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The Ferrell-Glover-TinkhantFGT) sum rule has been applied to the temperature dependence of the in-plane
optical conductivity of optimally doped YB&u;Og g5 and underdoped YB&U;Og . Within the accuracy of
the experiment, the sum rule is obeyed in both materials. However, the energwscatguired to recover the
full strength of the superfluigy in the two materials is dramatically differenb,=800 cm ! in the optimally
doped systeniclose to twice the maximum of the superconducting gag)2 but ,=5000 cm* in the
underdoped system. In both materials, the normal-state scattering rate close to the critical temperature is small,
I'<2A,, so that the materials are not in the dirty limit and the relevant energy scafg fiora BCS material
should be twice the energy gap. The FGT sum rule in the optimally doped material suggests that the majority
of the spectral weight of the condensate comes from energies belgwhich is consistent with a BCS
material in which the condensate originates from a Fermi-liquid normal state. In the underdoped material the
larger energy scale may be a result of the non-Fermi-liquid nature of the normal state. The dramatically
different energy scales suggest that the nature of the normal state creates specific conditions for observing the
different aspects of what is presumably a central mechanism for superconductivity in these materials.
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. INTRODUCTION energy'® or by the condensation of preformed pdits.
Experimental results along the poorly conducting inter-

Sum rules and conservation laws play an important role irplane €-axis) direction in several different cuprate materials
physics. In spectroscopy, the conductivity sum rule is parsupport the view that the kinetic energy is reduced below the
ticularly useful and is an expression of the conservation okuperconducting transitiofi~*” In some materials, the low-
charg_el. In metallic systems, the conductivity sum rule usu-frequencyc-axis spectral weight accounts for only half of the
ally yields the classical plasma frequency or the effectivestrength of the condensate. However, this violation of the
number of carriers. In superconductors, below the criticakGT sum rule appears to be restricted to the underdoped
temperaturdl . some fraction of the carriers collapse into the paterials which display a pseudogap in the conductiity.
6(w) function at zero frequency that determines the Londonrpe gramatically lower value of the strength of the conden-
penetration depth , with a commensurate loss of spectral g50 510ng the axis makes it easier to observe kinetic energy
yve|ght from low frequer]C|e§geI9W twice the superconduct- contributions. In comparison, the much larger value of the
ing energy gap A). This shift in spectral weight may be condensate in the copper-oxygen planes makes it much more

quantified by the application O.f the conductlw_ty sum rule todifficult to observe changes due to the kinetic energy based
the normal and superconducting states, as discussed by Fer- . 9.20 . .
rell, Glover, and Tinkhanithe FGT sum rulg?® which is on optical sum rule$*?° Recently, high-precision measure-

used to estimate the strength of the superconducting condeftents in the ngar-mfrared and visible region have.reporte_;d
satep,= Cz/)\f- The theory of superconductivity described small changes in the m-plamg spectral v_velght associated with
by Bardeen, Cooper, and Schrieff@CS) holds that while the onset .Of superponductlvny, supportmg the argum?nt that
the kinetic energy of the superconducting state is greatertha(f“ha,ngeS in th? kinetic energy are mdeed occurfing:
that of the normal statt® this increase is compensated by While the relatively small changes of the in-plane spectral
the reduction in potential energy which drives the transitionVéight make it difficult to make statements about the kinetic
(the net reduction of energy is simply the condensation en€N€rgy, it is nonetheless a strong motivation to examine the
erg”_ However, it has been proposed that in certain ho|e.eVO|uti0n of the SpeCtI’al We|ght in detail to see if there are
doped materials the superconductivity could arise from alnexpected signatures of an unconventional mechanism for
lowering of the kinetic rather than the potential enétdy.  the superconductivity in this class of materials.

such a system nonlocal transfers of spectral weight result in In this paper we examine the changes of the in-plane
the apparent violation of the FGT sum rule, and yield a valuespectral weight and the evolution of the superconducting
for the strength op that would be too smallN, would be condensate in the optimally doped and underdoped de-
too large.®~® Similar models in the cuprate materials pre-twinned YBgCu;Og. 4 single crystals for light polarized
sume either strong couplirigf® or that the normal state is not perpendicular to the copper-oxygen chains, alongathgis.

a Fermi liquid and that superconductivity is driven either by The BCS model requires that the spectral weight of the con-
the recovery of frustrated kinetic energy when pairs aredensate be fully formed at energies comparable to the energy
formed!'? by lowering the in-plane zero-point kinetic gap (w.=2A), with no subsequent violation of the FGT sum
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rule. This is precisely what is observed for the optimallywherew§:4wne2/m0 is the classical plasma frequenayis

doped material, within the limits of experimental accuracythe carrier concentration, amd, is the bare optical mass. In

for the sum rules, which is estimated to be about 5%. Howthe absence of bound excitations, this expression is exact in

ever, in the underdoped material only 80% of the spectrajhe limit of w,—. However, any realistic experiment in-

weight of the condensate has been recovered at energigslves choosing a low-frequency cutasf,. When applied to

comparable to &; the FGT sum rule must be extended to the Drude model

considerably higher frequencies to recover the remaining

spectral weight ¢.=0.6 eV). ForT=T., the normal-state ~ b

scattering rate is determined to be small, so this shift in spec- e(w)=€,— w(o+il)’ @

tral weight cannot be attributed to dirty-limit effects in re-

sponse to impurities. However, the nature of the normal staté&here .. is the contribution from the ionic cores, ardd

is dramatically different in the optimally doped material, =1/7 is the scattering rate, the conductivity sum rule indi-

which is reminiscent of a Fermi liquid, and the underdopedcates that 90% of the spectral weight is recovereddgr

material, which develops a pseudogap and displays nom=6I". For even modest choices bf w. can be quite large

Fermi-liquid behavior. The dramatically different energy (=w,). This places some useful constraints on the confi-

scales required to recover the full value @f suggest that dence limits for the conductivity sum rule in the normal

these aspects of the superconductivity are related to thefate.

normal-state properties from which it emerges. The conductivity in the superconducting state for any po-
larizationr has two componerits

2

Il. EXPERIMENT AND SAMPLE PREPARATION .
SC _ re

Details of the growth and characterization of the mechani- 1) = 12003‘5(0)) * Ul'rg(w)' S

cally detwinned YBQCLJ§06+X crystals have been previ-

ously described in detaft®> and will be discussed only

briefly. The crystal had a small amount of Ni deliberatel
y y yness, or strength of the superconducting ofd@his is often

introduced, Cy_,Ni,, wherex=0.0075. Such a small con-
centration of Ni results in a critical temperature which is €XPressed as the square of a plasma frequendy

slightly lower (~2 K) than the pure materials, with a some- =47Ns€”/m{ , wherens is the density of superconducting
what broader transition. The same detwinned crystal haglectrons andn; is the effective mass tensor. The second
been carefully annealed to produce two different oxygercomponents{w) is referred to as the “regular” compo-
concentrationsx=0.95 (T,=91 K) and 0.60 T.=57 K). nent for >0 and is associated with the unpaired charge
The reflectance for light polarized along theaxis (perpen-  carriers.
dicular to the CuO chains, therefore probing only the guO A variation of the conductivity sum rule in a supercon-
planes has been measured at a variety of temperatures oveluctor is to study the amount of spectral weight that col-
a wide frequency range<(40 to 9000 cm?) using an over- lapses into the superconducti@jw) function at the origin
filling technique?® this reflectance has been extended to verybelow the critical temperatureThis scenario is represented
high frequency (3.5%10° cm 1) using the data of Basov in Fig. 1, which shows the normalized conductivity for a
et al?7?8 and Romberget al?® The absolute value of the BCS s-wave model for an arbitrary purity levElwhere the
reflectance is estimated to be accurate to within 0.2%. Thecattering rate in the normal state has been choseh as
optical properties are calculated from a Kramers-Kronig=2A (2A is the full gap value folT<T,). The solid line
analysis of the reflectance. The optical conductivity, whichshows the real part of the optical conductivity(w) in the
dealt with the effects of Ni doping on the CuO chains and thenormal state folT=T,, while the dashed line is the calcu-
reduction of the in-plane anisotropy, has been previouslyated value foro(w) in the superconducting state fdr
reported®® The presence of Ni in such small concentrations<T,. For T<T, the gap is fully formed, and there is no
was not observed to have any effect on the conductivity otonductivity for o<2A, above which the onset of absorp-
the CuQ planes in either the normal or superconductingtion occurs. The missing spectral weight represented by the
states. hatched area represents the strength of the condem%gte
This area may be estimated by the FGT sumatile

The first part is associated with the superconduciig)
function at zero frequency, whepg , is the superfluid stiff-

IIl. RESULTS AND DISCUSSION , 120 (o

[
A. Optical sum rules Wps= O+[01’n(w)—crlvs(w)]dw, (4)

Optical sum rules comprise a powerful set of tools to
study and characterize the lattice vibrations and electroniéf
properties of solids. The spectral weight may be estimated b
a partial sum rule of the conductivity*

hereop(w)=01(w,T=Ty) and o g(w)=01(w, T<T.).

n alternative method for extracting the superfluid density

elies on only the real part of the dielectric function. Simply
put, if upon entering the superconducting stateTfes T, it is
assumed that all of the carriers collapse into the condensate,

2 1) then w,s=w, andI'—0, so that the form of the dielectric

P function in Eq. (2) becomese;(w)=e.—w;dw? in the

120 [ ¢ @
N(wc)=7 g(w)do — o
0
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FIG. 1. The real part of the optical conductivity calculated for a Z L N

BCS model for a normal-state scattering ratd’'ef 2A. The con- L | ]

ductivity in the normal stater;(w,T=T,) is shown by the solid tE | pert it ]

line (normalized to unity, while the conductivity in the supercon- L ]

ducting states;(w,T<T.) is shown by the dashed line. Fadr o & A B .
<T, the superconducting gapA2is fully formed and there is no 0 5 10 15

absorption below this energy. The hatched area illustrates the spec- co/A

tral weight that has collapsed into the superconductifg) func-
tion at the origin.

limit of ®—0, pgo wﬁsz — w?e,(w). This is a generic result
in response to the formation of & w) function and is not
model dependent. The value ferw?e;(w) is shown in Fig.

2 forI'=2A. There is a small dip nearX (which becomes
somewhat washed out fér>2A), and the curve converges
cleanly in thew—0 limit. The determination opg from

— w?e;,(w) has two main advantage@) it relies only on the
value ofe;(w) for T<T. and thus probes just the superfluid
response andii) pg is determined in a low-frequency limit,

BCS model
r'=2Aa

[
|
|
100 }
|
|
|
|

50

—w?% () (arb. units)

[ew]
N —_— e ——_——
o

w/A

FIG. 2. The value of- w?e;(w) calculated from the BCS model
for T<T, for the normal-state scattering rafe=2A (solid line);
ps=— w2e,(w) in the limit of w—0. Note that there is a slight
minimum near A (long dashed ling

FIG. 3. The Ferrell-Glover-TinhkartFGT) sum rule applied to
a BCS model for a variety of different normal-state scattering rates.
The solid line is the conductivity sum rule applied to theg(w, T
=T,) [Ny(w)], while the dotted line is forr{(w, T<T.) [Ng(w)];
the dashed line is the difference between the two. The curves have
been normalized to the full weight of the condensatd¢o yield a
dimensionless ratida) I'=A/2, (b) I'=2A, and(c) '=10A. The
spectral weight transferred from the normal state to the condensate
decreases with increasiig illustrating the trend from the clean- to
dirty-limit case. Even for the largest value bf chosen, a large
fraction of the condensate is captured by the integrabat 2A
(long-dashed ling

which removes the uncertainty of the high-frequency cutoff
frequencyw, in the FGT sum rule estimates of the conden-
sate. We will distinguish between values of the condensate
determined from- w?e;(w) asps, and the FGT sum rule as
wﬁs. The two techniques should in fact yield the same result,
and it is indeed useful to compare the high-frequency esti-
mates ofw)g with ps.

The rapidity with which the spectral weight of the con-
densate is captured by the Ferrell-Glover-Tinkham sum rule
is shown in Fig. 3 for three different choices of the normal-
state scattering rate relative to the superconducting energy
gap. Here the solid line is the conductivity sum rule applied
to o1(w) in the normal state{=T,), effectivelng, while
the dotted line is the conductivity sum rule f6< T, which
yields w3~ wjs. The difference between the two curves is
the dashed line, which is simptygs. To simplify matters, in
each case the integrals have been normalized with respect to
the strength of the fully formed condensaig, to yield a
dimensionless ratio. In Fig.(& the normal state scattering
rate has been chosen toBe A/2 (“clean limit” ). It may be
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observed that nearly all of the spectral weight in the normal 8000 71— T
state collapses into the condensate. Furthermore, the conden- [: (a) YBa,CuyOqgs [ RANSASEN
sate is essentially fully formed aboveA2 In Fig. 3b) the 6000 L (Ela)  po00f ™ A

normal-state scattering rate has been chosen to have an in-
termediate valud’=2A (the situation depicted in Fig.)1

The larger value of" has the effect of shifting more of the ~ 4000

normal-state spectral weight abové 2which reduces the IE

strength of the condensate. However, despite the larger value S 2000

for I and the reduced strength of the condensate, it is once &

again almost fully formed by &. Finally, in Fig. 3c) a large g L M,

normal-state scattering rake= 10A is chosen to put the sys- E‘ 0 ——+—————————— .
tem into the dirty limit. The large scattering rate broadens the E i(b) 7B2Cus0800 ' ]
normal-state conductivity and moves a considerable amount S 4000 F  (Flle) ~ aoo0p E
of the spectral weight to high frequency, thus only a rela- ’g K

tively small amount of the spectral weight is transferred to S 3000 ]
the condensate. Despite this, by Z2lmost 60% of the con-

densate has been captured, and Bythe condensate is al- =000 E
most fully formed. This demonstrates that with the exception r ]
of the dirty limit, the relevant energy scale feg=2A. This 1000 - E

result is important to the arguments that are to follow. .

YT T S R S S S T
0 1000 2000 3000
Frequency (cm™1)

B. YBa,Cu3;Og4

The temperature dependence of the optical conductivity
of optimally doped YBaCu;Og o5 (T,=91 K) for light po-
larized along the axis is shown in Fig. @&). The Drude-like
lgf\(levafsrggl:‘reonniyr;c?rrsldtl;ﬂ;g}r/a?ﬁg?é)v?ugtsatggy:aevrvneﬁle l:r)Z[ILcj):/S delight polarized along the& axis..The inset in each papel shows the
the superconducting transition the low-frequency conductiv-frequency depenqem scattering rate and .the estimated Valqe of
ity has decreased and the missing spectral weight has calP?" The Drude-llkg conductivity of the optimally doped material

. . . arrows somewhat in the normal state but the scattering rate shows
lapsed into the conqlensate. However, a,n optical gap. '_S n% indication of a pseudogap; beldly a considerable amount of
observed and there is a great deal of residual conductivity alyectral weight collapses into the condensate. In the underdoped
low frequency. The conductivity can be reasonably well de-naterial, the conductivity narrows considerably in the normal state
scribed using a “two-component” modé, with a Drude  and the scattering rate indicates the opening of a pseudogap; the
component and a number of bound excitations, usually Lorcondensation is less dramatic than in the optimally doped case.
entz oscillators. While the low-frequency conductivity is sat-

isfactorily described by a Drude term, the midinfrared regio”frequency’f7'38 This behavior is characteristic of optimally
is not and a large number of oscillators are required to réProgoped and overdoped materials.

FIG. 4. The optical conductivity of(a) optimally doped
YBa,Cu;05 g5 and (b) underdoped YBgCu;Og 6o at room tempera-
ture (solid ling), T=T, (dotted ling, and T<T, (dashed ling for

duce the conduct?vity. For this reason, ageneralizeq form qf The behavior of the oxygen-underdoped material
the Drude model is often adopted where t_he scattering rate $Ba,Cus0; ¢ (T.=57 K) for light polarized along thea
allowed to have a frequency dgpendéﬁc{m order t0 pre-  ayis shown in Fig. @), shows some significant differences
serve the Kramers-Kronig relation, the effective mass musf.q the optimally doped material. The Drude-like conduc-
then also have a frequency dependendne frequency- ity at room temperature is extremely broad. However, at
dependent scattering rate has the ftm T=T, the Drude-like conductivity has narrowed dramati-
5 cally, and there has been a significant shift of spectral weight
1 _ ﬂR i (5) to low frequencies. Fof <T, the low frequency conductiv-
H(w) 47 | 5(w) ity has decreased, indicating the formation of a condensate.
However, the effect is not as dramatic as it was in the opti-
The value for the plasma frequency used to scale the expresally doped material, indicating that the strength of the con-
sion in Eq.(5) has been estimated using the conductivity sumdensate is not as great. Once again, there is a considerable
rule for o;,(w, T=T.), using w,=1 eV, which yields a amount of residual conductivity at low frequency for
value forw, ,=16700 cml, or about 2 eV(Ref. 30. The  <T,. The frequency-dependent scattering rate is shown in
frequency-dependent scattering rate,{&) is shown in the the inset, along with the estimated value af,,
inset of Fig. 4a), and in the normal state shows a monotonic=13250 cm !, estimated from the conductivity sum rule.
increase with frequency, and an overall downward shift withAs the temperature decreases in the normal statg( )
decreasing temperature. Beldw, there is a strong suppres- decreases rapidly at low frequency, which is taken to be evi-
sion of 1/r,(w) at low frequency associated with the forma- dence for the formation of a pseudog&gd® The large drop
tion of the superconducting gap, with a slight overshoot andn the normal-state scattering rate forlw—0) is a reflec-
then the recovery of the normal-state value at hightion of the dramatic narrowing of the conductivity and is an
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FIG. 5. The function— w?e; ,(w) vs frequency for optimally = i . - 9NN, ]
doped YBaCu;Og g5 (solid line and underdoped YB&u;Og g0 //f;:f“ 4
(dashed ling along thea axis at=10 K (T<T.). The superfluid ” T T T

density iSpSZ—wZEl’a(wHO); taking the squares to render the

units the same as those of a plasma frequency yiéhi%=8670 0 1000 2000 3000 4000

+90 cm ! and \ps ,=5620+ 60 cm ! for the optimally and un- Frequency (cm™!)

derdoped materials, respectively. Note also that in both materials

there is a slight suppression of w?e;,(w) in the 500 FIG. 6. The conductivity sum rules applied te) optimally
—700 cnT ! region, close to the estimated value af 2 doped YBaCu;Og o5 and (b) underdoped YB#Cu;Og o5 for light

polarized along tha axis for T= T, [N(w), solid line] and forT

indication that the reduced doping has not created a largs Tc [Ns(@), dotted ling; the difference is the estimate of the

amount of scattering due to disorder—on this basis, the Sys'a_trength of the condensate from the Ferrell-Glover-Tinkham sum
tem isnotin the dirty limit. ’ rule (dashed ling The condensate saturates in the upper panel by

=800 cni !, while in the lower panel the frequency at which the

full weight of the condensate is recovered seems to be much higher.
In the upper panel the magnitudes of the curves are greater than in
the lower panel; a reflection of the decreased carrier concentration.

The superfluid densitp, , has been estimated from the
response of— wzelya(w) in the zero-frequency limit foil
<T, for the optimally and underdoped materials, shown in
Fig. 5. The estimate ops, assumes that the response of
€14(w) at low frequency is dominated by the condensate, but 4 .
it has been shown that along tleaxis, there is enough \/Ea: 867090 aqd 5626:60 cm for the opnmally and )
residual conductivity to affect; () and thus the values of underdoped materials, respectively; these estimates are in
ps.c. typically resulting in an overestimate of the strength of900od agreement with previous vallfziQsln both materials
the condensat¥:**The presence of residual conductivity for there is a slight suppression of w”e;(w) in the 500
T<T, suggests thai , may be overestimated in this case as ~ 700 cm ! region, which is in agreement with estimates for
well. However, as we noted earlier, the real part of the conihe superconducting gap maximum =500 cm'* (adopt-
ductivity in the superconducting state may be expressed asi8d the notation for al-wave superconductpin overdoped
regular part due to unpaired carriers, and(@) function at ~ YB2ClsOg g9 (Ref. 41. Studies of other cuprate systems
zero frequency; the response efS(w) is limited to the ~ SUggest that the gap maximum increases with decreasing
8(w) function, which is zero elsewhere. Howeves,,( o) doping;“***“despite the reduction of..
has been determined experimentally to be nonzero: if we_ 1he integrated values of the conductivity in the normal

refer to this asefY(w), then Erfag(w) may be determined (T=T.) and superconductingTT,) states are indicated

through the Kramers-Kronig relation, and the superfluid den-by the solid [Nn(w)] and daShEd[NS(w)]. I_mes for
sity estimated 49 YBa,Cu;0g o5 and YBgCuzOg 60 aI.ong thea axis |n.the up-
per and lower panels of Fig. 6, respectively. For
Ps a(w):wz[efg(w)_ €Y w)], (6) YBa,Cu;Og o5, N(w) increases rapidly with frequency, but
' ! ! does not display any unusual structure. On the other hand,
which should be a constant. This is shown in Fig. 5 at lowNg(w) evolves more slowly, and has several inflection points
frequency as the dotted lines. This method of estimatinng ~ at low frequency which are thought to be related to the peaks
agrees well with the extrapolated values-ob2e;(w) inthe in the electron-boson spectral functihThe difference be-
w—0 limit, and indicates that if there is a correctiondg,  tween the two curves)f,san(w)— Ns(w) is shown by the
associated with the residual conductivity 6T, then it  dashed line in Fig. &). This quantity increases quickly and
is quite small. The estimated values for the condensate atben saturates above 800 cmi ! to a constant value. this
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(eV) frequencieqover 0.5 eV. This rapid formation of the con-
0 0.2 0.4 0.6 densate has also been observed in the optimally doped
L material§>4® Lay gSK 1:CUO, (w.=0.05 eV),
Bi,Sr,CaCyOq, 5 (w.=0.1 eV), as well as in the electron-
,,,,,,,, ] doped materi&l Nd; g<Cey ;:CuUQy. 5 (w.=0.06 eV). In all
AT ~ YBa;CugOgg; (Ella) of these cases the integral saturates and is constant to over
YBa,Cuy04, (Ella) ] 0.5 eV. In contrast, only about 80% the spectral weight in
' RN underdoped YBgCu;0g 60 has formed by 800 cit; the
90% threshold is not reached unt#1800 cm® and the
remaining spectral weight is recovered only at much higher
frequencies ¢.=5000 cm!). In the case of the under-

e
@

[N (0)-N()]/p,,

0.4 doped material, the plot has only been shown to the point

where the FGT sum rule is recovered. If the plot is extended

02| f to ~1 eV, then the integral will increase to a value about
r 0 i ~3% over unity, which is within the estimated error for the

R I T B S I FGT sum rule. This slow increase above unity may be an
0 1000 2000 3000 4000 indication of one of two thingdi) w, may be larger than has

Frequency (cm-?) been previously estimated, which would be consistent with
. . estimates ofv,=2 eV in the underdoped Bsr,CaCyOg,

FIG. 7. The normalized weight of the condensdté,(w)  material$® or (ii) it is possible that when the sum rule is
~Ny(@)]/ps,a for optimally doped YBgCu;Oe o5 (SOlid line) and  extended to high frequenciéise., of the order of eYit may
underdoped YBz#Cu;Og 60 (dotted ling along thea axis direction.  he incorporating temperature-dependent bound excitations.
The curves describing the condensate have been normalized to th&,\vever the absence of this behavior in the optimally doped
values ofps,q shown in Fig. 5. The condensate for the optimally gystem suggests that such an excitation is restricted to the
doped material has saturated 5800 cm =, while in the under- underdoped materials

e o b i " s tempting to draw an analogy with the BCS diny it
d Y, 0 g cpse and argue that the spectral weight in the underdoped
quencies. The error bars on the curve for the underdoped maten?naterial has been pushed to higher frequency in response to
indicate the uncertainty associated with the FGT sum rule. Inset: . . P 9 . . y P

an increase in the normal-state scattering rate. However,

The low-frequency region. . . . .
there are two important points that argue against this inter-

plot is reminiscent of the BCS material with moderate scatpretation. First, an examination of scattering rate in the insets
tering, discussed in Fig.(8). The sum rules applied to Of Fig. 4 for T=T, indicates that the *(w—0)
YBa,Cu;0; 5o Shown in Fig. 6b) are similar to the optimally §200 cm for both materials. Second, if the conductivity is
doped case. However, the overall magnitude has decreasedfited using a two-component Drude-Lorentz model, then the
reflection of the decreased carrier concentration within théature of the low-frequency conductivity places hard con-
copper-oxygen planes in the underdoped material. While thétraints on the width of the Drude peéfkfor T=T, thenT’
condensate is also lower, it now appears that it does not140 cm * for optimally doped YBaCu;Oggs, and T
saturate as quickly as was the case in the optimally dopegr100 cni* for underdoped YBzCus;Oggo. In each case,
material. I'<2A,, indicating that whilel” may have an unusual tem-

A more detailed examination of the evolution of the perature dependence, closeTp these materials are not in
weight of the condensate for YB@u,Og o5 (solid line) and  the dirty limit. Thus, the larger energy scale in the under-
YBa,Cu;Og o (dotted ling, normalized to the values gf,, ~ doped system has a different origin. While none of the cu-
determined in Fig. 5, is shown in Fig. 7. The error associatedrate superconductors are truly good metals, it has been sug-
with the FGT sum rule has been determined in the followingdested that folf =T, the overdoped materials may resemble
way. The optical conductivity has been calculated fora Fermi liquid®® The rapid convergence @f; , in the opti-
R(w,T)iO]_% forTzTC andT<TC, the normal and super- ma”y doped material is what would be eXpeCted in a BCS
conducting states, respectively. The FGT sum rule is the§ystem in which the normal state is a Fermi liquid. On the
applied to the resulting high and low values for the conducother hand, it is recognized that the underdoped materials are
tivity, and the error limits are taken as the deviation from thebad metal¥ and exhibit non-Fermi-liquid behavior, ang,
curve generated simply frolR(w,T), which are estimated >2A, is required to recover the FGT sum rule. The two
to be aboutt3%. It should be noted that most of the uncer-types of behavior observed in the optimal and underdoped
tainty is introduced when the reflectance is close to unity, aghaterials suggests that the nature of the electronic correla-
o1%1/(1-R) and even small uncertainties in the reflectancetions in the normal state play a role in determining the dif-
can lead to large errors in the optical conductivity. When theferent aspects of the superconductivity observed in these
FGT sum rule is exhausted, the ratio is unity by definition.materials:*>*

For the optimally doped material, this occurs rapidly and
90% of the spectral weight in the has been recovered by
about 500 cm?!, and the ratio approaches unity af, The unconventional nature of the superconductivity in the

~800 cm !, and remains constant even out to very highcuprate systems has lead to the suggestion that the conden-

C. Kinetic energy and the sum rule
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sation may be driven by changes in the kinetic rather than thpretations of this phenomenr&®’ The implication is that the

potential energ.In such a case the FGT sum rule for the missing spectral weight is recovered at high frequency, but it

in-plane conductivity must be modified to take on the fbrm is unclear at precisely what point this occurs. In underdoped
material, if the value foro,=800 cni'! in the optimally

120 ( w. doped materials is used, then the in-plane FGT sum rule will
ps=—— | [o1p(w)—0o15(w)]dw appear to be violated. However, it has been shown that ex-
™ Jo+ tending the integral fronm =800 to=5000 cm ! results in

6252 the recovery of the in-plane sum rule. We speculate that if
+ —o[(— T — (=T, the cutoff frequency for the FGT sum rule along thaxis is
mCh increased to the same value where the in-plane sum rule was
= 5A+ OA,, ) recovered {.=5000 cm 1) then the spectral weight would

be recovered and theaxis sum rule would yielg .. How-
where the spectral weight has units of ¢a is the lattice  €Ver the_general consensus at this '_[ime is that the (_:onductiv-
spacing,T is that part of the in-plane kinetic energy associ-1Y data is not yet sufficiently precise along tieaxis to
ated with the valence bard.and the subscripts ands refer confirm this prediction, so this remains a subject of some
to T=T, and T<T,, respectively.(The expression has a debate.
slightly different form for the ¢ axis®>™% The low-
frequency termdA, is simply the FGT sum rule, whiléA,,
corresponds to the high-frequency part of the integral, which
is in fact the kinetic energy contribution. In a system where |n the BCS model the relevant energy scale to recover the
the kinetic energy plays a prominent role the FGT sum rulestrength of the condensage is the superconducting energy
may appear to be violated. However, the maximum condengap (w.=2A), slightly larger in the dirty-limit case. Con-
sation energy for YBgCu;Og 95 based on specific heat ductivity and FGT sum rules have been examined for light
measurement3®® is about 0.2 meV pefin-plang copper  polarized along the axis direction in the optimally doped
atom. Assuming that the condensation energy is due entirelyBa,Cu;Os o5 and underdoped YB&u;Oggo high-
to the changes in the in-plane kinetic energy, this yieldsemperature superconductors to study the evolution of the
SAL~2X 10° cm™ 2, which represents less than 0.3% of the spectral weight in these materials. Within the sensitivity of
spectral weight of the condensafeBecause of the limited  the experiment the FGT sum rule is obeyed in both materials.
accuracy of the FGT sum rule no statement may be madghe energy scale required to recover the full strength of the
regarding changes in the in-plane kinetic energy. Howevergondensate in the optimally doped material is.
the general observation that the in-plane sum rule is pre=800 cm* (=2A,), in good agreement with the predicted

IV. CONCLUSIONS

served may have consequences for ¢heis. behavior of the BCS model. However, the energy scale in the
underdoped materials is much higheg=5000 cm ®. This
D. Sum rules along thec axis effect cannot be attributed to dirty-limit effects in response to

The obtical properties of Y O-.. have been exam- !ncreased nor_mal—state scattering, sincquTC, I'<2A,
P prop B0« s8-61  in both materials. The two types of behavior above and be-

ined in some detail along the poorly conductingxis: . ) :
The optical conductivitgespecially in the underdoped mate- 10W Tc observed in the optimal and underdoped materials

rials) is dominated by the unscreened phonf#fS. Given suggests that the nature of the electronic correlations in the
that large changes in the phonon spectrum have been 0B_or.mal state dete_rmlge the different aspects supercolndu.ctlv—
served at low temperature in the underdoped mateiafé, ity in these material$® and the degree to which the kinetic
the application of the FGT suméﬁggge must be treated with€N€r9y may play a role.

some care; in the studies cited here, the integral has been
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