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High-frequency electrodynamic response of strongly anisotropic clean normal
and superconducting metals
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We consider the influence of quasiparticle relaxation and nonlocality on the complex conductivity and
microwave surface impedance of isotropic and quasi-two-dimensional metals in the normal and superconduct-
ing states for arbitrary electronic parameters intermediate between the classical skin effect and extreme anoma-
lous limits. We describe the superconducting state by a two-fluid model with a nonlocal, retarded quasiparticle
response and derive an expression for the surface impedance at low temperatures in the extreme anomalous
limit. We show how microwave measurements can be used to probdedbpgendence of the superconducting
order parameter in layered materials.
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. INTRODUCTION order parameter, such as the cuprates gR&®,, is dis-
cussed in Sec. Il C.

The high-frequency electromagnetic response of normal
and superconducting metals, measured by the complex sur-
face impedanc&,=R +iXs, provides a valuable probe of
their electronic properties. Early measurements by Pigpard
and Chambefsdemonstrated the power of such measure- A. Normal skin effect and extreme anomalous limits
ments ir21 the determination of the Fermi surfa@s) of For a normal metal wheh<s, the electromagnetic re-
copper:? More recently, microwave measurements ONsponse at high frequencies remains local, with a frequency-
YBa,Cu;0;_ 5 helped establish thé-wave nature of the an-  gependent, ~complex-valued, conductivityr, = o /(1
isotropic high-temperature cuprate superconduéfomnd 44 7) and a surface impedancg,= (1+iw7)¥%Z,, where
have provided important llnfc_)rmauon on the temperature7 = (i uow/ o) Y?= pgwh X (1+i) X (2w7) ~2is the clas-
dependent density and lifetime of the thermally excitedsjcal skin-effect resuft? In the extreme anomalous limig
quasiparticles. andB>1, Z, approacheyuowh X (1+i/3)x 83, where

We have recently reported firgl; measurements of su- = 4/9(,/3/27)3=0.289, andB=vr/w\ =[wr(\ /1]7!
perconducting SRuO, with a transition temperaturd. s a nonlocality parameter. In this limiZ is determined by
~1.4 K® which is believed to be a spin-triplet supercon- the extremal area of the FS parallel to the direction of current
ductor with p- or possiblyf-wave symmetry of the order flow, which enabled Pippard to map out the FS of copper.
parametef-® Crystals of SyRuQ, can be grown with ex- Such a regime can easily be realized for conventional metals
tremely high purity(a few ppm having very long quasipar- at microwave frequenciesf £ 10-60 GH2. However, the
ticle lifetimes, 7~10 ! s, and mean-free pathsrve7~1  smallervg and larger\, values of the cuprates and ruthen-
um® The quasiparticle lifetime at low temperatures can,ates lead to smalleg values 3 is only ~5 for S,LRUO, at
therefore, become comparable with the microwave period=20 GHz, where we have taken, ~170 nm andvg
w7~1 and the mean-free path can exceed both the classical 10° m/s[Ref. 13). Microwave measurements on such ma-
skin depthd=(2/uowa)¥? and London penetration depth terials therefore probe the intermediate region between the
A= (pmon€?m) Y2 uyis the vacuum permeability,r the  classical and extreme anomalous limits.

Fermi velocity,n the effective quasiparticle density their
effective mass, ando=ne’r/m= T/,LLO)\E the dc conductiv-
ity. Long relaxation times and nonlocal effects strongly in-
fluence the surface impedance of normal metals and Reuter and SondheimégRS) were the first to develop a
superconductord!! 12 comprehensive nonlocal theory for the surface impedaice

In Sec. Il A and 1l B, we compute the surface impedanceof normal metalsbased on the Boltzmann equation using a
of a simple isotropic metal with an electromagnetic respons@ath-integral approact.An alternative derivation, based on
intermediate between the classical skin effect and extremthe Fourier components of the penetrating microwave field,
anomalous limits. The results are then extended to stronglwas introduced by Pippaténd discussed by Kitté? which
anisotropic, quasi-two-dimension&D), normal metals for for specular reflection gives results that can be shown to be
microwave geometries of experimental interg&tc. 11 Q. In identical to RS for all values ab and3. We adopt here the
Sec. lllA and Il B, we introduce and analyze a simple two- latter approach to derive the surface impedafigef 3D and
fluid model to describe the influence of quasiparticle relax-quasi-2D metals inboth the normaland superconducting
ation and nonlocality in the superconducting state. The exstates as a function ob7 and 8, for arbitrary relaxation
tension of such a model to superconductors with a nodafimes and nonlocal corrections.

Il. ELECTRODYNAMIC RESPONSE OF CLEAN
NORMAL METALS

B. Intermediate case for isotropic metals

0163-1829/2001/62)/0245296)/$20.00 64 024529-1 ©2001 The American Physical Society



M. A. HEIN, R. J. ORMENO, AND C. E. GOUGH PHYSICAL REVIEW B4 024529

| O — 10
- £
& g
N
8 10" §
L 2
& E
By 5 s
8 i & e
< (HLe
E -5’ 1 L N . N | . L
10" 10° ) 10 10°
10" L | P R R scattering phase ot
10?2 10" 10° 10’ 10% 10°

FIG. 2. Differential loss tangeny (w7) corresponding to the

scattering phase @1t data in Fig. 1.

FIG. 1. Zy(w7) computed from Eq(1), normalized toR,, for ) ) ) ]
B=0.5, 1, 5, 10(solid, coarse dashed, fine dashed, and dotted"d andXs increasing to first order aRo(1+ 1/2w7). For
curves for a 3D (black curveyand a quasi-2D metgfray curves large w7 in the absence of nonlocal corrections, ap-

proaches the limiting valugow)\ | (near perfect diamagnetic

We start by extending the RS and Pippard results for &creening while Rg decreases towards the frequency-
spherical FS to arbitraryy 7 and 8 values®!* We assume independent limiting valugo\ /27. Nonlocality leads to an
for simplicity a single quasi-free-electron band with an iso-increase of bottRg and X; for large w7 values, with a lim-
tropic scattering time and specular reflection at the surfaceting »??frequency dependence ang@edependent ratio that
The results can easily be extended for diffuse scattering approaches 1B for sufficiently larges.***
the surface and for metals like the ruthenates with more than In practice, it is often easier to extract changes; rather
one contributing conduction band. The surface impedance ighan absolute values from microwave measurements. The
determined by the ratio of the tangential electric-to-magnetidifferential loss factor,y,=(9dRs/dw7)/(IX/dwT), can be
field at the surface of a metal, which can be expressed idetermined accurately without the need for absolute
terms of the wave-vector-dependent transverse conductivityalibration® Figure 2 displays typical results for ther de-

o3q(q) 12 pendence ofy, for different 8 values. Whiles, increases
continuously in the local limit, nonlocal effects lead to a
2ipow [~ dq B-dependent limiting value at larger. For 8>1, a peak in
Zs= f ST = : (1) 5, develops, the height of which depends gnand wr.
™ Jo g°+ipgwosy(q)

MeasuringZ over a range of frequencies and fitting to such
For Fourier components of the penetrating field varying agurves allows, in principle8 andw to be determined at any
ei(qx+Wt), the three_dimensiona'] non'ocaL and re'axation_temperature and to relate these pal’ameters to FS pl’OpeI’tIes.
time-dependent, transverse conductivity is given by

sirto C. Intermediate case for strongly anisotropic metals

3 +1

034(0) = Zaof d(cos6) 1+i(wr+qlcosd)’ 2 We now study the electromagnetic response of strongly
-t @7 q anisotropic, quasi-2D, metals, like the cuprates and ruthen-

where 6 is the angle at which the quasiparticles travel fromates. For such materials, measurements are often restricted to

the normal to the surface. We writesg(q) = o, X k34(q’), platelet crystals or epitaxial films with their major flat faces

whereo . accounts for relaxation while the function parallel to theab planes and edges parallel to thdirection.
@ We indicate the alignment of the electromagnetic field
3 (1+q')tani(q')—q’ relative to the crystal axes for the two most-frequently used
k3q(Q") =5 3 measurement configuratioftsand 2 in Fig. 3, together with
2 q'3 the corresponding orientation of the quasicylindrical Fermi

_ _ _ surface irk space. The electromagnetic field induces currents
accounts for nonlocality, setting’=ql/(1+iw7). k(q')  as indicated by the arrows, which correspond to a displace-
decreases from unity for smaijl' values to 37/4q’ at large  ment of the FS along the same direction

values. Inserting these asymptotic values into Eg, we We first consider configuration fIFig. 3(a)], with thec
recover the usual results fdx in the classical skin effect and direction of the platelet crystal parallel t,; . The induced
extreme anomalous limits. microwave currents flow parallel to theeb planes on both

The black curves in Fig. 1 sho, computed from Eqgs. the major flat faces and the edge surfaces of the salfple.
(1) and(2) for various values of the nonlocality paramefer Because of the large demagnetizing effect, the induced mi-
as a function ofw7. The surface resistance and reactancecrowave currents are strongly peaked at the outer edges of
have been normalized to their classical skin-effect vaRgs  the crystaft®>1® Conformal mapping and numerical methods
i.e., evaluated in the absence of relaxation and nonlocalityenable us to determine the relative contributions to the mi-
For smallw7, only relaxation is important witlRg decreas- crowave response from the inhomogeneous field distribution
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(#1) Hgle #2) The cylindrical FS of real quasi-2D metals will be slightly
c Helc warped, with radial Fourier coefficients of the FS of a simple
TZ.“‘”’]M T_, tetragonal metal varying &, ,an, Cos(4ng)cos(imk,/ky),
e wherek. is the Brillouin zone dimension in the direction.

c

Quasiparticles can therefore travel at a small angleut of
the planes and hence contribute to nonlocal effects, where

Y= (2Kg IKo) D) Nay,cog4me)sin2nmk,/k,)  (6)
O ~—— (b) T

andkg is the in-plane Fermi wave vector. This effect can be
treated as a small perturbation, resulting in an increase of the
surface impedance by

H 1/2

FIG. 3. Real- andk-space representations of a layered sample b

with a quasicylindrical FS in the two conventional configurations 1
(@) and 2(b), where the currents decay within or perpendicular towhereA?=23n a0n+ Em;&Onn amn andd=ow7/(1+iw7).
the planes. The corrections are only second order in the already small
perturbation of the FS and can therefore be neglected in most
at the flat and edge faces of a thin rectangular strip accuratelyases of experimental interest, such as the very slightly
or a disk-shaped sample approximately. For an aspect rativarped Fermi surface of body-centered-cubisR&10,.>’
of 10, both faces contribute almost equally. We can ignore In configuration 2, the microwaves also penetrate the edge
nonlocal corrections to the surface impedance from spatiadurfaces perpendicular to tleh planes, where the electro-
variation of the field parallel to the faces, as these are onlglynamic response is governed by theadaxis conductivity
significant on a length scale of the order of the sample thicke.. For strongly anisotropic metals;,;<o,,, So that qua-
ness,d>X,/uow. For a 2D metal, nonlocality is only im- siparticle relaxation and nonlocality can generally be ne-
portant on the edge surfaces, where the mean-free path in tigéected. Thec-axis surface impedance will then be given by
ab planes can exceed the microwave penetration deptfihe classical skin-effect resufl; .= (ipowl oe) Y2,
Measurements with platelet crystals with different aspect ra- The effective surface impedance in this configuration will
tios could be used to distinguish between the contribution®e a 75 5+ @ Zs ., Wherea,, and a, are the fractional
from the edge and flat faces. areas of the surfaces parallel and perpendicular to the planes
We first evaluate the surface impedance for the edgéwe assume that all crystal dimensions are much larger than
faces. In this configuration, the transverse conductivity for anicrowave penetration lengthsAlthough measurements in

2D metal is given by this configuration are uncomplicated by demagnetization and
nonlocal effects, measurements on samples of different

- 1 27 sirfe thickness, cut from the same parent crystal, have to be per-
o.4(Q) = O'abf de T+i(wrtqlcose)’ (4 formed to extrac®,, andZ. .2

where ¢ is the angle in theb plane relative to the induced Ill. ELECTRODYNAMIC RESPONSE OF CLEAN

current flow ando,, is the in-plane dc conductivity. The SUPERCONDUCTORS

corresponding nonlocality function2d(q’)552d(q)/ow is A. Two-fluid model

given by

We now consider the influence of relaxation and nonlo-
) cality on the electromagnetic response in ffuperconduct-
PN a2 ing state. We extend the standard two-fluid model by incor-
K29= 5 (V1+q b, ®) porating an effective transverse conductivity

which has a similarg’ dependence ag;4, varying from ~
unity for smallq’ to 2/q’ for large arguments. The depen- os(d)=
dence ofZ, on w7 andpg is therefore almost identical to that
derived for a spherical FS, as illustrated by the gray curves invhere f, is the normal state fraction of quasiparticles and
Figs. 1 and 2. x(q’) accounts for the nonlocal effects as before. We as-
We now turn to the surface impedance for currents in-sume that all microscopic details related to the density of
duced on the flat surfaces in both configurations 1 affei@  states and coherence effects can be included in the tempera-
3). For an ideal 2D metal, quasiparticle motion is restrictedture and frequency dependencesfgfand 7.18° While we
to the ab planes. The microwave response, therefore, reretain the nonlocal response of the thermally excited quasi-
mains local at all frequencies with a surface impedafige particles, we assume a local response for the superconduct-
=(1+iwn) (i powl oap) Y2 ing pairs, which is appropriate in the extreme type-II limit

o f+ife o —r(@)], )
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FIG. 4. (8 Ry(f,)/Ry derived from the two-fluid model for 10-3 10—2 10-1 100
w7=0.1, 0.4, 1, 4, and 10solid, short-long dashed, long dashed,
short-dashed and dotted curye®r 8=0.1 (bottom), and 10(top). Rs(fn)/Rs(l)

(b) Correspondingy(f,)/Ry for 8=0.1 (bottom and 10(top).
FIG. 5. Parametric plot oA X(f,,) versusRq(f,), both normal-

and if complications from non s-wave symmetry are ignoredzed toRy(1), for «7=0.1, 0.4, 1, 4, 1Qsolid, short long dashed,
(see Sec. IIl ¢ This assumption enables us to use a phenom!ond dashed, short dashed, dotted cureesi 3= 10, calculated for
enological approach instead of fully nonlocal microscopica 3D Metal using =8 10" m/s andf =10 GHz.

theories'82°

In the absence of nonlocal corrections, we recover th&nce effects. The initial increase in reactance belQveor-
usual two-fluid result Zg=iuqw\ [1—f,/(1+iw7)]¥?  responds to @ecreasen shielding. This arises because, for
which has been used to extrat{(T) and 7(T) for the smallw7, the normal and superconducting shielding currents
cuprates—>*%2A similar approach can be used to extractare in phase quadrature. On entering the superconducting
these parameters for RuQ,, from Z, measurements with state, the contribution to the shielding currents from quasi-
the ab planes parallel to the microwave fields, in both con-particles initially decreases asf,, while the contribution
figurations 1 and 2. However, for superconductors intermefrom Cooper pairs only increasesM;ﬁ. Whenw7>1, qua-
diate between the classical and extreme anomalous limitsjparticles in the normal state are almost as effective as su-
and for microwave fields parallel to the edge faces of ruthperconducting pairs in shielding the microwave fields, so
enate crystals in configuration 1, nonlocal corrections have tthere is little change irXg below T, as illustrated in Fig.
be considered. In both cases, we initially ignore &mepen-  4(b) and confirmed in our measurements. Nonlocality only
dence of the quasiparticle properties. We can then computeecomes important fap7=0.1, where it has an increasingly
Z, from Eq.(1) using the generalized conductivity defined in large influence on the shape of the curves belqw
Eqg. (8) including the g-dependence ok(q’) in Egs. (3) To extract reliable information om,,, w7, and 8 when
and(5). nonlocality is important, requires accurate measurements

The surface impedance now depends on three parametavger a range of frequencies in order to fit data to computed
f,, w7, andB. Figures 4a) and 4b) illustrate thef, depen- results. A useful alternative is to measure changes in the
dences oR, and X, normalized toR,, for variousw val-  surface reactance against the surface resistance. In typical
ues and small =0.1) and significant nonlocal corrections cavity perturbation measurements, such data can be extracted
(8=10). The results are shown for a spherical FS but diffewith high precisiorf. Figure 5 shows parametric plots &
by only a few percent from those of a quasi-2D metal. versusRg, normalized to the surface resistancd af result-

For all 8 and w7 valuesRy(f,) decreases monotonically ing from Fig. 4 for selected 7 values and3=10. Compar-
below T, though the rate of decrease is related to that of théng measured data with such computed resuilts, and 38
penetration depth, which is stronglyr dependent. For small values and hence accurdtgvalues can be extracted at any
o7 values there is a pronounced peakXig(f,) belowT.,  temperature within the superconducting state.
which moves to lower temperaturésmaller f,,) with in-
creasing purity and frequency, as observed in recent mea-
surements on SRuQ,® The peak in the reactance is
a generic feature of the two-fluid modehnd has the same
origin as the peak observed ¥y(Hqy) in measurements of It is instructive to consider the limiting form & at low
cuprate bicrystalé® temperatures a$,—0. In the absence of nonlocality and

In Sr,RuQ, single crystals, this peak is a dominant featurerelaxation, the surface resistandé®,= (1/2),u§w2)\3fnao.
of the X measurements because of the very long quasipartiHowever, for a clean superconductor with \ | , the quasi-
cle relaxation time. For less-pure superconductors the pegbarticles only spend a small fraction of their lifetime within
occurs rather close td. and tends to be obscured by fluc- the penetration length. One might anticipate, that the losses
tuations and impurity broadening @ as well as by coher- would therefore be reduced by a factein /I. To evaluate

B. Extreme anomalous limit of the generalized
two-fluid model
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the superconducting surface impedance in #wdreme energy gap, and fof110] edges, which would probe the

anomalous limitwe write Eq.(1) as nodal regions. For nos-wave superconductors, the exis-
tence of surface statésand the unavoidable depression of
_2i,uowf°° dq the order parameter by nonspecular reflection at the surface
S, T Jo q2+)\[2[1—fn+2ifnwr(ql)’l]’ could also .Ieaq to S|gn|flcqnt §ample geometry effects, fur-
ther complicating the application and interpretation of our
2i = xdx simple two-fluid model. Finally, it might be necessary to take
=—pugoN(T) | ——, 9 into account the enhanced coherence length along any nodal
2
™ 0 X(x*+1)—ia

directions, which may result in a nonlocal response of the
where  x=q\(T), a=2f,/[(1-f,)B(T)], B(T) Superconducting pairs. All such considerations require mi-
=velon(T), and (1—fn))\[2=>\_2(T)- For comparison Croscopic modeling, beyond the scope of the present paper.
with the cuprates and ruthenates, we have used the limiting
2D nonlocal expression for the transverse conductivity, ac- IV. SUMMARY
cording to the discussion of E¢5).

In this limit, the integral is dominated by smallalues in
the denominatorx<|ia|, reflecting the long mean-free paths
of the quasiparticles. To first order mEq. (9) yields

We have calculated the electromagnetic response of 3D
and 2D metals in both the normal and superconducting states
for arbitrary relaxation times and mean-free paths. The influ-
ence of nonlocality on the measured surface impedance of

s N uasi-2D metals depends strongly on the microwave con-
Zs~imoeMT)L(1=a)~i(2/ma(in L/a+1/2)]. (10 ?iguration used. For r%easuremer?tgwith microwave field and
The  surface resistance is given by R induced currents parallel to theb planes, nonlocal correc-
~(8/m)Rs(N /1)In(B/2f ), which contains a logarithmic tions are unimportant. However, for configurations in which
correction to our anticipated result and leads to a weakethe microwave field is parallel to the direction with cur-
frequency dependence than in the local limit. We note als@ents induced in thab planes, nonlocal corrections are simi-
that nonlocality leads to a linear frequency dependence of thiar to those of a 3D metal. The surface impedance in the

penetration depth through the parameter superconducting stathas been derived using a generalized
two-fluid model where the response of the Cooper pairs re-
C. Implications of a nodal order parameter mains local but the nonlocal response of the quasiparticles is

retained. A simple way to compare the computed results with

measured data and to extract the key physical parameters

be affected by a nos-wave symmetry of the superconduct- . : .

) ) ) from microwave measurements is based on the parametric

ing order parameter. Of particular interest are the layere : ; .
correlation between surface resistance and reactance. Finally,

superconductors with possible nodes along specific direc- ; ;
. P) we consider nonlocal effects in n@awave superconductors
tions, such as thekﬁ—ky) dependence for thd-wave cu-

and show that microwave measurements can, in principle,
prates and thekg=ik,) or (ky—iky)(ki—k?) dependences prfci

X - provide detailed information on anl dependence of the
recently suggested for SRuQ,, consistent with ap- or  grqer parameter, though such measurements may be compli-
f-wave symmetry of the order paramefet.

] A ) . cated by other geometrical and surface-dependent effects.
For platelet crystals in a perpendicular field, only quasi-

particles traveling parallel to the edge directions contribute
to the electromagnetic response of the edge faces. Micro-
wave measurements therefore provide a powerful tool to in- We are grateful to D. M. Broun, J. Halbritter, A. P. Mack-
vestigate thé&k dependence of the quasiparticle properties. Irenzie, Y. Maeno, M. Rice, K. Scharnberg, and R. Schwab for
particular, one would expect very different values and temvaluable discussions. M.A.H. thanks the EPSRC and the
perature dependences of the surface impedancé 10| Land NRW for financial support. This work was supported
edges, where the quasiparticles would experience the fully the EPSRC, UK.

It is important to consider how the previous results would
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