum around the Fermi lev&I** The maximum gap pa-
duce an additional source for scattering along this crystallorameter obtained from the analysis of the photoemission data
graphic direction(However, on account of the periodicity of has a value ofA close to 25 me\(at least along the axis).
the superlattice, one should not expect any additional scaflthough twice this energy is close to the minimum position
tering process for this direction. observed in the conductivity data, the minimum in the con-
In some studies, structure in the conductivity around 40@uctivity cannot be assigned to the superconducting energy
cm ! has been interpreted as evidence of the superconduagap. Moreover, since similar structures at about this energy
ing energy gap.The fact that we observe the feature for theare observed in all copper-oxide superconductors, they have
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also been explained as due to strong bound-carrier interacid” (NFL) theory of Virosztek and Ruvald,the “Lut-

tions with phonon excitatiorf§4’ tinger liquid” picture of Anderson! the proposal that the
conductivity is a paraconductivity involving phase separa-
VI. APPROACHES TO THE OPTICAL PROPERTIES tion, advocated by Emery and Kivelsthand the nearly

) ) ] ) antiferromagnetic Fermi liquid picture of Monthoux and

In this section, we discuss the normal-state optical conpjnes® |n many of these the scattering rate is simply given
ductivity in the far-infrared and mid-infrared regions. This is py the temperature.
the frequency range below the charge-transfer gap of the” |n the MFL, the imaginary part of the one-particle self-
insulating phase of the cuprates; thus, it is the region whergnergy is written as
the dynamics of the doped-in charge carriers may be studied.
Two approaches are used, called “one-component” and TNT, o<T
“two-component.” In the first, there is only a single band or —Im3(w)~ (8
type of carrier, and the unusual frequency dependence in the Mo, ©o>T,

mid-infrared is attributed to interaction with a spectrum of yyhere\ is a dimensionless coupling constant. ko T the
(optically inactive excitations. This interaction causes a fre- model predicts a renormalized scattering rate that is linear in
quency dependence to the carrier scattering rate and efsmperature, which is in accord with the linear temperature
hances the low-frequency effective mass. dependence in the resistivity that is observed in nearly all
~ In the two-component approach, two different contribu-copper-oxide superconductors. Asincreases a new spec-
tions are assumed: the Drude response of free carriers anth@m of excitations comes into play, causing the scattering
second band of “mid-infrared” carriers. The properties of rate to grow linearly with frequency up to a cutoff frequency
the Drude carriers determine the dc conductivity, includingwc' which is also included in the model.

its temperature dependence, while the mid-infrared carriers "The physical source of this behavior is the coupling of the

dominate the higher frequency conductivity. charge carriers to a spectrum of charge and/or spin-density
fluctuations. The strong frequency dependence arises from a
A. One-component analyses Holsteir?* process, where an electron can absorb a photon,

Many authord”82528have analyzedr,() using a gen- emit some other excitation, and scatter. Energy conservation

eralized Drude model with a frequency-dependent scatterinffauires the photon frequenayto be greater than the exci-
rate. In this approach, there is only one type of charge ca fation frequency(). Thus the scattering by this process turns
rier. Hence. the dielectric function can be writter%s on at the onset of the excitation spectrum and becomes stron-

ger with increasing frequency until the maximum excitation
w;;Z frequency is reached.

T ol (@) 4 Romero et al3* analyzed their optical conductivity for

Bi,Sr,CaCyOg and BpSKLCuQ; to obtain 3, finding A
where e, is a constant that includes contributions from in- ~0.27 for both materials. The MFL equations for the self-
terband transitions, the plasma frequerm}?z(m/m*)wp energy agree with the data in several important ways. First,
with m* the effective mass, and, the bare plasma fre- both give a dc resistivity in agreement with experiment. Sec-
quency, defined by w,= V47N ﬁz/mb, The quantity ond,—ImZX increases linearly witlw for o>T. Third, there
1/7* (w), known as the “renormalized” relaxation rate, may is an enhancement of the effective mass at low frequencies
easily be calculated, by an amount that is larger at lower temperatures.

The dielectric function for the MFL can be written*&4°

e(w)=¢€,

470(w)
Urt= ——, ®) 2 N 2
el(w)_eoo E((,())IG _ wp +2 ij (9)
T 0203 (02) 51 ef-o’-iey;]

without knowingw,, .

It is also possible to use a complex relaxation rate, or . -
memory functior?® G=1/r(w) i w\(w) with 1/r(w) the wherew, is the bare plasma frequency for the charge carri

“unrenormalized” carrier scattering rate anqw) the mass ers, defined byv, =4n e/m, with n the carrier density and

enhancement factofm* =m(1+\).] The dielectric func- m; the band mass .Of the carriers. The quariify) repre-
sents the quasipatrticle self-energy. The real patt @ re-

ton is lated to the effective mass* of the interacting carriers By
> m* (w)/mp=1-2 ReX(w/2)/w, whereas the imaginary part
e(w)=€,— - (6) is related to the quasiparticle lifetime throughrl{w)=

~ . .
o1+ Mo)]Fio/ (o) —2m, Im3(w/2)/m* (w). The factors of 2 arise because
In this memory-function approach the relaxation rate may bejuasiparticle excitations come in pairs. The second term is a
calculated from sum of Lorentzian oscillatorgof strengthw,;, center fre-
quency w;j, and widthy;) representing contributions from
interband transitions. The remaining tereg,, is the contri-
(m : (@) bution from transitions above the highest measured fre-
guency.
Models providing a phenomenological justification for  Figure 8 shows the result of fitting E(P) to our data for
this approach include the “marginal Fermi liquidMFL)  thea-axis conductivity. The data are shown as heavy dashed
theory of Varma and co-workeé¥s* the “nested Fermi lig- lines whereas the fits are shown as thin solid lines. The con-

wp
Ur(w)=— ?Im
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FIG. 8. Fits to thea-axis conductivity using the marginal Fermi
liquid (MFL) model. The fit is the thin solid line; components of the
fit (MFL conductivity, two weak~100-meV bands, a 0.5-eV band,
and the 2-eV charge-transfer barate thin dashed lines.

ductivities of the MFL contribution forT=100K and the

first four Lorentzian lines are shown as thin dashed lines.
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nearly as strong as the MFL contribution. Similar results
were obtained for thd axis, and the parameters for both
principal axes are listed in Table I. Interestingly both the
plasma frequency and the coupling constarare larger for
the b polarization than for tha polarization. The analysis of
Romero and co-worket for unpolarized data gave results
midway between these.

As an alternative to fitting, the scattering rate and effec-
tive mass functions may be calculated from E4) once
good estimates foe.. and w, are obtained. Figure 9 shows
m*/m, and 1f*(w) at room temperature for
Bi,Sr,CaCyOg along thea andb axes. The values used were
wpa=16200cm* and €,.,=4.6; w,,=16240cm’ and
€.p=4.8. In Fig. 9 it is interesting to notice that the mass
enhancement at low frequencies is isotropic in dbeplane,
on account of the nearly isotropic values®f. In contrast,

Fig. 9 shows an anisotropic renormalized scattering rate that
increases linearly with frequency. The linear increase is in

agreement with the predicted behavior in the MFL and NFL

models.

The temperature dependence of the unrenormalized scat-
tering rate is shown Fig. 10. The upper panel showsat/
five temperatures for tha direction and the lower panel
shows the same thing for thedirection. We note that these
functions are not so linear as7t/. The basic behavior, with
the low-frequency values increasing with increasing tem-
perature and the high-frequency parts nearly temperature in-
dependent, is in accord with the ideas of the MFL and NFL
models.

B. The pseudogap
Recent one-component analyses of the infrared properties

(The last of these represents the charge-transfer band of tleé underdoped BSr,CaCyOg have been used to suggest a
insulating parent compoundThe Lorentzian contributions pseudogap in the normal st&fe?’ The pseudogap is not
are small for frequencies below the MFL cutoff frequencyevident in the optical conductivity measured in the GuO
w~1800 cn!; they contain less than 2% of the low-energy planes. Instead, there is structure in the(&/,T) in the ab-
spectral weight. The third band, however, at 3600 &nis

plane, a depressed scattering rate at low frequencies and at

TABLE I. Parameters of MFL model fit§requencies in cm?).

a axis b axis
T (K) wp A O wp A [
MFL 100 13100 0.23 1900 14050 0.32 1790
150 13500 0.24 1900 14100 0.30 1790
200 13800 0.26 1750 14300 0.32 1800
300 13500 0.23 1800 13700 0.26 1790
T(K) @pj ; Y] @pj ; Y
Lorentzian 1 100 1570 640 190 1900 640 460
150 1690 610 290 1250 650 300
200 1650 650 220 1760 660 300
300 1570 640 280 1270 650 650
Lorentzian 2 100 1790 1000 350 750 1000 120
150 1890 1030 600 870 1050 380
200 2160 1000 570 1330 1050 380
300 1790 1020 430 1260 1050 550
Lorentzian 3 All 12300 3650 9200 12600 3700 11000
Charge transfer band All 7700 17500 6800 6400 17 100 5800
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FIG. 10. Temperature dependence of the unrenormalized scat-
FIG. 9. One-component analysis showing the effective mass engyring rate 1#(w) for the a (upper panelandb (lower panel axes.
hancement(upper pangl and the renormalized scattering rate
(lower pane) along thea andb axes. T-linear scattering rate combined with &independent
plasma frequency is, of course, completely consistent with
temperatures a little abovie, . The scattering rates of Fig. 10 the dc conductivity.
do not show evidence for the pseudogap, suggesting that the Thus, the dielectric function is assumed to be made up of
materials we have measured are near optimum doping, it least four parts:

agreement with the linear dc resistivity of our crystals.
€(w)=€p+ €mr T €interbandt €= » (10)

where ep is associated with the free-carrier or Drude-like
part, ey r corresponds to the mid-infrared bound transitions,
Here, we assume that the infrared conductivity is com-€inermangincludes higher-frequency interband transitions, and
posed of two components. The underlying reason for this., is the limiting high-frequency value. One way of separat-
analysis is based on two essential observations. First, thag individual contributions uses a Drude-Lorentz model. To
optical conductivityo, (w) obtained from doping-dependent describe each component requires three parameters: line-
studies clearly shows the appearance of freelike as well agidth y, plasma frequency,, and center frequency,.
bound excitations in the midinfrared as doping in the guO The model dielectric function is then
planes of the samples is increaseéd® Second, there is a
narrow range of frequencies in the far infrared whetéw) wf,D ng
shows a variation witi that is consistent with th@&-linear @)= Tl
resistivity of optimally doped samples. At higher frequen-
cies, o1(w) shows a  weaker temperature where the second term is the Drude response of the free
dependenc&**'~**The data shown in Fig. 7 exhibit a be- carriers(w,p, is their plasma frequency and-lis their scat-
havior that is consistent with this observation. tering ratg, the sum runs over the midinfrared bands, the
This separation into mid-infrared and free-carrier contri-charge-transfer bantthe band gap of the insulating parent
butions has been used in several previous studies afompound, and higher-energy interband transitions. Each
Bi,Sr,CaCuyOg. Reedyket al*® and Romercet al****ana-  band is characterized by a plasma frequeagy, center fre-
lyzed the optical conductivity of BEr,CaCyQOg in this way.  quencyw;, and widthy;.
The results are similar to the results of Kansaeaal for The results of fitting the reflectance calculated using the
YBa,Cuz;0;_ 45: there is an apparent onset of mid-infrared dielectric function in Eq(11) to our data is shown in Fig. 11.
conductivity around 100 cit, structure in the phonon re- The fit, employing two oscillators for the midinfrared region,
gion, and a broad maximum around 1000 ¢n0.12 e\). one for the charge-transfer band, and two for higher-energy
The free-carrier component has a neailyindependent interband transitions, is good. To fit the reflectance belgw
plasma frequency, and &-linear scattering rate. This we assumed a Drude linewidth of a fraction of aCmi.e.,

C. Two-component analysis

- , 11
] wjz—wz—lwy]- (1)
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FIG. 11. Thea- and b-axis conductivity at
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we collapsed the Drude conductivity to a delta function. Thecitations was used by Romesi al.>*3> What follows is a
parameters of the fit are listed in Table Il. The Drude weightbrief description of this method applied to the conductivity
is a little larger for thea polarization, as is the strength of the curves shown in Fig. 7. In the superconducting state and for
first (~90 meV) mid-infrared band. In contrast, the0.5 eV  T<T., all the free-carrier part is presumed to have collapsed
mid-infrared band has more oscillator strength for thgo-  into a delta function ato=0. Therefore, in first approxima-
larization. tion the total conductivity at the lowest temperaturé (
As an alternative to least-square fitting, a self-consistent=20K) has a negligible free-carrier contribution; it corre-
approach to separate the Drude-like from the boundlike exsponds to ther;y g term in Eqg.(10). Hence, the free-carrier

TABLE II. Parameters of Drude-Lorentz model fifsequencies in cm?).

a axis b axis
T (K) wpp 17 wpp 1/r
Drude 20 9250 8890
65 9180 8760
85 9200 73 8800 100
100 9040 128 8750 157
150 9080 202 8740 240
200 9100 300 8770 327
300 9020 423 8700 435
T(K) @pj j Y] @pj ; Y
Mid-IR 1 20 10800 865 2480 10170 827 2380
65 10800 759 2510 10270 772 2370
85 10800 667 2430 10150 765 2300
100 11000 675 2410 10330 700 2260
150 10900 631 2360 10410 500 2530
200 10900 790 2330 10360 793 2290
300 10600 798 2280 10100 783 2220
Mid-IR 2 20 10600 4500 7930 12 310 4060 8710
65 10700 4320 8030 12220 3920 8570
85 10500 4230 7710 12 000 3960 8420
100 10300 4520 7740 11880 4120 8220
150 10300 4430 7660 12120 3700 9060
200 10300 4520 7850 12000 4060 8660
300 10300 4 440 7480 12 000 4120 8220

Charge transfer band All 7700 17 500 6800 6400 17100 5800
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Frequency (em™) strength and the carrier density do not change with tempera-
FIG. 12. Drude part from a two-component analysisogf ) ture.
and fits obtained at each temperature. Top paaelxis; bottom Figure 13 shows as symbols the Drude resistivity
panel,b axis. 477/a;,2)Dr for both polarizations as a function of temperature.

The dc resistivity measured for tteeandb axes on similar
part in the normal state can be obtained by subtractipngs ~ Samples is shown as the full and dashed lines. Two things
from the experimentad;(w) at T>T,. should be noticed about this figure. The first is thgtand

This first iteration produces free-carrier conductivity popic Oth have a linear temperature dependence. Second,
(oY) at individual temperatures aboWie . If this conduc- there is good agreement between the anisotropy determined
tivity has a Drude line shape, a fit of straight line to the curvefrom optical and from dc transport measurements.

obtained by plotting ]o‘(llg vs w? will yield a slope and in-

tercept that can be used to get initial guess valuesw 500 T T T
and 1f. Once values fow,p and 14 are obtained, they can Bi,Sr,CaCu,04 w
be used to calculate a Drude conductivity from 400 a axis E
] :zﬂcs
O_fit :i wFZ)DT (12) 300% E
D40 1+ w27 : E
200 -
Then, a new mid-infrared conductivity;r is generated at :
each temperature by subtractin@‘D from the totalo; () at ~ 1o0og E
each temperature abovie.. A self-consistent check of the 'E .
wpp and 1f obtained at each temperature is done by first & o -+ | 1 } -
computing an average mid-infrared conductivityyr) { ]
from the oy g Obtained as explained above, and using this — 400F 3
average as the starting mid-infrared term in a second itera-
tion. We found the parameters converge after performing 300 & E
three or four iterations. : :
1. Drude component 200 :
The Drude conductivities(o(w)—{o1mr)) Obtained 100 E 3
from this analysis are shown in Fig. 12 along with fits ob- : E
tained from the estimates fas,p and 1 at each tempera- Y I P D T
ture. The normal-state Drude plasma frequency is nearly 0 100 200 300
temperature independent. We fingfy,= 9300+ 200 cni?, Temperature (K)

while wBD=89OOi 200cm . Note that these values are a  FIG. 14. Scattering rate (2) obtained from dc transport and the
little larger (but within error barsof the parameters in Table two-component analysis of the optical conductivity.
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Figure 14 shows a comparison ofrl/;. obtained from Photon Energy (meV)
the fits with 144 obtained from 20000 100 200 300
""""" proTTrTTTT T T,
(UFZJD [ BiZSrZC(.:ICUZOB
1/7. — , 13 F a axis N
de™ 4 - Pdc 13 L 20 K
i . 85 K
where w,p is the average Drude oscillator strength. This I —_ ;88 z
figure shows that the temperature variation ofgl/and 1000 1~ — K ]
Uropic is indeed linear in the normal state as expected. A
linear temperature dependence of I metals is a high- ~—~ L
temperature phenomenon, wif# 'c
(8]
fil =2mNkg T+l 79, (14 c °
where \ is a dimensionless constant that measures the $ 20 K
strength of the coupling of the free carriers to whatever ex- b iy -———- 123 5 ]
citations are causing the scattering. We fing-0.35, while T 200K
K

Ap,~0.31. These results are in good agreement with previ- 1000 & —_— 300 ]

ously estimated values farusing a two-component analysis : ]

in other sampleS. Furthermore, these results suggest the I

transport properties of the copper-oxide superconductors are N

in the weak-coupling regime. r
In the superconducting state,r3{ drops to zero on ac- S P A T T S B

count of py. also going to zero. At the same temperature 0 1000 2000

17 opic also exhibits a sudden drop. This sudden drop sug- Frequency (cm™')

gests that the excitations that cause the scattering of the car-

riers in the normal state are suppressed belgw The lim-

ited number of points and possible uncertainties, especiadl}s_(,ixiS absorption extends to lower frequencid§0—200

at the lowest frequencies, prevent us from extracting the temémfl) and is higher in the frequency range 150—700 &m
perature dependence of7lin the superconducting state.

. ) . In both cases, there is weak structure due to phonons, includ-
Nonethe_less, we do find thgt Fhagf!ﬁc obtained is '?rgef for ing weak minima aiw~400 and 800 cm'. Figure 15 shows
the b axis than for thea axis in the superconducting state.

Thi id f dditional ch | for elasti tteri that these minima appear in both the normal and supercon-
IS evidence for an additional channél for elastic sca erln%ucting states. Earlier optical studiésinterpreted this
in the crystallographid direction is also consistent with the

final intercept observed iplgC from extrapolations to the zero Photon Energy (meV)
temperature valug. 0 100 200 300
Sudden drops in the quasiparticle scattering rate as the = 2000 T T UM ]
sample becomes superconducting have been observed in ur i Bi,Sr,CaCuy04
polarized infrared measurements of ,B,CaCyOg,>° i 100 K
La,_,Sr,CuQ,* and YBaCw0;_ 5% and in experiments @ os
of femtosecond optical transient and microwave absorption ]
measurements  on  YBAwO;_ ;% and  on 1000 .
(Bi0),Sr,CaCu0,0.%" Similarly, there have been predic- 1
tions of drop of the quasiparticle scattering rate in the super- ~
conducting state within the phenomenology of the marginal 7
Fermi liquid approach® This sudden drop in #/has been
proposed as the reason for the appearance of a “coherence’
peak ino(w) in studies of YBaCusO,_ 5 thin films®:6%70
and in B,Sr,CaCuyQOg single crystal® ! for temperatures
just belowT. and for frequencies in the microwave region.

3000

FIG. 15. Mid-infrared part of the total conductivity.

YR s
SR e
LEL Ny - e —

—1

omr (@ cm

2. Mid-infrared absorption 1000 | 4

The mid-infrared conductivity, that which remains after
subtracting the Drude term or low-frequency part, is shown
in the top and bottom panels of Fig. 15 for thendb axes,
respectively.oyr does not have much temperature depen- i
dence. Most of the temperature dependence;ifw) comes U ——

. . . 0 1000 2000
from the free-carrier cpntnbutlon.. Frequency (cm™')

To illustrate the anisotropy, Fig. 16 compareg,r for
the a and b directions at 100 and 200 K. The onset of ab- FIG. 16. Mid-infrared part of the total conductivity, comparing
sorption appears around 250 chfor thea axis, whereas the thea andb axes at two temperatures in the normal state.
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Photon Energy (meV) VIl. SUPERCONDUCTING STATE
0 50 100 150 .
2000 - D SN 1.0 A. The superconducting condensate
Bi,Sr,CaCu,0g ] We saw from the two-component analysis that dhaxis
~ i 20Kk | scattering rate for the Drude carriers is close to 150 tat
TE = T b s 100 K, and that it is suddenly suppressed in the supercon-
o I —_ __ c axis loss function | ducting state. If this 100 K %/is used together with pub-
s I = lished estimatés’* for the Fermi velocityv; in the CuQ
: 1000 |- 0.5 >~ planes to compute the mean free patfor quasiparticles
£ € propagating along this direction we obtdirv;7~100A.
5 T This number is considerably larger than the typigldplane
3 coherence length reportéd® for this and other high¥,
5 B compounds, é~15A. This comparison suggests that
© Bi,Sr,CaCuyOg is in the clean limit, i.e.]>¢, as was first
i ) pointed by Kamamet al®® for YBa,CuyO;_ 5. In this limit,
ol ol v 1 e e g absorption associated with the superconducting gap is not
0 500 1000 1500 observable because in the superconducting state most of the

—1
Frequency (em™) spectral weight moves to the zero-frequency delta function.

FIG. 17. Plot ofoy(w) at T=20K in thea- andb-axis polar- Thus the only S|gnature of the condensat_e is |t_s mduc_tlve
izations along with the-axis loss function, from Ref. 72. response, seen in the real part of the dielectric function,
€,(w). The delta function conductivity gives, via the

Kramers-Kronig relation&
notchlike feature, which in YB&Zu,0;_ 5 is much more evi-

dent and occurs ab~430cm 1, as the superconducting en- wgs
ergy gap. An argument against this interpretation is that the e(w)=€ep——7, (15
minimum in o1(w) is also observed abovE; in nearly all

samples, making its association with an energy gap Venhere w,, is the oscillator strength of the superconducting
unlikely 34163 condensate, defined as,s=47ne?m, with ng the density

An alternative interpretation attributes this structure toof superfluid carriers. The ter®y,, is the bound-carrier con-
electron-phonon interactio$:*” As discussed by Reedyk tribution to €;(w). Hence, the condensate contributiop,
and TimusK® these interactions are between thexis lon-  to €1(w) can be determined from a plot ef(w) as a func-
gitudinal optic(LO) phonons and thab-plane bound carri- tion of w 2. As shown in Fig. 18, this plot for tha axis
ers. Supporting evidence for this interpretation is shown irgives a straight line whose slope z'u%s. From this slope at
Fig. 17, where the BBrL,CaCyOg c-axis energy-loss T=20K, we find wgsz 9000+200cmt and wgsz 8200
function’? (which has maxima at the LO phonon frequengies + 200 cn2. Hence, the superconducting-carrier response is
are plotted along witta- and b-axis conductivities at 20 K. larger for thea-axis direction.
The coincidence between the loss-function maxima and An alternative method that obtains the same results is to
o1(w) minima is quite remarkable. Similar evidence for this estimate the missing area undey(w) in the superconduct-
effect has come from measurements opQ#0, ., 5 single  ing state. This estimate is done by subtracting the conductiv-
crystals®® ity at the lowest temperatur@ =20K in this casgfrom the

Frequency (cm™')
1000 300 200 10¢
T

0~ . -

-2000
5 | FIG. 18. ¢; Vs w2 in the superconducting
& —4000 state for thea direction.

~-6000

-8000
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conductivity just abovd (T=100K in this casg Then, the Photon Energy (meV)
sum rule or density of superfluid carrief;;m/m,, is evalu- 2500 0 40 %0 80
ated by performing the integral -
S m @
Neﬁ(w)—'vf 0(®,100K)— o(w,20K). (16) 2000 - NN —— A
mb 0 o/<-(\ \\/v ,‘\/"‘""\J""/ YA 1
By evaluation of the integral in Eq16), we find Nzm/m, < I \/\W
~0.20 for thea axis andNgznm/m,~0.16 for theb axis. S 1500 §
Hence, by noticing that NeﬁnVrrb)=wr2,vace”/4we2 and ©
from the known unit-cell volume of B&r,CaCuyQg, we find S ]
that 5 'eoor Bi,Sr,CaCu,04 j
+ 20 K
a _ s __ 1 (]
wps= 19 900/Ngz=8900 cm c [ b axis ]
in the a-axis polarization, Whilewgsz 8100cm™? for the b @ soor g axis ]
axis. Both quantities agree with the results from analysis of
€, described above. . . | | . |
P P T S I B DU D T
4] 200 400 600 800
B. ab-plane anisotropy in the London penetration depth Frequency (cm_1)

The London penetration lengthh measures the distance
over which an electromagnetic wave is attenuated inside a
superconductor. Since this length is a measure of the super-
fluid response in a superconductor, it is also related to th
superfluid oscillator strengtw,s by A =c/w,s. In aniso-
tropic materials,\| is a tensor quantity. Hence, polarized
infrared spectroscopic offers a unique opportunity to deter-
mine the different components of this tensor. Other tech-

If we compare the superfluid plasma frequency to the
nigues, such as magnetic inductance method or muon SpRrude plasma frequency, we find for theaxis that“’
é7"8only give values of\, that are averages of the

resonanc 97% ofw pD (essentially |dent|caJ In contrast, in theb d|-
different components of, . From the values o, for the ~ rection wps=8100+ 200 cm * and wpp=8900+ 200 ¢ *

a and b axes of BjSr,CaCyOg, we find for the London SO that the superfluid plasma frequency is only about 90% of
length along the axis\ 2~ 1800 A whilexP~1960A. The the Drude plasma frequency. We note further that the zero-
ratio of these two quar:tities Dsb/)\’awl 1. - temperature extrapolation @f;. (or 1/7) for the b axis ap-

Another way to demonstrate London response of the Supears to be finite, whereas for tha axis, the zero-

perfluid is to calculate a generalization of the London Iengthemperature Intercept is very c_Iose to zero. That UW'S
via plasma frequency is smaller in the superconducting state

suggests that the anisotropy is not related to a mass enhance-
c ment effect but instead is due to an additiofgair-breaking
N =m—— (17) scattering channel in thie or superlattice direction. This ad-
oVl1l-é€(w) ditional scattering causes additional absorption at finite fre-

[Note that this can also be written in terms of the imaginaryquenCles In the superconducting state and a reduced conden-
L sate weight.
part of the conductivity,o,(w), as A\ =c/JV4dmwo,(w).] g

Figure 19 displaya, for thea andb axes. The fact that both
curves in Fig. 19 are nearly flat in the far infrared, approach-C- Opfical conductivity and symmetry of the order parameter

FIG. 19. London penetration length as a function of frequency
smg Eq.(17).

This suggests the interactions that are responsible for the
relaxation of the free carriers are not isotropic but that the
effective masses have a smaller anisotropy.

ing the values given above at=0, suggests that the princi- ~ The symmetry of the order parameter in the high-
pal contribution too,(w) is from the superfluid carrier re- temperature_superconductors has been addressed by many
sponse, which followsr,(w) < 1/w. workers?*®6.79-87There is a growing consensus for an un-

There is a definite anisotropy in the penetration depth. T@onventionald-wave symmetry for this quantity. Angular-
explain the source of this anisotropy the first thing thatresolved photoemission spectroscdRPES has played a
should be considered is whether the anisotropy that is obkey role in this consensd&2+2%83n one study, Sheat al®®
served in\_is due to mass enhancement effects. In the norperformed ARPES measurements on®jCaCyOg single
mal state, theab-plane anisotropy in the dc resistivity, from crystals, finding a condensate peak that is larger and more
extrapolations of the optical data and direct dc transport, ipronounced along thE-X symmetry direction, i.e., from the
po/pa~1.25. As discussed previously, the normal-state ancenter of the Brillouin zone to th& point in momentum
isotropy in the Drude plasma frequency derived from a two-space. The gap seems to vanishithin the experimental
component analysis of the opt|cal data is found to be smallefesolution of =2 me\) along (@), 45° away from the
than this anisotropy, i.e. wpD wpD 1.04£0.04. Hence, maximum-gap direction. Based on the assumption the mate-
most of the anisotropy ipy. is due to a free-carrier relax- rial has tetragonal rather than orthorhombic symmetry, the
ation rate that, al=100K, is 20% larger for théd axis.  authors conclude the symmetry of the order parameter is
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compatible withd,2_,> symmetry pairing® Recent experi- whether clean or dirty, has asotropicresponse. This result
ments in the temperature dependenca fT) have found a can be understood as follows. Suppose the incident electric
linear temperature variation that has also been interpreted h#i€ld is oriented parallel to the gap nodes, i.e., in the 45°
evidence ofd,2_ 2 pairing in these materiaf.On the other ~ direction. This field always can be decomposed into compo-
hand, this interpretation is in contradiction with other nNents along the andb directions, which are the directions
ARPES experiments performed by Kelley and co-workars. Of the gap minima. Similarly, a field that is oriented along a
These authors argue against a pdte ,» gap symmetry. direction where the gap is maximum may be constructeq
The authors also point out that other possibilities such afom components parallel to the nodes. Because the magni-

mixing of d-wave with eithers- or p-wave symmetries can- tude of the gap function has fourfold symmetry whereas the

not be excluded. In spite of the controversy, one strong Congbplane conductivity tensor has at most twofdklipolan

clusion that can be obtained from these results is that thg " MeUY: the gap anisotropy does not contribute to a con-

. ) . . uctivity anisotropy.
order parameter in the highs materials appears to be highly Finally, in an orthorhombic crystal, the dielectric tensor
anisotropic. ' !

. . L has three different components, with principal axes along the
The optical conductivity can say certain things about the, ', anqc crystallographic directions. Unlike the tetragonal
symmetry of the electronic strl_Jcture in the superconductm%ymmetry case, the orthorhombic crystal cannot have a pure

state. Exaptly _what can be said depends on :?‘everal factorg.\ave gap, althougd+s is allowed®®
clean or dirty limit, gap symmetry, and underlying crystallo-  oyr results unambiguously show that tieplane optical
graphic symmetry. If the material were in the dirty limit, response of BBr,CaCyOg is anisotropic both above and
then thes-wave superconductor has a gapid its excitation  pelow T,. As illustrated in Figs. 2 and 3, theaxis reflec-
spectrum, as derived by Mattis and Bardéfhe impurity  tance in the superconducting state reaches almost 100% for
scattering also has the effect of averaging any anisotropftequencies in the far infrared, whereas there is a difference
from band-structure effects, so that the gap is reasonably the reflectance levelR,>7R;) on the order 1-2%. A
isotropic, even in materials with some electronic anisotropyKramers-Kronig analysis of the reflectance for the two po-
At zero temperaturer;s vanishes foro<<2A. The missing larizations gives anisotropy imri(w). In the normal state,
spectral weight ofr; in the range 8<w<2A appear¥ in  the far-infrared conductivity is about 20% larger for polar-
the 6 function atw=0. In the case of finite temperatures, ization along thea axis. In the superconducting state,(w)
thermally exited quasiparticles can give rise to a Drude-likés a factor of 2 larger for thé axis below 300 cm' and
contribution too; () with a width in the order of %. down to the lowest frequency measured in the experiment.

A dirty-limit superconductor with a gap function that has Finally, the penetration depth is about 10% larger for the
nodes on the Fermi surface, such as one withveave (or ~ @-axis direction. o
p-wave gap, will have finite contribution ter;(w) for all If a one-component analysis with a frequency-dependent
w<2A ., €Ven at zero temperature. The reason for this ist/7 i us.e(.j to explain these results, thg sqperconductlng—state
that it takes only an arbitrarily small energy to break Coopeiconductivity must then be due to excitations across the su-
pairs composed of electrons with momenta close to the noddrconducting gap. The observed anisotropy j(w) below
of the Fermi surface. Using a self-consistdhmatrix ap-  Tc implies an order parameter consistent witiC, rather
proximation, Hirschfeldet al® carried out the calculation of than aCy,, symmetry. If this interpretation is taken, these
o1s/o, for unconventional noms-wave superconductors, data are incompatible witls-wave pairing or with a pure
finding a sort of pseudogap at energies belaty,2,. There  dx2—y2 gap symmetry. The results would be compatible with
is a narrow Drude-like peak at low frequencies, caused by combination of andd pairing:*®
broken pairs in the nodes of the gap function. If the conductivity is decomposed into two components,

In the clean limit, theswave superconductor retains its the observed anisotropy of theb-plane conductivity could
gap in the excitation spectrum but, as discussed above, tHe due to two factors. AbovE, the free-carrier damping rate
oscillator strength of the gap transition is snfiMoreover, IS 20% stronger alond [1/7(100K)=180cm* for the b
if the scattering is largely electron-electron, the opticalaxis and 150 cm' for thea axis]. Above and belowl, the
threshold is actually at 4 rather than 2, because if the mid-infrared component has a larger contribution aldng
photon merely breaks a single Cooper pair, the drift momenthan along the axis. This anisotropy is compatible with the
tum is unchanged and hence the electrical current is unafbserved orthorhombic unit cell in this material.
fected. Instead, two pairs must be broken, with subsequent
large-angle scattering, for there to be finitg(®).%! In the
clean limit of thed-wave superconductor, with a small scat-
tering phase shift, an expansion @{s/o,, in w predicts a In conclusion, the anisotropy of thab-plane of the
quadratic frequency dependence forclose to zero in the copper-oxide superconductors has been studied by measur-
case of a gap function with polar symmetry, whereas*a ing the polarized reflectance of single-domain crystals of
dependence occurs for a gap with axial symmetry. HenceBi,Sr,CaCyQOg. There is significanab-plane anisotropy in
these results indicate that for a superconductor with anisahe optical properties of this material. In the normal state, the
tropic order parameter, electromagnetic radiation is alwayinfrared conductivity is about 20% higher along theaxis
absorbed for frequencies down éo=0. However, as in the than theb axis. A similarab-plane anisotropy is observed in
swave case, the spectral weight associated with théhe normal-state dc resistivity of similar samples.
superconducting-state absorption is found to be sfAall. The normal-stateab-plane conductivity exhibits non-

In a polarized measurement, tdevave superconductor, Drude behavior, characterized by strong temperature depen-

VIIl. CONCLUSIONS
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dence in the far infrared and a much weaker temperaturéC,,) or that the mid-infrared component of the optical con-
variation in the mid-infrared region. If the conductivity is ductivity is anisotropic.

analyzed in the framework of a two-component picture, the Finally, estimates of the London penetration lengths dis-
low-frequency part can be regarded as Drude-like in natureplay anisotropy, with, /X ,~1.1. This result suggests some
with a scattering rate that is linear in temperature. This beadditional elastic scattering mechanism in thexis of the
havior is consistent with the linear temperature dependenc@ystal is giving rise to some kind of pair-breaking effect that
of the dc resistivity. The coupling constant obtained in thisiS causing\ to be larger along this directiofxp~2000 A
analysis is\ ~0.3—0.4 in all samples. compared to\?~1800 A).

The ab-plane anisotropy observed in the normal-state
conductivity of these samples persists in the superconducting
state as well. The optical conductivity at low frequenciesisa We would like to acknowledge many discussions with
factor of 2 larger along thb axis than along tha axis. This  P.J. Hirschfeld. Work at Florida was supported by the
suggests that either an anisotropic order parameter with BSF—Solid State Physics—through Grant No. DMR-
twofold symmetry C,,) rather than a fourfold symmetry 9705108. Work at Wisconsin was supported by the DOE.
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