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A theory of the anomalous microwave conductivity and surface resistance of high-temperature supercon-
ductors is developed for a nested Fermi surface. The danipieglerived for electron collisions across nearly
parallel orbit segments. Above the superconducting temperBiuseT) is linear in frequency» and tempera-
ture T, in accord with the anomalous non-Drude conductivity which differentiates higbuprates from
conventional metals. In the superconducting stalewsave energy gap suppresses the damping—by reducing
available scattering states—and thus explains why the YBCO microwave surface resRiadoeps so
dramatically when the temperature is a few degrees bdlpw90 K. Numerical calculations of the infrared
conductivity, reflectivity, microwaveRg, and penetration depth are presented, and comply with the YBCO
experimental data if the gap has a large maximum vAlyg=4T_. The cuprate spectral shapes differ notably
from conventional BCS theoryS0163-182@9)02338-3

[. INTRODUCTION metals. Phonon mediateslwave pairing in standard super-
conductors is also well established. From a phonon perspec-

When certain copper oxide metals become superconductive it is remarkable that a combination of impurity scattering
ing, their microwave surface resistan@gdrops by four or-  and the Gruneisen form of electron-phonon damping can re-
ders of magnitude within a few degrees of the transition temproduce some of th&; features in Fig. £. However, the
peratureT =90 K. This remarkably smaR, reduces energy classic Holstein theory shows that the conductivity becomes
loss and benefits microwave sensor and communicationi§dependent of frequency above the Debye cutoff for
technology, while the stability oR at low T provides an- phonons and this feature contradicts the cuprate data.
other bonus. In addition, the frequency variation of the con- Various experiments on cuprates suggest an alternate
ductivity provides intriguing clues to the physical nature of
the charge carriers and exposes the symmetry of the super- 1
conducting state.

The objective of the present work is to develop a theory
of the microwave spectra for a superconductor withwaave
energy gap, using a physical basis that produces the anoma-
lous quasiparticle damping which is a key featucé cu- 17
prates at higher_ temperatures. Elec_tro_n coIIi_sions on a nested Phonon (A=1)
Fermi surface yield a damping that is linear in frequency and
temperature, and a microscopic theodemonstrates that
these phenomena explain cuprate conductivity anomalies if
the Coulomb repulsiotd is of intermediate strength. Here
we extend this nested Fermi-liquilFL) theory to a super-
conducting state that is characterized byl-awave energy -4

Log(Rs/RN)

gap. ) ] ) *K.Zhang ... W.N.Hardy
Our analysis was motivated by the Hardy grouiiscov- s YBa2Cu306.95
=] v=3.8GHz

ery of a sharp suppression of the quasiparticle damping in

the superconducting state of YBCO, which is much steeper

than expected from standard BCS theory. As seen in Fig. 1, -6
their microwave surface resistanBg data show an amazing

drop in surface resistand®, by four orders of magnitude as

the temperature is lowered two degrees belw: 92 K. FIG. 1. The microwave surface resistance data points of Ref. 3
The classic BCS theory, which considers electron-phonoRyqy the sharp drop iRy(T) within the YBCO superconducting

damping, yields the soliRs curvé that is far above the giate, that occurs a few degrees belbye=92 K. By contrast the

YBCO data in Fig. 1. The BCS theory fif&; data for ordi-  standard BCS model with an isotroiavave energy gap, a Debye

nary superconductors, like lead and niobium, quite well withenergy ® ,=104 meV, and an electron-phonon coupling= 1

an isotropic energy gap, and the electron-phonon interactiogields the solid curve which remains far above the data in the tem-

is believed to be the dominant coupling source in simpleperature range 20 KT<T,.
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source of damping, and the compelling evidence for a Tight-binding energy bands have been used to compute
d-wave energy gap requires a novel pairing mechanism fothe influence of energy gaps on microwave response by vari-
their high-T.. superconductivity. In particular, infrared reflec- ous groups>~**Phenomenological form&*’for the suscep-
tivity experiments on optimally doped cuprates discoveredibility also produce conductivity peaks. Impurity scattering
that the electron damping is linear in frequenayup to the  has been analyzed for superconductors with various energy
1-eV range- Also, dc resistivity measurements reveal thatgap symmetries. Quinlagt al® examined the influence of a
the damping becomes proportional Toin the staticw=0  d-wave energy gap and impurity scattering on the frequency
limit. All high-T, alloys exhibit these damping mysteries, variation of the conductivity, although they do not consider
whereas oxygen doping transforms the resistivity of cuprat@esting in their tight-binding band model.

alloys to aT? form—and simultaneously lowerE, . Experimental evidence for d@wave energy gap in high-

Fermi-liquid (FL) damping is quadratic ir0 and T, be-  temperature superconductors includes the elegant quantum
cause the Pauli exclusion principle limits available electroninterference mesurements which reveal a sign change in the
collision® states. The usual assumption of a spherical Fermbrder parameter’ photoemission probes of the gap asymme-
surface yields a weak FL damping which is proportional totry, NMR spectra, Raman line shapes, and tunneling mea-
the small ratio T/Eg)? whereEg is the Fermi energy. surements. The latter three probes detettnave supercon-

Damping with a lineafl andw variation has been derived ducting density of states with a surprisingly large energy gap
for electrons colliding on nested Fermi-surface segmentsA,~6T,,* and we find here that a strong coupling value is
These trajectories have a phase space that is analogous t@lao needed to fit electromagnetic response features of the
system of reduced dimensionality. If scattering with a mo-YBCO superconducting state.
mentum transfer equal to the nesting vecfois dominant, a Electron-doped cuprates differ from the high-materials
microscopic theory yields a quasiparticle dampihgg, by having a Fermi-liquid type of damping, low&g~20 K,
~[U/W]°w in the zero-temperature limit.This nested and a rounded Fermi surfaddiscerned by photoemission
Fermi-liquid (NFL) theory computes self-energy and vertex experiments in NCC{?® The NCCO surface resistance
corrections to the conductivity, and fits the anomalous in- spectra and penetration depth are fitted accurately by ordi-
frared data on cuprates if the Coulomb couplidgs com-  nary BCS electrodynamics with an isotropic weak-coupling
parable to the bandwidthV. Similarly the linearT depen- energy gag! Hence these electron-doped materials are out-
dence of the NFL damping can be attributed to nesting.  side the scope of the present analysis.

The NFL damping originates from an intriguing scaling of ~ The correlation of highF; values with anomalous damp-
the spin susceptibility as a function @f T . The scaling can ing in cuprates may indicate that nesting provides a theoret-
be easily derived for noninteracting electrons whose energical link to d-wave pairing. The present examination pro-
dispersion satisfies the nesting conditieg, o= —¢€,. By  vides further impetus to the challenge of tliewave
comparison, the susceptibility of a free-electron gas is nearlynechanism by elucidating the strong-coupling nature of the
independent of temperature. Neutron-scattering experimentcattering and the energy gap.
confirm the NFL scalingin large cuprate crystals. A spin-fluctuation exchange theory fakwave pairing

In order to derive the NFL collision damping in a super- was originally examined by Berk and Schriefférmnd inde-
conducting state appropriate to cuprates, we derive analytipendently by Kohn and Luttingéf, but unforunately their
formulas for the spin susceptibility which includes an energyestimates for a spherical Fermi surface yield negligible
gap withd-wave symmetry. Then we compute the dampingNonetheless, this concept was revived in connection with
numerically as a function of frequency and temperature. Fiheavy-fermion metals and the anisotropic copper oxide pla-
nally we compute the microwave conductivity, infrared re-nar structures. Scalapino’s grotiband others, find that the
flectivity, surface resistance, and penetration depth. RPA susceptibility series can raise. for a tight-binding

Previous relevant studies include the microwave conducenergy band in the vicinity of a spin-density-wat@DW)
tivity peak (just belowT,) which was discovered and inter- instability?® Schrieffef® has argued that vertex corrections
preted in terms of a damping reduction by Nessal” The  are mandated near the SDW transition, and conserving meth-
phenomenological “marginal” Fermi-liqufti polarizability — ods have been developed by Bickérand others to cope
yields a conductivity peak when energy gaps are used to cutith higher-order self-energy and vertex corrections for a
off their model susceptibility at low energy. Hubbard model.

Our previous microwave analySisused an isotropic Recent calculations for a nesting model shows how vertex
s-state energy gap, which accounts for a drop in the surfaceorrections create a many-body effécthat appears as a
resistance nedr. but contradicts the low-temperature micro- singularity in the spin susceptibility at low and w. The
wave spectra. A thorough investigation of electromagneticonuniversal power-law exponents for the divergent suscep-
properties of highT, films has been performed within the tibility are in line with the neutron-scattering data which dis-
NFL formalism by Scharnberg’s grodf.They focus on the covered this anomalous susceptibility response at a nesting
temperature variation of the microwave response, whereagector in the LSCO cupraf€.
the present work emphasizes the frequency dependence. Nesting can enhance the spin-exchange mechariym

Andersonet al!! have proposed a theory of the linear  optimizing the overlap ofl-wave orbitals in the case of se-
damping using self-energy insertions for a Luttinger liquid.lected topologies that resemble a nearly square Fermi sur-
Traditional conductivity calculations for a Luttinger liquid face. Thus, using a tight-binding band suited to the Fermi
give a gaplike structure at low frequenciésyhich is caused surface of the Bi2212 superconductofeading-order
by separation of spin and charge degrees of freedom in ealculations® yield T.=85 K for a Hubbard interactiotJ
one-dimensional model. that is comparable to the bandwidth. If the nesting vector
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moves closer to the ideal value at half filling, the spin-theory, whereyf, is only weakly temperature dependent.
density ~wave instabilif’  overcomes d-wave Scaling of the actual susceptibility was observed in
superconductivity—within the random-phase approximationyBa,Cu,Og 5,? and by neutron-scattering experiments on
(RPA). In the opposite limit, a small nesting vector yields aLSCO compounds as wéllScaling is easy to derive for a
neglibible supercondcuting.. Photoemission specffare-  nested Fermi surface without any interactions, and a formal
veal that the Bi2212 Fermi surface is nested in the form of groof? of scaling preservation by self-energy corrections
square with rounded corners, and show a smaller nestingnd vertex corrections has recently been derived.
vector in Bi2201 which is compatible with its lowdr, .

We derive the spin susceptibility and damping in Sec. Il. B. Superconducting state

The formalism for the electrodynamic response is developed lize th ¢ i includ
in Sec. Ill, and then applied to microwave surface resistance, V& generalize the NFL formalism to include a supercon-

conductivity, reflectivity, and the penetration depth in Sec.ducting energy gap which depletes the electron density of

IV. Conclusions of our analysis are presented in Sec. v. StatesN(w) and also modifies the susceptibility. This leads
to a quasiparticle damping in the superconducting state

Il. NESTED ELECTRON COLLISIONS u?
FNFL((D,T<TC): TJ’ d(x),

o’ o' —w
cot >T —tan o7

XN(|o—o')xie(e T<Ty). (4)

A. Susceptibility and damping for T>T,

Electron(or hole interactions are represented by the Hub-
bard Hamiltonian X

H:;, ka;UCkmLUZ NNy, (1)
The imaginary part of the NFL susceptibilifg, in the
whereU is the onsite Coulomb repulsionkg is the destruc- Superconducting state depends on the energy gap and the
tion operator for an electron with momentutrand spino,  coherence factors which distinguish the charge channel from
and n;,, designates the occupation of an electron at site the spin susceptibility. The general form of the spin suscep-
This choice of interaction emphasizes the role of the spinibility becomes
susceptibilityy in the scattering cross section, although the

generalization to the charge channel is straightforward. B IA(l,m) tanKE,/2T) — mltanh(E,; 4/2T)
The quasiparticle damping for a nested Fermi surface X(q"")_k;m N wHIE tME g+ '
the Born approximationcan be expressed as (5)

1 wherel,m= =1, and the coherence factor is
FNFL(w,T)zzN(O)sz do’

1 €€t g T AK)A(K+
, , AL = 2| 14 m| Skea (k)A(k+q) ©
o n_(w . I‘(w —a)) ‘(0! T) 4 EExiqg
comn == | —@anf ——| | XnrFLl® s ),
27 27 with Ex= + \/e2+ A2(K).
(2 The energy gap equation for cuprates remains unresolved,

especially since spin-fluctuation mechanisms of the pairing
interaction require a susceptibility whose momentum and en-
ergy dependence is model dependent. The self-energy and
vertex corrections, which renormalize the pairning kernel
significantly in cases with nesting, require a strong-coupling

) (3) analysis which is not yet available. For example, numerical
solutions of the parquet diagrams for a nesting midkiis-

trate the complexity of competind-wave and SDW chan-

The scaling of the NFL susceptibility as a function@fT a5 Hence we choose a phenomenological form for the gap
generates the anomalous lindadamping in the static limit \,,0se maximum amplitude is given by

=0, which follows by inspection of Eq2). In the zero-

temperature limit, the thermal factors reduce to step func- Agm=aT.tanf by T, /T—1]. (7)

tions, and then the integration in ER) gives a linearw

variation of the damping. The collision damping becofnes A standard isotropis-wave gapA, in the weak-coupling

I'ye = (7/2)U%N(0)?max1.23T,|w|], and its magnitude is limit would give a=1.76 andb=1.74. A conventional

in line with cuprate conductivity data if the Coulomb cou- d-wave model with an isotropic Fermi surface provides simi-

pling satisfiesUN(0)~1. Quantitative accuracy requires lar values®®

terms beyond the Born approximation, such as the self- Evidence for a strong-couplindtwave gap in cuprate su-

consistent inclusion of self-energy and vertex corrections tgerconductors is provided by NMR, Raman, and tunneling

the susceptibiltiy which are beyond the scope of the preserdata. These probes sugdestlues in the range o&=6.0

analysis. and b=1.5, which indicates a zero-temperature gap value
The scaling of the susceptibility i@/T distinguishes the A,,,~6T.. The present electromagnetic response analysis

nesting approach from the conventional Fermi-liquil)  tends to support a strong-coupling gap as well.

where N(0) is the density of states at the Fermi energy.
The spin susceptibility within the nesting approximation
€+ o= — € takes the unconventional fofm

Y N, 1)
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For ans-wave superconductor, the imaginary part of the ‘
ibili " Te = 90K
susceptibility reduces to Al I

N \/w2—4A2 w i
XKIFL,S((‘)1T):TOTStanr(ﬁ>®(w_2As)' iiA/Tc=1.76
@ (8) " A/Te=6

The Heaviside function® cuts off the susceptibilty,
eliminates available electron-scattering states beldwand
thus strongly reduces the NFL damping. The influence of the
s-state gap on the electromagnetic properties was computed
previously? and the resulting exponential decreaseRgfat y .
low T, which disagrees with the data in Fig. 1, motivated us A
to focus attention oml-wave gap structure. g ]

In the cuprates, the superconducting electron dynamics J
are restricted to the CuyOplanes, which suggests a two- /__"'

;S e - Normal State (T=100K)

dimensionald,> 2 order parameter: e
0 10 20 30 40 50 60 70 80 90 100
9 ® (meV)

xi’IFL(m,T) (arb. units)
[\

Ag(k)=Agm(T)cog24),
where the angleb is measured from thk, axis in the plane. FIG. 2. Imaginary part of the NFL spin susceptibility at the
For a nested square surface—that is expected for a half fille@esting vectoQ is shown as a function of frequency. The normal
tight-binding energy band in cuprates—the chosewave state(dot-dash curvpat 100 K exhibits scaling as a function of
gap has the symmetr, ; o= — A when the nesting vector olT. A _Weak-coupllngd-vx_/ave energy gap produces the dashed
Q is parallel to the ¢, ) direction. This relation simplifies curve with a logarithmic singularity at®y,,, and enhances the sus-

our derivation of the susceptibility and damping, which ceptibility in the intermediate frequency range. The solid curve
h hows the significant reduction in the susceptibility for the strong-

physically picks out scattering across nested regions of t ) X i
Fermi surface as the dominant damping source. coupling gap choice gm="6T, .

The imaginary part of the spin susceptibility fodg 2
superconductor then becomes

When the gap ratio is increased to the strong-coupling
valueAy,,=6T,, the depleted susceptibility fas<<70 meV
is illustrated by the solid curve in Fig. 2. This type of re-
tanl‘(i) (10) ducedy is also found by neutron-scattering experimeits.

4T7)° The susceptibility structure is the key factor in reducing
available scattering states for electron collisions.

The temperature and frequency variation of the NFL sus-
ceptibility in Eq. (10) distinguishes nesting features from
Nd(w)Zz Sw—Ej). (12) tight-binding model calculations away from half filling. For

K example, whenr>T,, the bare susceptibility computed by
Quinlanet al® is almost independent of and is roughly
Performing the energy and-angle integrations yields linear in frequency. A RPA renormalization of the suscepti-
bility will certainly change thew variation significantly and
may magnify thel dependence if the Coulomb couplibbis
for o<Agm chosen to represent a sysetm close to a SDW instability.
The quasiparticle damping rate is obtained from Eds.
2 Adm and(10)—(12) by performing one numerical integration over
:;Ke(T)’ for w>Aqpm, (12) frequency. The resulting damping is shown in Fig. 3 as a
function of temperature for a low microwave frequeney (
whereK, denotes the complete elliptic integral of the first =3.8 GHz) and a coupling valug=UNy,=1.7. The dashed
kind. The resulting spin susceptibility forcdawave supercon- curve demonstrates that a weak-couplihgave state over-
ductor has a logarithmic singularity ab=2Ag4,, and is  estimates the damping and thus contradicts the surface resis-
shown in Fig. 2. It is remarkable that the superconductingance data of Bonet al2 However, the strong-coupling ver-
gap magnitude actually exceeds the normal stge_4 in  sion of thed-wave gapA,,=6T, yields a good fit to the
the intermediate frequency range: Neutron-scattering*dlatadamping points which Bonet al. surmised from their data
on the LSCO superconductor demonstrates this surprisingsing a semiempirical estimate.
susceptibility enhancement at the nesting vector for some The computed NFL damping is shown as a functiomwof
frequencies. Apparently the band anisotropy does not elimiin Fig. 4, where the “normal” statéat 100 K) dashed curve
nate the peak structure in the density of states which arisds linear in frequency fotw>T. At a temperature of 30 K the
from the d-wave gap. However, sincdy(w)~w for small  energy gap is near its maximum for this hypothetidal
frequencies, and the susceptibility foldavave state is pro- =90 K superconductor, and the weak-coupling gap produces
portional tow? for w<T, the low-frequency susceptibility is the dashed damping curve which falls below the normal state
reduced by the gap formation. damping only at low frequencies. The strong-coupling gap

” o w
XNFL,d(‘UaT): ENd 2

where the superconducing density of states is given by

2w
Ng(w)= Ke

Ay

Agm
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T T ing. However, our results differ at higher frequencies, where
1.0[  Te=90K ] : : :
e 38 GHs nesting produces a lineas form instead of the more com-
09 | ] plex variation that is determined by their use of the RPA
series.
0.8 [ ] The damping structure determines the microwave electro-
—~ ol :ﬁf%:f% 1 dynamics of YBCO as a function of frquency and tempera-
e o = D.ABonnetal ture. Thus the present theoretical basis may provide guidance
E 06 | ] for higher frequency microwave applications.
=
E: 051 1 Ill. ELECTROMAGNETIC RESPONSE FORMALISM
Z
E 04f ] The theory of the electromagnetic response of supercon-
~ ductors was developed by Mattis and Bard8emd by Abri-
037 i kosov, Gorkov, and Khalatniko¥. The formalism was gen-
02| s ] eralized to include anisotropip-wave states by Klemm
et al*® and by Hirschfeldet al*! In the context of the high-
0.1 f ,/' ] T. cuprates, the theory of the electromagnetic response of
N = d-wave superconductors was derived by Hirschfetchl*?
"0 10 20 30 40 50 60 70 80 90 100 Therefore we will only sketch the formalism and refer the

T (K) interested reader to the above references for details.
The current response of a superconductor to the vector

FIG. 3. Damping from electron collisions indawave supercon- potential of the incident electromagnetic wave with fre-
ductor with a nested Fermi surface is shown as a function of temz

. guencyw is given by
perature for a microwave frequeney- 3.8 GHz . The dashed curve
is calculated for a weak-coupling gap. The solid curve for a strong- IA.0)=R(d.0)-AQ 13
coupling gapA 4,= 6T, vyields a steeper drop in the damping by (d,0)=R(q,0)-A(q,w), (13
reducing available scattering states for the target as well as theith
incident electron. The empirical estimates from microwave surface

data are the square points from Ref. 3.

Rap(q,0)=—€? %5a5+<(aa3ﬁ)>(&,w) . (19

ratio Ay,,=6T, yields the solid curve with a significantly

reduced damping over a wide frequency range. The current-current correlation function is obtained from

At low frequencies the solid curve in Fig. 4 resembles the 1 -
damping results obtained by Quinlagt al._18 for a tight- (B (ivm) =T vi Trl 6| K+ ﬂ,iwn)
binding model because thiiewave gap dominates the damp- 2 Koy 2
500 ——— ” Al s ﬁ . .
Te = 90K X(viptQpG k_irlwn'{'”/m
g=1.7
‘‘‘‘‘‘‘‘‘ - Normal State (T=100K) S/ (15

400
by analytical continuationv,,— w+i46. HereG denotes the
Nambu Green function for an anisotropic singlet supercon-

ductor. Treating isotropic impurity scattering intamatrix

S 300f R
2 approximatiorf® G can be written as
3 R N ~ A o~ A moa
g G Yq,iwp)=iw,To— €T3— ATy (16)
g 200
= For ad-wave superconductor,
i - (iwp)
100 iop=iwn+inp 9 : 4 - , (17
o cog Sy— Sirfdyg(iwy)
% ;(;’20 30 40 50 60 70 80 90 100 P 4T ! (18)
€k €k L . . ,
® (meV) P o 5y — sirtdyg(ip)

FIG. 4. The nested Fermi-liquidNFL) damping shows the andA,=A,. Herel', is the scattering ratejy the corre-
anomalous linear frequency variation—wheeT—by the dotted  sponding phase shift, and
curve at 100 K. Using a superconducting transition temperature of
T.=90 K, thed-wave gap described in the text yields damping for 1 i;;,n
weak coupling(dashed curve while the solid curve exhibits the g(iw,)= =~ =~ =3
damping for the strong-coupling cadg,,=6T.. mNo & (fwn)*— € —Af

(19
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The vertex correction@ g due to impurity scattering obey . 1
an integral equation, but our analysis simplifies because it _”impt(z)_'rimpg(z)- (28)
can be shown thefvﬁzo for ad-wave superconductor in the _
presence of isotropic impurity scattering. The momentum inHere g(z) has to be calculated self-consistently from Eq.
tegrals are evaluated by the standard transformation (19 and

277d¢ E
0 27 \[A2c08(2¢)~ 72
Noting that the paramagnetic term/(n) 6,5 in Eq. (14)

is cancelled by contributions to the momentum integral for We presume that the dampidgye, (z,T) is independent
the current-current correlation function from regions farof momentum along the nested regions, and thus does not
away from the Fermi surface, one obtains in the local limitdepend on the angké. This step simplifies the integration in

2md %
Ek f(ek,Ak)zNofo %f_wdef(e,A(@). (20) 9(2)=—i

(29

ﬁ—>0: the above equations, but leaves out damping from non-nested
R regions, which may resemble the Fermi-liquid form. Our
R.s(0,0)=R(w) 6,4, (21)  analysis also neglects electron-phonon contributions, and
chooses the dilute impurity limit. The curves in the present
1 (= v+o v paper are calculated in the limit of smdl|.,,, in order to
R(w)=r— _w/zd” tanf| —+—| —tanh 5= emphasize the influence of the frequency and temperature
variation of the nested electron collision dampihigg, on
X[M(wo+vy,v_)—M(w+v,,v,)] the microwave response of high-superconductors.
2 (= w+v
-— dvtanl‘( 5T )Im M(o+v,,v,), IV. MICROWAVE PROPERTIES
) —wl2
22 A. Surface resistance belowT
, The surface resistand®y(w,T) is given in terms of the
wherev. =v+is, and response functioR(w,T):
1 (2 2125+ A,cOS(2
M(z1,2)==| d¢|1+ 22" S(29) o\, 1
L2 W(Zy)W(Z,) Ry(w,T)=Z;—Re : (30
v ¢ V-R(wT)
_ ~1 whereZ,=377(} is the surface impedance of vacuum and
W(zy) +W(Z2) +p(21,25) the London penetration depth is ~1640 A for the plasma
frequency ofw, =1.2 eV that we use for YBCO.
" 1 23) In the limit of negligible impurity scattering, the electron
W(zZy) +W(Zp)— p(21.,2,) | collision dampinglyg, from Egs.(4), (10), and(12) is in-

serted into Eqs(22)—(30), and then a numerical integration
W(Z)=\/A%1COSZ(2¢)—ZZ, (24) yields the surface re_sistance curves shown in Fig. 5. The
standard weak-couplind-wave gap yields the dashed curve

COSS 1 Which_ is fe_lr above experimen_t fof nearT.. The sudd_en
p(21,22)=Timp = N : drop inRg just belowT,=90 K in the Hardy group datjs
Sind | cos’ 8y~ sifoyg(zy) explained by the strong-coupling solid curve fg,=6T,
in Fig. 5, because the larger gap significantly decreases avail-
_ 1 (25) able scattering states. At intermedidfethe surface resis-
cog Sy— Siong(zy) |’ tance for the strong-coupling case is somewhat below the

data, although the logarithmic scale exagerrates this discrep-
and ancy. Impurity scattering or another parameter set may
modify the flat region of the microwave resistance data in the
9(2) Tyl (2T) range 30—80 K, but it should be noted that recent experi-
cod 8y— sidyg(z) o ments on untwinned YBCO crystals by Zhagigal ** yield a
(26) maximum inRg in the intermediate temperature range, and a
steep falloff inRg below 10 K which agree qualitatively with
our calculated solid curve.

2(2)=2+Tmp

whereg(z) follows from analytic continuation and a mome-

tum integration of the Green’s function in EQ.9). _ Tight-binding energy-band model calculations by
Defining the impurity concentration;,, and damping  pirschfeldet al?? also yield a good description of the micro-
I'imp, the component of thematrix in the Born approxima- \yayeR_ as a function off (for T<T,), and their treatment
tion is of impurity scattering agrees with experimental trends. Thus
_ . a systematic analysis of the microwave response at vafious
Nimpto(2) = 1Timpd (2), @7) and w values is required to distinguish our nesting results
whereas the strong scatterifignitary) limit gives from alternate approaches.
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100F  y=38GH: " 14|l v=05THz i
F g=17 ] g=1.7 m Nuss et al.
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FIG. 5. The calculated microwave surface resistance for a su- FIG. 6. A peak in the conductivity of YBCO in the supercon-
perconductor with al-wave energy gap and NFL damping exhibits ducting state is shown as a function of temperature by the data

the steep decline just beloW, in the case of the solid curve for the squares from Ref. 7 at a frequeney 0.5 THz. The NFL damping
strong-coupling gapr4,,=6T.. The broad bump near 20 K is seen with ad-wave energy gap produces the peak structure shown by the
in more recent experiments on untwinned YBCO crystals. The exdashed curve for a weak coupling, and the solid curve for the
perimental squares for YBCO are from Ref. 3. The dashed curvetrong-coupling casé ,=6T.. Such conductivity peaks are sen-

shows theT dependence dR, for the weak-coupling gap case with sitive to impurity scattering.
Agm=1.76T.
analysis, and a renormalized plasma frequency of 1.2 eV that
In a realistic material, segments of the Fermi surface thais compatible with previous analyétsof the YBCO reflec-

do not satisfy the nesting condition would add a separat@vity.
scattering rate, e.g., a Fermi-liquid form, or perhaps some The frequency variation of the computed conductivity is
electron-phonon contribution. However, inclusion of anothershown in Fig. 7 for two temperatures. Above the 1k
damping rate would introduce additional parameters withoutlependence of; is shown by the solid curve foF =95 K,

constraints or a well-defined justification. where impurity scattering was not included even though it
may improve agreement at low. The unusual non-Drude

B. Infrared conductivity

The optical conductivityr(w,T) of cuprates at room tem- 6 1
1 % o Basov data at 95K

L

perature falls off agr{~ 1/w rather than the standard Drude
behavioro; > 1/w?. This anomaly characterizes all the high-
T, materials, and suggests a damping that is proportional tc.
w over a wide frequency rangep to 1 eVJ. A microscopic g
theory of the optical conductivity in the long-wavelength re- &
gime incorporates self-energy and vertex corrections that sat &,
isfy the Ward identity”®> and this NFL conductivity fits vari- &
ous cuprate experiments far>T,.!

The above formalism yields the conductivity fodavave

superconductor o
wéR( ,T)

iw

+ Basov data at 10K

0 1000 2000 3000 4000

(31) v [em]!

o(w,T)=— )
. . . . FIG. 7. Microwave conductivity datécircles as a function of
which can be compu_ted by a numerical !nt_egratlon of Eqsfrequency show the anomalous normal-state behawipr » !
(22)7(.30).‘ The res_ultlr_lg te_mperature_ variation of the_ con- (that is a hallmark for all highF; cuprates The solid curve is
ductlv!ty is shown in Flg. 6in comparison to the eXPErimen- ., jated with NFL dampingg=0.74 at 100 K. For ad-wave
tal points of Nusset al.” for a relatively large microwave g,nerconductor withT,=90 K, the strong-coupling state with
frequency»=0.5 THz. The weak-coupling-wave dashed 5, —4 7. gives the dashed curve at a temperatlire10 K,
curve shows a peak at loW, while the strong-couplingl  \hich resembles the datdiamonds measured by Basoet al. in
wave withA 4,,= 6T yields the solid curve and a peak closer Ref. 47 on YBCO. The dot-dash curve includes impurity scattering

to the experimental points. These calculations use the samgth I';,,=0.2 meV andsN=0.4x in addition to the NFL damp-
Coulomb couplingUN(0)=1.7 as in the surface resistance ing.



PRB 60 MICROWAVE SPECTRA OFd-WAVE SUPERCONDUCTORS 12 439

behavioro~ w ! extends up to 1 e\roughly 8000 cm?)

in all high-T cuprates. This mysterious behavior arises from
a linearw variation of the damping and therefore provides a 0.98
primary distinction for theories. Our analysis yields the

1.00

strange conductivity directly as a consequence of electron 096
collisions on a nested path. 0.94
Tight-binding model computations by Quinlaet al®
show a larger drop in the conductivity with increasing 0.92
which may be due to a more complex damping which de- &
pends on the RPA series. A standard Fermi liquid has a 090
damping proportional te?, and this would imply a conduc- 0.88
tivity that drops more rapidly than the cuprate data at high
Electron-phonon damping should be roughly independent 0.86
of w in the range above the Debye cutbfiut instead should
show a largeT dependence. These characteristic phonon 084
properties are apparent in the optical spectra of feal, 0.82
though they are not evident in the conductivity data for
YBCO in Fig. 7 0.80 s w s s ! ! \
0 200 400 600 800 1000 1200 1400

The high-frequency conductivity is also sensitive to phe-
nomenological models that represent a Boson-mediated
damping. For example, the Boson spectrum cutoff used by FIG. 8. Infrared data for YBCO from Ref. 49 show the anoma-
Carbotte’s grouff*® yields a nearly constant whenw is lous reflectivity decline as a function of frequency for the normal
larger than the cutoff, as one may expect from the originaktate by triangles, and the superconducting state data by open
formal Holstein analysi§. circles. The dotted curve is the NFL reflectivity computed at 100 K.

In the superconducting state the dashed curve shows tHehe d-wave energy gap yields the upper curve, with the strong
computed NFL conductivity, which is reduced bydavave  coupling casedy,,=3T; and T;=92 K. The plasma frequency is
gap, in qualitative agreement with the infrared spectra ofopi/eo=1.2 eV and the Coulomb repulsion iN(0)=0.74.

YBCO measured by Basost al*” in Fig. 7. The dot-dash

curve demonstrates the influence of impurity scatteringnd curve at 33 K follows for the same coupling and plasma
which raises the conductivity in the superconducting state afequency, and thus only thetwave gap amplitude remains
very low frequency. as an independent parameter.

These superconducting state data are also compatible with The independent reflectivity data of Basetal*’ on
computations by Quinlast al.*® and others, in part because YBCO and the 124 compound also show the low-frequency
the d-wave gap dominates the response at very lawrhe  threshold structure in the superconducting state, although a
Carbotte grouff also achieved a good fit in the supercon- Strong anisotropy along theandb axes of the crystal may
ducting regime with their Boson spectrum, and furthermorede caused by effective mass differences.

found a good description of the impurity influence on the Several years ago, reflectivity data on cuprates were inter-
low-frequency conductivity. preted as evidence for the absence of an energy gap by some

authors. The present work shows that the single-cry{al)
data of Schlesingeet al*° and others is compatible with a
strong-couplingd-wave gap.

v [cm]?

C. Optical reflectivity
The infrared reflectivityR(w, T) is defined in terms of the

dielectric functions as D. Penetration depth
2 The penetration depth(w,T) probes the superfluid den-
R(w,T)= Velo,T) =1 , (32 Sity ns, which is determined by the density of states in the
Ve(w, T)+1 gap region. Thermal excitation of quasiparticles depends on
the symmetry as well as the magnitude of the energy gap in
where the superconducting state, and these fundamental features
determine the temperature variation)af
wgl The classic BCS model of an isotropic energy gap
e(w,T)=e,— EK(w,T), (33)  gives the behavior

wy, is the plasma frequency, aerd is the dielectric constant Algcs=MT)/NM0)=1=3.3VT/Tcexd —1.76T:/T]

(34
of the background.

The computed NFL reflectivity is shown in Fig. 8 by the and this form is essentially verified by measurements by An-
solid curve alongside the 100 K data on untwinned YBCOlage et al>* on Nb and also on the electron-doped NCCO
crystals obtained by Schlesingeat al;*® note that this cuprate. The NCCO case is very interesting since the BCS
normal-state curve determines the plasma frequency dfehavior of the penetration depth holds despite strong inelas-
wp|/\/;=1.2 eV and the Coulomb couplingN(0)=0.74 tic Fermi-liquid collisions and substantial impurity scattering
from a fit to the datdtriangles at 100 K. The superconduct- in these crystal samples.
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(nearAy,~4T.) which would be compatible with the con-
ductivity analysis of the YBCO cuprate.

Earlier penetration depth on films and some other samples
seemed to show &2 variation in cuprates, which would
appear to contradict both the BCS addvave scenario®
However, controlled doping of YBCO crystal with Zn and
Ni by Hardy’s grou* demostrated a crossover from the in-
trinsic linearT variation in the untwinned crystal to a qua-
dratic form in impure cases. Theoretical proposals for the
crossover in temperature variation include the role of scatter-

¢ St.Anlage /
ing by impuritie4” and the nonlocal electrodynamics that are

02| / o T '
! essential in thed-wave case because the associated coher-
ence length must be treated with cate.

MDY /A0) -1

V. CONCLUSIONS

Our analysis of the microwave electrodynamics indicates
a metallic character of the electrot@ holes with a plasma
frequency comparable to ordinary metals. We explain vari-
T®) ous unconventional features of the microwave response of

FIG. 9. Penetration depth data points from Ref. 51 for theSUPerconducting cuprates within the NFL theory framework

YBCO superconducting state contrast with the standard BCS moddlf electrons scattering on nested paths with a Coulomb cou-

shown by the dotted curve. Thbwave gap, combined with the Pling that is comparable to the bandwidth. _ .
nested collision damping analysis, yields the dashed curve for the The dramatic drop of the microwave surface resistance in

weak-coupling case, while the solid curve shows the NFL penetrathe superconducting state of YBCO and BSCO cuprates is
attributed to the opening of an energy gap witlvave sym-

tion depth for the strong-coupling case Af,,,=6T.. The data

points to a strong-coupling value, in the ran§yg,,~4T., which  metry which depletes available scattering states for the target

would agree with the conductivity analysis. as well as the scattering electron. However, the calculated
frequency variation as well as the temperature variation of

Gros et al*® derived penetration depth formulas for un- the NFL damping in the superconducting state are compat-
conventional pairing such gswave andd-wave states, and ible with the measured highz cuprate conductivity only if
they showed that various power laws for the penetrationhe energy gap is quite large. Although many other groups
depthA=T" can occur, where the exponent n depends on théave properly identified the source of the microwave de-
type of nodes and the orientation of the applied field. Thecrease with a surprising damping reduction, our analysis
linear T variation of\ for a d-wave state is particularly rel- yields conductivity features at higher frequencies which dif-
evant to hight. cuprates even though the original Gros fer from the results of tight-binding calculations and some
group analysis was aimed at the heavy-fermion supercorBoson spectral models.
ductors whosél . values are very low1 K). Our theoretical basis for the damping involves a peculiar

Annett et al>® showed that unconventional singlet pairs, scaling of the spin susceptibility—as a function of
such as thal-wave pairs, in a two-dimensional system will «/T—which has been observed by neutron scattering in cu-
generally yield a lineall variation of the penetration depth. prates. The scaling yields the strange non-Drude form of the
Recent microwave experiments on high-quality crystals ofonductivity o~ w ! which persists to 1 eV. At low» the
YBCO show such a lineaf variation, as illustrated by the d-wave energy gap dominates the spectral response, so our
Anlage’! data in Fig. 9. By contrast, the BCS dotted curveresults for this region are similar in many respects to previ-
from Eq. (34) shows the activated temperature form causecus calculations based on tight-binding models or Boson-
by as-wave gap which is much lower than experiment. Mi- style spectra. In view of many competing explanations for

crowave studie¥ of Bi2212 crystals also yield a linedf  the low-frequency conductivity, further systematic analysis
variation of\ up to 40 K. of the frequency and variation in the superconducting state

Our microscopic theory considers the standard relation fofs warranted.
the penetration depth Theoretical proposals for a large gap ratio in cuprates

generally make a connection to the strong electron damping
that is a key feature of the cuprates. Lee and Rkadgi-

1
Mo, T)==A.Im K(o.T) (39 nally noted that inelastic damping would reduce the super-
' conducting temperature. Calculations for tight-binding

where\| =c/w, is the London penetration depth. The cal- energy-band modets®® find that exchange of spin fluctua-
culated penetration depth for dewave energy gap in the tions can generate a large gap ratio by using the RPA en-
NFL approximation is shown in Fig. 9 by the dashed curvehancement of the spin susceptibility. Self-energy contribu-
for weak coupling and by the solid curve for the strong-tions in a square nesting modélyield a temperature
coupling case. Since the experimental points of Anlagevariation of the spin susceptibility which produces a large

et al>! fall in between the weak-coupling and very strong-gap ratio in the leading ordekwave pairing theory.
coupling curves, they provide support for a large gap value Both the magnitude of the NFL collision damping and the

0.0
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large superconducting gap ratio require a theoretical analysis Experiments with cuprates under applied pressure should
of higher-order self-energy and vertex corrections on a conprovide interesting tests of th@-wave structure as well as
sistent basis. Recently Aeppt al?® discovered a suscepti- the present theoretical proposals. Pressure incrdases as
bility which diverges asT~“ whenT is lowered toward the much as 50 K in some mercury based cuprates, so the cor-
superconducting transition in kgeSl »4CuQ,. This low-  responding enlargement of the energy gap should produce
frequency anomaly stimulated a the@ifor a nested surface rather significant modifications in the microwave response of

which produces a singular spin susceptibility, where The these high-temperature superconductors.
variation exponentr is proportional to the Coulomb repul-

sion. The latter analysis sums leading logarithmically diver-
gent vertex corrections to all orders bh using the Parquet
method, and demonstrates the failure of the RPA in the case
of nesting. Remarkably, a similar divergence in the low- . .
frequency susceptibility was observed by neutron scatterin%_ Itis a pleasure to thank D. Djajaputra, M.H. Cohen, W.A.
near the nesting vector in chromium many years ZgRe- _|ttle, S. Tewap, and A. Virosztek for stimulating discus-
cent neutron dafd on the itinerant antiferromagnet,@,  Sions. We are indebted to S. Anlage, D. Basov, W. Hardy,
discovered a spin susceptibility that diverges with a power@nd Z. Schlesinger for sending us experimental data. Our
law exponent that is almost identical to the situation for the'esearch was supported by DOE Grant No. DEFG05-
high-T, LSCO cuprate. Clearly the Parquet series of graph$4ER45113. C.T.R. gratefully acknowledges a grant from
should be examined in future extensions of the present analyhe Deutsche Forschungsgemeinschaft via the Graduierten-
sis of the microwave properties. kolleg “Physik nanostrukturierter Festkorperphysik.”
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