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PHENOMENOLOGICAL DESCRIPTION OF THE MICROWAVESURFACE IMPEDANCE AND COMPLEX CONDUCTIVITY OFHIGH-T
 SINGLE CRYSTALSM. R. Trunin *, Yu. A. NefyodovInstitute of Solid State Physi
s Russian A
ademy of S
ien
es142432, Chernogolovka, Mos
ow distri
t, RussiaHerman J. FinkDepartment of Ele
tri
al and Computer Engineering,University of CaliforniaDavis, California 95616, USASubmitted 4 May 2000Measurements of the mi
rowave surfa
e impedan
e Zs(T ) = Rs(T )+ iXs(T ) and of the 
omplex 
ondu
tivity�s(T ) in the ab-plane of high quality high-T
 YBCO, BSCCO, TBCCO, and TBCO single 
rystals are ana-lyzed. Experimental data of Zs(T ) and �s(T ) are 
ompared with 
al
ulations based on a modi�ed two-�uidmodel that in
ludes a temperature-dependent quasiparti
le s
attering and a unique temperature variation of thedensity of super
ondu
ting 
arriers. We elu
idate agreement as well as disagreement of our analysis with thesalient features of the experimental data. We review the existing mi
ros
opi
 models based on un
onventionalsymmetry types of the order parameter and on novel quasiparti
le relaxation me
hanisms.PACS: 74.25.Nf, 74.72.-h, 74.20.De, 74.25.Fy1. INTRODUCTIONHigh-pre
ision mi
rowave measurements of thetemperature dependen
e of the surfa
e impedan
eZs(T ) = Rs(T ) + iXs(T ) of high-T
 super
ondu
tors(HTSC's) advan
e 
onsiderably our understanding ofpairing of the super
ondu
ting ele
trons in these ma-terials. In parti
ular, in 1993, the linear T -dependen
eof the penetration depth �(T ) � �(0) / �Xs(T ) / Tobserved below 25 K in the ab-plane of high-qualityYBa2Cu3O6:95 (YBCO) single 
rystals [1℄ gaverise to produ
tive investigations of the order pa-rameter of HTSC's. This linear variation of �(T )at low T has by now been observed not only inorthorhombi
 YBCO single 
rystals [2�14℄ and�lms [15�18℄, but also in tetragonal Bi2Sr2CaCu2O8(BSCCO) [19�22℄, Tl2Ba2CuO6+Æ (TBCO) [23, 24℄,and Tl2Ba2CaCu2O8�Æ (TBCCO) [10℄ single 
rystals.This temperature dependen
e does not agree with anearly isotropi
 super
ondu
ting gap and it is now*E-mail: trunin�issp.a
.ru


onsidered as a strong eviden
e for the d-wave pairingin these materials [25�35℄, in spite of the fa
t that theexperimental data are not sensitive to the phase of thesuper
ondu
ting order parameter. Later resear
h hasshown that ��ab(T ) 
an be linear at low T for modelsinvoking the proximity e�e
t between normal and su-per
ondu
ting layers [36℄ or assuming the anisotropi
s-wave pairing [37�39℄. However, none of these theories
an give an explanation of substantially di�erent slopesof ��ab(T ) at low T in the YBCO samples grown bydi�erent methods [40℄ and of 
ertain features, su
has a bump [9, 11, 16, 41℄ or a plateau [8, 10, 12℄,that are observed in the intermediate temperaturerange 0:4T
 < T < 0:8T
. Models 
ontaining a mixed(d + s) symmetry of the order parameter [42�56℄hold some promise for a su

essful des
ription ofthese experimental features, but this would requireadditional theoreti
al investigations.Another important feature of the mi
rowave re-sponse of HTSC 
rystals is the linear variation withtemperature of the surfa
e resistan
e Rs(T ) in the923
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ies about10 GHz and below, the T -dependen
e of Rs(T ) inBSCCO, TBCO, and TBCCO single 
rystals is linearover the range 0 < T . T
=2 [19; 21�23℄. For YBCO
rystals, �Rs(T ) / T for T . T
=3 and Rs(T ) displaysa broad peak and a valley at higher temperatures [4�14; 57�61℄. This peak 
an be understood in terms ofa 
ompetition between an in
rease in the quasiparti-
le lifetime and a de
rease in the quasiparti
le densityas the temperature is lowered. The su�
iently slowde
rease in the quasiparti
le density is indi
ative ofa highly anisotropi
 or un
onventional order parame-ter, resulting in a very small or vanishing energy gap,while the in
rease in the quasiparti
le lifetime is at-tributed to the presen
e of inelasti
 s
attering, whi
h
an be (i) due to the ex
hange of antiferromagneti
 spin�u
tuations [62℄, whi
h would naturally lead to the d-wave pairing, or (ii) due to a strong ele
tron�phononintera
tion [63�65℄ within the anisotropi
 s-wave pair-ing model [66, 67℄. Moreover, there have been sugges-tions of un
onventional states for des
ribing the 
harge
arriers in the CuO2 planes like the marginal Fermi liq-uid [68, 69℄ and the Luttinger liquid [70, 71℄. However,to �t the data of YBCO, the inelasti
 s
attering ratemust de
rease with temperature mu
h faster than pre-di
ted by any of these mi
ros
opi
 models. Further,the d-wave model with point s
atterers does predi
t a�nite low-temperature and low-frequen
y limit, whi
his independent of the 
on
entration and the strengthof the s
attering 
enters [72℄. Therefore, the lattermodel does not explain very di�erent values of the ob-served residual surfa
e resistan
e Rres � Rs(T ! 0) ondi�erent samples. Furthermore, the value of this uni-versal surfa
e resistan
e is mu
h lower than the Rresvalues obtained from experiments. There is no mi
ro-s
opi
 theory explaining the linear temperature depen-den
e of �Rs(T ) up to T
=2 in 
rystals with a non-orthorhombi
 stru
ture and the shoulder of Rs(T ) ob-served on YBCO [9, 11℄ for T > 40 K.In the absen
e of a generally a

epted mi
ros
opi
theory, a modi�ed two-�uid model for 
al
ulatingZs(T ) in HTSC single 
rystals has been proposed inde-pendently in Refs. [73, 74℄ and then further developedin Refs. [8, 40, 61, 75℄. Our phenomenologi
al modelhas two essential features that make it di�erent fromthe well-known Gorter�Casimir model [76℄. The �rstis the introdu
tion of the temperature dependen
e ofthe quasiparti
le relaxation time �(t) (with t � T=T
)des
ribed by the Grüneisen formula (ele
tron�phononintera
tion), and the se
ond feature is the unique den-sity of super
ondu
ting ele
trons ns(t), whi
h gives riseto a linear temperature dependen
e of the penetration

depth in the ab�plane at low temperatures,�2(0)�2(t) = ns(t)n ' 1� �t; (1)where n = ns + nn is the total 
arrier density and � isa numeri
al parameter in our model.The goal of this paper is to demonstrate the powerof our model in des
ribing the general and distin
tivefeatures of the surfa
e impedan
e Zs(T ) and the 
om-plex 
ondu
tivity �s(T ) in the super
ondu
ting andnormal states of di�erent HTSC 
rystals, whose dop-ing level 
orresponds to the highest T
, at various fre-quen
ies. Se
tion 2 des
ribes the systematization ofthe Zs(T ) measurements, in
luding the analysis thatis used to extra
t �s(T ) from the measured values ofZs(T ). Se
tion 3 
ompares experimental data of Zs(T )and �s(T ) over the entire temperature range with 
al-
ulations based on our modi�ed two-�uid model. Inthe 
on
lusion, we 
ompare the 
on
epts of our modelwith results of mi
ros
opi
 theories. We hope that this
an be a helpful guide for future investigations of mi-
rowave properties of HTSC's from a mi
ros
opi
 pointof view.2. ANALYSIS OF EXPERIMENTAL RESULTS2.1. Surfa
e impedan
eThe surfa
e impedan
e in the ab-plane of HTSC's,expressed in terms of the 
omplex 
ondu
tivity�s = �1 � i�2, obeys the lo
al equationZs = Rs + iXs = � i!�0�1 � i�2�1=2 : (2)The impedan
e 
omponents areRs =s!�0('1=2 � 1)2�2' ; (3)Xs =s!�0('1=2 + 1)2�2' ; (4)where ' = 1 + (�1=�2)2. It is obvious that Rs < Xsfor T < T
.For temperature T < T
 and with �1 � �2, Eqs. (3)and (4) redu
e toRs ' (!�0)1=2�12�3=22 = 12!2�20�1�3;Xs ' (!�0=�2)1=2 = !�0�: (5)924
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al des
ription of the mi
rowave surfa
e : : :The surfa
e impedan
e 
omponents are measurablequantities. The real part of the surfa
e impedan
e, thesurfa
e resistan
e Rs, is proportional to the loss of themi
rowave power. It is 
aused by the presen
e of �nor-mal� 
arriers. In the 
entimeter wavelength band, typ-i
al values of the surfa
e resistan
e in the ab-plane ofHTSC single 
rystals are between 0.1 and 0:3
 abovebut near the transition temperature T
. When T isde
reased through T
, the surfa
e resistan
e abruptlydrops, but does not seem to approa
h zero as T ! 0. In
onventional super
ondu
tors, like Nb, Rs(T ) de
reasesexponentially with de
reasing temperature below T
=2,approa
hing a 
onstant residual surfa
e resistan
e Rresas T ! 0. Rres is due to the presen
e of various defe
tsin the surfa
e layer of the super
ondu
tor. Therefore,it is generally a

epted that lowering Rres leads to im-proving the sample quality. In high-quality HTSC's,there is no plateau in Rs(T ) for T � T
. However, weextrapolate the value of Rs(T ) to T = 0 K and denoteit by Rres. The origin of the residual surfa
e resistan
eobserved in HTSC 
rystals remains un
lear. It is knownthat Rres is strongly material and sample dependentand is approximately proportional to the square of thefrequen
y. At present, very small values Rres � 20 �
at frequen
ies � 10 GHz are observed in YBCO single
rystals [9, 14℄.The imaginary part of the surfa
e impedan
e, therea
tan
e Xs, is mainly determined by the super
on-du
ting 
arriers and is due to nondissipative energystored in the surfa
e layer of the super
ondu
tor.In the table, we summarize the main features of thetemperature dependen
e of the surfa
e impedan
e ofhigh-quality YBCO, BSCCO, TBCO, and TBCCO sin-gle 
rystals whose residual surfa
e resistan
e in the ab-plane, Rres, is less than one milliohm at the frequen
y� 10 GHz with the Rs(T
) values about 0.1 
. There isgood reason to believe that the temperature behavior ofthe ele
trodynami
 parameters of these 
rystals is ad-equately related to the intrinsi
 mi
ros
opi
 propertiesof the super
ondu
ting state of HTSC.To illustrate the data of the table, we show inFig. 1, as an example, experimental data of Rs(T )and Xs(T ) in the ab-plane of a BSCCO single 
rys-tal at 9.4 GHz [22℄. In this �gure, Rs(T ) = Xs(T ) forT � T
, whi
h 
orresponds to the normal skin-e�e
t
ondition. Knowing Rs(T
) =p!�0�(T
)=2 � 0:12 
,we obtain the resistivity �(T
) � 40 �
�
m. In thenormal state, above T
, the temperature dependen
eof Rs(T ) = Xs(T ) is adequately des
ribed by theexpression 2R2s(T )=!�0 = �(T ) = �0 + bT . Forthe BSCCO 
rystal in Fig. 1, �0 � 13 �
�
m andb � 0:3 �
�
m/K. The insets in Fig. 1 show Rs(T )
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Fig. 1. Surfa
e resistan
e Rs(T ) and rea
tan
e Xs(T )in the ab-plane of a BSCCO single 
rystal at 9:4 GHz.The insets show linear plots of �(T ) and Rs(T ) at lowtemperaturesand �(T ) = Xs(T )=!�0 for T < 0:7T
, plotted on alinear s
ale. The extrapolation of the low-temperaturese
tions of these 
urves to T = 0 K yields the estimatesRres = 0:5 m
 and �ab(0) = 2600Å for this 
rystal.The experimental 
urves of ��ab(T ) for YBCO,TBCO, and TBCCO 
rystals are also linear in therange T < T
=3. It is important to note di�erent slopesof the ��(T ) / T 
urves for T � T
. In parti
ular, inYBCO 
rystals fabri
ated by di�erent te
hniques, theslopes of ��ab(T ) di�er by almost one order of magni-tude [8, 9, 13℄. The reasons for su
h a dis
repan
y arestill un
lear.At frequen
ies about 10 GHz and below, the lineardependen
e �Rs(T ) / T in BSCCO (Fig. 1), TBCCO,and TBCO single 
rystals may a
tually extend to thetemperatures � T
=2. This property, whi
h is 
om-mon for all HTSC 
rystals with the tetragonal stru
-ture, is not 
hara
teristi
 of YBCO. As noted pre-viously, all mi
rowave measurements on high-qualityYBCO single 
rystals show a broad peak in the Rs(T )
urve 
entered near 30�40 K up to the frequen
ies� 10 GHz. The peak shifts to higher temperaturesand diminishes in size as the frequen
y is in
reased.In higher-quality YBCO 
rystals, the peak amplitudein
reases and Rs(T ) rea
hes its maximum at a lowertemperature [14℄.The underlying origin of this YBCO feature has re-mained un
lear. The simplest idea is that the absen
e925



M. R. Trunin, Yu. A. Nefyodov, H. J. Fink ÆÝÒÔ, òîì 118, âûï. 4 (10), 2000Surfa
e impedan
e Zs(T ) = Rs(T ) + iXs(T ) in the ab-plane of high-T
 single 
rystals at frequen
ies � 10 GHzHTSC Super
ondu
ting state,T < T
 Normalstate1:5T
 > T � T
Lowtemperatures Intermediatetemperatures4 K < T � T
 T � T
=2 T ! T

Orthorhombi
stru
tureYBCOT
 � 92 K �Rs(T ) / T ,�Xs(T ) / Tat T . T
=4;Essentialydi�erent slopeof ��(T ) / T [1�14℄

Broad peakin Rs(T ) at25 < T < 45 K[4�14; 57�60℄Pe
uliarities:1. Shoulder [9; 11℄in Rs(T )at T > 40 K;2. Bump [9℄or plateau [8; 10℄on the 
urves of Xs(T )at 50 < T < 80 K
Di�erentslope of�(T ) [3�14℄ Normalskin-e�e
t

Tetragonalstru
tureBSCCOT
 � 90 K[19�22℄ �Rs(T ) / T , T . T
=2 Rapidgrowth ofRs(T ) andXs(T ) Rs(T ) = Xs(T ) ==p!�0� (T ) =2TBCOT
 � 80 K[23; 24℄ �Xs(T ) = !�0��(T ) / T , T . T
=3 ��(T ) / TTBCCOT
 � 110 K[10; 12℄of this peak in 
rystals with tetragonal stru
ture mightbe 
aused by their �poor� quality, as is the 
ase withYBCO doped with Zn [2, 4, 58℄. However, this 
on-
lusion is probably in
orre
t be
ause (i) there is a suf-�
iently large set of experimental data indi
ating thatRs(T ) is a linear fun
tion of T for BSCCO, TBCO,and TBCCO, and (ii) the peak in Rs(T ) was also de-te
ted in the YBCO 
rystals [7, 10, 60℄ with the param-eters Rres and �(T
) that would 
hara
terize the qual-ity of these 
rystal as being �poor� 
ompared to thoseof, for example, TBCCO [10℄ or BSCCO [21℄. Resultsfor the latter 
rystals are shown in Fig. 2. The moreprobable 
ause of the peak, however, is the presen
eof an additional 
omponent in the YBCO orthorhom-bi
 stru
ture, namely the CuO 
hains that lead to amixed (d + s) symmetry of the order parameter in

YBCO. The ele
trons of the 
hains form an additionalband, 
ontributing to the observed T -dependen
e ofZs(T ). This 
ontribution seems to result in anotherdistin
tive feature of YBCO, namely a plateau or abump (see table) on the �ab(T ) 
urve, whi
h has beenobserved in high-quality YBCO single 
rystals [8�12℄and �lms [16, 41℄. However, re
ent measurements of��ab(T ) in the YBCO 
rystals [14℄ grown in a high-purity BaZrO3 
ru
ible do not show su
h features inthe intermediate temperature range. The authors ofRef. [14℄ argue that the disagreement with the resultsof Ref. [9℄ arises from a problem related with the sur-fa
e of the 
rystal. The last observation still la
ks a
onvin
ing explanation.Finally, another feature in the T -dependen
e ofthe impedan
e of high-quality YBCO 
rystals was de-926
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al des
ription of the mi
rowave surfa
e : : :
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Fig. 2. Comparison of the temperature dependen
es ofthe surfa
e resistan
e Rs(T ) of BSCCO and YBCO sin-gle 
rystals at 14.4 GHz. Experimental data are takenfrom Refs. [21℄ (BSCCO at 14.4 GHz) and [8℄ (YBCOat 9.4 GHz, s
aled by !2 to 14.4 GHz). The inset showsthe linear T -dependen
es of Rs at low T for both ma-terials and a broad peak of Rs(T ) for YBCOte
ted: a noti
eable in
rease of Rs(T ) with in
reasingthe temperature (a shoulder) at temperatures largerthan the peak temperature 30 K. It turns out thatthis shoulder is reprodu
ible in the experiments [9, 11℄.Similarly, an explanation of this observation is la
king.2.2. Complex 
ondu
tivityEquations (2)�(4) allows us to express the realand imaginary parts of the 
omplex 
ondu
tivity�s = �1 � i�2 in terms of Rs and Xs as�1 = 2!�0RsXs(R2s +X2s )2 ; �2 = !�0(X2s �R2s)(R2s +X2s )2 : (6)Above the super
ondu
ting transition temperature,the mean free path ` of 
urrent 
arriers is shorter thanthe skin depth Æn in the normal state (for T � T
,` � Æn), whi
h 
orresponds to the 
onditions ofthe normal skin e�e
t. Equations (2)�(4) and (6)also apply to the normal state of HTSC's, whereRn(T ) = Xn(T ) = p!�0=2�n(T ) with �n � �1(T � T
) and �2 � �1 at mi
rowave frequen
ies.The 
omponents �1(T ) and �2(T ) are not mea-sured dire
tly but 
an be derived from measurementsof Rs(T ) and Xs(T ) using Eq. (6).

2.2.1. Low-temperature region (T � T
)When Rs(T )� Xs(T ), Eq. (6) redu
es to�1(T ) = 2!�0Rs(T )X3s (T ) ; �2(T ) = !�0X2s (T ) : (7)It then follows from Eq. (7) that for low and in-termediate temperatures, �1=�2 = 2Rs=Xs � 1. Thein
rements ��1(T ) and ��2(T ) depend on the in
re-ments �Rs(T ) and �Xs(T ) relative to the respe
tivequantity,��1 / ��RsRs � 3�XsXs � ; ��2 / ��XsXs : (8)It follows from Eq. (8) that the dominant 
hangesof �2(T ) are determined mainly by the fun
tionXs(T ) = !�0�(T ), whi
h re�e
ts the T -dependen
e ofthe magneti
 �eld penetration depth.The T -dependen
e of the real part of the 
ondu
tiv-ity, �1(T ), is determined by the 
ompetition betweenthe in
rements �Rs=Rs and �Xs=Xs.In 
onventional super
ondu
tors, the quantityXs(T ) (� Rs) is pra
ti
ally T -independent (�Xs � 0)at temperatures T � T
=2, and Rs(T ) de
reasesexponentially and approa
hes the residual surfa
eresistan
e Rres as T ! 0. By subtra
ting Rres fromthe measured Rs(T ), we obtain, using Eqs. (7) and (8),the temperature dependen
e of �1(T ) predi
ted by theBCS theory: �1 = 0 at T = 0, and for T � T
=2, �1(T )shows an exponentially slow growth with in
reasingthe temperature. We note that the smallest value ofRres dete
ted in pure Nb is at least two orders ofmagnitude smaller than the smallest value of Rresmeasured in YBCO. The extremely small values ofthe surfa
e resistan
e in Eq. (8) indi
ate that thein
rement ��1(T ) is always positive in 
lassi
al super-
ondu
tors (��1(T ) > 0), at least in the temperatureinterval T < 0:8T
, before the maximum of the BCS
oheren
e peak is rea
hed.For HTSC single 
rystals, the T -dependen
e of�1(T ) is radi
ally di�erent from that predi
ted by the-ories of the mi
rowave response of 
onventional su-per
ondu
tors. For T < T
, the in
rements �Rs(T )and �Xs(T ) in HTSC's are not small, and in addi-tion, �Xs(T ) � �Rs(T ). Although Rs(T ) < Xs(T ),�Rs=Rs is not ne
essarily greater than 3�Xs=Xs inEq. (8) or positive at all temperatures. When thato

urs, �1(T ) in
reases with de
reasing temperature.The fun
tion �1(T ) is maximum at some T = Tmax,and then �1(T ) be
omes smaller with de
reasing tem-927
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iently small as T ! 0,Rres < Xs(0)3 �Rs(T )�Xs(T ) : (9)If inequality (9) is satis�ed, Tmax is a �nite temper-ature, while for Rres being equal to the right-hand sideof (9), Tmax shifts to 0 K. If Rres is su
h that (9) is notsatis�ed, �1(T ) de
reases at low temperatures as thetemperature is in
reased, whi
h is quite di�erent fromwhat is observed in 
onventional super
ondu
tors.Thus, the shape of �1(T ) for T � T
 dependson the value of the residual surfa
e resistan
e Rres,whose origin and a

urate value are unknown. For thisreason, the shapes of the �1(T ) 
urves are not deter-mined unambiguously for T � T
=2, unlike the fun
-tions Rs(T ) and Xs(T ), whi
h are dire
tly measuredin experiments.If we linearly extrapolate Rs(T ) to T = 0 and at-tribute the resulting value Rs(0) to the residual sur-fa
e resistan
e, Rs(0) = Rres, and then substitute thetemperature-dependent di�eren
eRs(T )�Rres into thenumerator of the �rst expression in Eq. (7), the result isthat the �1(T ) 
urve has a broad peak for HTSC mate-rials. Near T = 0, �1(T ) in
reases linearly with T fromzero, rea
hes a maximum at Tmax, and then de
reasesto �(T
). This pro
edure, however, ignores the possibil-ity of intrinsi
 residual losses. Therefore, some authors(see, e.g., Refs. [14, 21, 59℄) asso
iate residual losses inHTSC single 
rystals with a residual normal ele
tron�uid. This implies that the sour
e of the residual lossis in the bulk of the sample, although it is probablynot intrinsi
. If this 
ontribution is ex
luded from the
omplex 
ondu
tivity of the super
ondu
tor, one ob-tains �1(T = 0) ! 0, as 
an be seen in Fig. 3 fromthe measurements taken at 13.4, 22.7, and 75.3 GHzin Ref. [14℄. The peak of �1(T ) shifts to higher tem-peratures and its size diminishes as the experimentalfrequen
y is in
reased. In YBCO single 
rystals, thetemperature Tmax at whi
h the maximum of �1 o

ursis 
lose to the temperature at whi
h the peak of Rs(T )o

urs.Finally, one 
an pro
ure �1(T ) from measurementsof Rs(T ) and Xs(T ) for T > 0 without any 
on
ernabout Rres. In this 
ase, �1(0) is not determineduniquely. Whether �1(T ) has a peak depends on thevalidity of 
ondition (9). The 
urves at 1 and 2 GHz inFig. 3 were obtained using Eq. (6) without subtra
tingany residual losses.
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1.14 GHz2.25 GHz13.4 GHz22.7 GHz75.3 GHz� 1;107 
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12
34
56

T , KFig. 3. Real part of the 
ondu
tivity �1(T ) of YBCOsingle 
rystal at di�erent frequen
ies [14℄. The data(symbols) are the 
ourtesy of the Van
ouver group(D. A. Bonn). Solid line is the T -dependen
e of �1(T ) at1.14 GHz 
al
ulated using the modi�ed two-�uid model,taking the inhomogeneous broadening of the super
on-du
ting transition into a

ount (ÆT
 = 0:4 K in Eq. (21),see se
tion 3.3)2.2.2. Temperatures 
lose to T
 (T ! T
)Equations (7) and (8) do not apply near T
. In thistemperature range, it is ne
essary to use the generallo
al relations (2)�(4) and (6).The 
ondu
tivity �2(T ) in the ab-plane of HTSC
rystals abruptly drops to very small values in thenormal state. The expression [T
=�2(0)℄d�2(T )=dT atT = T
 that de�nes the slope of �2(0)=�2(T ) at T = T
varies between �2 and �4 for di�erent 
rystals.The real part of the 
ondu
tivity, �1(T ), does notshow a 
oheren
e peak near T = 0:85T
, as predi
tedby BCS. Usually, the real part of the 
ondu
tivity ofHTSC single 
rystals has a narrow peak near T
, whi
hin
reases with de
reasing the frequen
y [21, 23, 24℄.The width of the narrow peak of �1(T ) 
oin
ides withthe width of the Rs(T ) transition at mi
rowave fre-quen
ies. A possible explanation of the sharp peakjust below T
 is an inhomogeneous broadening of thesuper
ondu
ting transition [77�79℄ or the �u
tuatione�e
ts [24, 80, 81℄.928
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ription of the mi
rowave surfa
e : : :3. MODIFIED TWO-FLUID MODELAs was shown in Ref. [65℄, high T
 values(T
 � 100 K), the temperature dependen
e of theresistivity, the frequen
y dependen
e of the momentumrelaxation time, and other properties of the normalstate in optimally doped HTSC's are well des
ribedwithin the framework of the Fermi-liquid approa
hinvolving strong ele
tron�phonon 
oupling (SC) [63℄.The SC model also explains some of the features of thesuper
ondu
ting state of HTSC's. It follows from theEliashberg theory that the distin
tive property of su-per
ondu
tors with the strong 
oupling is that the gapin the spe
trum of ele
troni
 ex
itations is smeared.Stri
tly speaking, there is no gap, whatsoever, atT 6= 0 [82, 83℄. This leads to breaking of Cooperpairs, smearing of the peak in the density of states at~! = �(T ) due to the inelasti
 s
attering of ele
tronsby thermally ex
ited phonons, and suppression of
oheren
e e�e
ts. As a result, the amplitude of the 
o-heren
e peak de
reases and, a

ording to Refs. [84, 85℄,virtually disappears at frequen
ies around 10 GHz ifthe ele
tron�phonon 
oupling 
onstant ex
eeds unity.Moreover, the quasiparti
le generation me
hanism isradi
ally di�erent from that of the BCS model. Thequasiparti
les are generated without jumps a
ross theenergy gap and 
an be in states with all energies downto ~! = 0. These states 
an be 
lassi�ed as gapless,and the quasiparti
les 
an be treated [65℄ as normal
urrent 
arriers in the two-�uid model. Thus it is notsurprising that an important 
onsequen
e of the SCmodel is the nonexponential behavior of Rs(T ) [86℄ and�(T ) [87℄. Power-law temperature dependen
es werealso predi
ted by the two-�uid Gorter�Casimir (GC)model [76℄; near T
, they proved to be quite 
lose tothe results of 
al
ulations performed in the SC model.In parti
ular, the 
urves �2(0)=�2(T ) 
al
ulated bythe SC model [88�91℄ proved to be su�
iently 
lose tothe fun
tion ns(t)=n = 1� nn(t)=n = 1� t4 in the GCmodel. At T = T
, the slopes of these 
urves are inagreement with those measured with di�erent YBCOsingle 
rystals and are equal to �3 [4℄ or �4 [5, 8, 10℄.The experimental fa
t that there is no BCS 
oheren
epeak in the 
ondu
tivity of HTSC 
rystals indi
atesthe ne
essity of taking the strong 
oupling e�e
tsnear T
 into a

ount and the feasibility of interpretingHTSC properties at mi
rowave frequen
ies in terms ofa two-�uid model.Complex 
ondu
tivity �s is a basi
 property of su-per
ondu
tors. In a

ordan
e with the GC model [76℄,the expressions for the 
omponents of �s = �1� i�2 are

�1 = nne2�m � 11 + (!�)2 � ;�2 = nse2m! �1 + nnns (!�)21 + (!�)2 � : (10)At temperatures T � T
, the total 
arrier 
on
en-tration is n = ns + nn; where ns;n are the fra
tions ofthe super
ondu
ting and normal 
arrier densities (bothhave the same 
harge e and e�e
tive massm). The realpart �1 is determined solely by the normal 
omponent,while both 
omponents, normal and super
ondu
ting,
ontribute to the imaginary part �2. In the GC model,the relaxation time � of normal 
arriers is independentof the temperature. This is a

eptable if we assumethat the behavior of normal 
arriers in super
ondu
torsis similar to that of normal 
arriers in normal metals atlow temperatures. S
attering of ele
trons at very lowtemperatures is due to impurities and is independentof the temperature. Therefore, the temperature depen-den
e of the real part of the 
ondu
tivity (10) in theGC model is determined entirely by the fun
tion nn(T )with ns(T ) = n� nn(T ) only.For su�
iently low frequen
ies (!�)2 � 1, the ex-pressions of the 
ondu
tivity 
omponents in Eq. (10)transform into simple relations�1 = e2�m nn; �2 = e2m!ns = 1�0!�2 ; (11)where � = pm=�0nse2 is the London penetrationdepth of a stati
 magneti
 �eld.Penetration of alternating �elds into super
ondu
-tors is 
ontrolled by the frequen
y-dependent skindepth. Using 
omplex 
ondu
tivity (11), one obtainsthe 
omplex skin depth Æs by generalizing the 
orre-sponding expression for a normal 
ondu
tor:Æs = p2�p!�(nn=ns)� i : (12)With in
reasing angular frequen
y !, the skin depthRe Æs de
reases and, therefore, the London penetra-tion depth � gives the upper bound for the pene-tration of the ele
tromagneti
 �eld into a super
on-du
tor. In the GC model, the � value divergesnear T
 as �(t) = �=(2p1� t) and the fun
tion�2(t)=�2(0) = 4(1� t) tends linearly to zero at T = T
with a slope equal to �4. At the same time, at T = T
,the skin depth Re Æs, de�ned by Eq. (12) 
rosses overto the skin depth Æn for a normal 
ondu
tor.12 ÆÝÒÔ, âûï. 4 (10) 929
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attering and surfa
e resistan
e of HTSCsingle 
rystalsIn 
onventional super
ondu
tivity, one assumesthat the mean free path does not vary with tempera-ture below T
. In a normal metal, at mu
h higher tem-peratures than the 
orresponding T
 of a 
onventionalsuper
ondu
tor, the ele
tron s
attering rate is propor-tional to T [92℄. Sin
e the transition temperatures ofHTSC's are mu
h larger than those of 
onventional su-per
ondu
tors, it stands to reason that temperaturea�e
ts the ele
tron s
attering rate of the quasiparti
lesof HTSC's below T
, but is limited to a 
onstant rateat low temperatures. Therefore, if a two-�uid modelis to be su

essful in explaining transport properties ofHTSC's, it is natural to in
lude a temperature varia-tion of � into that model.To obtain an expression for �(T ), we rely on theanalogy between the �normal �uid� 
omponent in thesuper
ondu
ting state and 
harge 
arriers in a normalmetal. A

ording to Mathissen's rule, the re
ipro
alrelaxation time at temperatures below the Debye tem-perature � is 1� = 1�imp + 1�e�ph : (13)The �rst term on the right-hand side is due to impuritys
attering and is independent of temperature, and these
ond is due to the ele
tron�phonon s
attering and isproportional to T 5.From Eq. (13), we express �(T ) as1�(t) = 1�(T
) � + t5� + 1 ; (14)where � is a numeri
al parameter, � � �(T
)=�(0),provided this ratio is mu
h less than unity. It mustpointed out, however, that this approximation is notalways satis�ed.Equation (14) 
orresponds to the low-temperaturelimit of the Blo
h�Grüneisen formula, whi
h in
ludesimpurity s
attering and 
an be presented over a widetemperature range by the expression1�(t) = 1�(T
) � + t5J5(�=t)=J5(�)� + 1 ;J5(�=t) = �=tZ0 z5ezdz(ez � 1)2 ; (15)where � = �=T
. For T < �=10 (� > 10t), Eq. (15)approa
hes the form of Eq. (14). For T > �=5(� < 5t), we obtain from Eq. (15) the linear T -dependen
e 1=�(t) / t. Examples of 1=�(t) for di�erentparameters of �, �, and �(T
) are shown in Fig. 4.
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Fig. 4. S
attering rate of quasi-parti
les 
al
ulated fromEq. (14), dotted line: � = 0:005, and Eq. (15),solid line: � = 0:005, � = 9; dashed line:� = 0:02, � = 4. The triangles are 
al
ulated from1=� = [1 � �2(0)=�2(T )℄=[�0�1(T )�2(0)℄, with �1(T )and �(T ) at 1.14 GHz and �(0) = 1600Å in the ab-plane,with the 
urrents parallel to the a-dire
tion of the YBCO
rystal [14℄. The inset shows the low-temperature partsof the 
urves. The 
ir
les are from Fig. 8 of Ref. [14℄For !�(T
) � 1, whi
h is normally satis�ed at mi-
rowave frequen
ies in HTSC's, the parameter !�(T
)is obtained from measurements of Rs(T
) and Xs(0),!�(T
) = X2s (0)2R2s(T
) = �1(T
)�2(0) : (16)At frequen
ies � 10 GHz, the value of !� for thebest HTSC 
rystals is of the order of 10�3 at T = T
and remains less than unity at all temperatures T < T
,as is dis
ussed in what follows. In the two-�uid model,therefore, the expressions of the 
ondu
tivity 
ompo-nents in Eq. (10) turn into the simple form (11).All experimental data of Rs(T ) for high-qualityHTSC single 
rystals 
an be elu
idated by our two-�uidmodel with �(T ) given by Eqs. (14) or (15).Measurements of Rs(T ) of YBCO single 
rys-tals at frequen
ies of order or less than 10 GHzare analyzed �rst. The values of �2(T )=�2(0) == �2(0)=�2(T ) = ns(T )=n measured in the same ex-periments, and of �1(T )=�(T
) obtained from Eq. (11)are substituted into Eq. (3). We then use the relationnn(T )=n = 1 � �2(T )=�2(0), whi
h is obtained fromthe experimental data, and take �(T ) from Eqs. (14)or (15).930
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Fig. 5. Experimental Rs(T ) data of YBCO single 
rys-tal [14℄ at 1.14 GHz (
ir
les) and 2.25 GHz (squares).Solid 
urves are 
al
ulations using Eqs. (3), (11), and(14). The dashed 
urves are 
al
ulated at 1.14 GHzwith the term t5 repla
ed by t4 in the numerator ofEq. (14), the dotted 
urves with t6. The inset shows alinear plot of Rs(T ) at low temperatures at 1.14 GHzSetting � = 0:005 and � = 9 in Eq. (15) and takingthe experimental values �2(T )=�2(0) from Fig. 11 (seebelow) and !�(T
) = 7:5 � 10�4 at 1.14 GHz, we �ndfrom Eqs. (11) and (3) the T -dependen
e of Rs(T ),shown by the 
urves in Fig. 5. These 
urves mat
hthe data of Ref. [14℄ over the entire temperature range.The same result is obtained using Eq. (14) instead ofEq. (15), with � = 0:005. For � � 1 and T . T
,Eqs. (14) and (15) are identi
al.It follows from Eqs. (5) and (11) that for �t � 1[see Eq. (1)℄, a rough estimate of the temperature tmat whi
h Rs(T ) is maximum is obtained from the re-lation � ' 4 t5m. The value of �(0) is found from theslopes dRs=dT and dXs=dT of the experimental dataof Rs(T ) and Xs(T ) as T ! 0 (!�(0) < 1),!�(0) = dRsdXs ����T!0 : (17)With Eq. (16) and (17), the parameter� � �(T
)=�(0) is determined from the surfa
eimpedan
e data. As � in
reases, the maximum andminimum of Rs(T ) 
hange into an in�e
tion pointwith a horizontal tangent; for larger �, the maximumof Rs(T ) disappears 
ompletely [74℄.The linear growth of Rs(T ) with T at low temper-atures (inset in Fig. 5) is a dire
t 
onsequen
e of the
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10�110�210�3

T , K

Rs; 


Fig. 6. Comparison between the 
al
ulated (solid line)and measured (squares) surfa
e resistan
e Rs(T ) ofYBCO single 
rystal at 10 GHz. Experimental data arefrom Ref. [9℄linear 
hange of �(T ) near T = 0, whi
h is proportionalto the 
oe�
ient � in Eq. (1), and is the result of a 
on-stant s
attering rate at low temperatures, as shown inFig. 4.The dashed and dotted 
urves shown in Fig. 5are the 
al
ulated Rs(T ) values at 1.14 GHz, witht5 repla
ed by t4 (dashed 
urve) and by t6 (dotted
urve) in Eq. (14). The best �t of the experimen-tal data is 1=�(t) / t5. Moreover, Eq. (15) enablesus to in
orporate the shoulder of Rs(T ) obtained withYBCO single 
rystals in Refs. [9, 11℄. This is shownin Fig. 6, whi
h 
ontains measurements (squares) ofRs(T ) at 10 GHz taken from Ref. [9℄ and 
al
ulations(solid line) of Rs(T ) based on Eqs. (11) and (3) with!�(T
) = 4 �10�3, �2(T )=�2(0) obtained from the sameexperimental data [9℄, � = 0:02, and � = 4 in Eq. (15).The 
al
ulated 
urves in Figs. 5 and 6 are very 
loseto the experimental data and display the 
ommon andunique features of Rs(T ) for T < T
 and !� < 1 ofhigh-quality YBCO single 
rystals fabri
ated by di�er-ent methods, namely: (i) the linear temperature depen-den
e of the surfa
e resistan
e, �Rs(T ) / T , 
ausedby the linear variation of �Xs(T ) / ��ab(T ) / T attemperatures T � T
, and by the limit �(T ) ! 
onstat low temperatures; (ii) the broad peak of Rs(T ) inthe intermediate temperature range due to the rapidde
rease of the relaxation time �(T ) / T�5 with in-
reasing temperature; and (iii) the in
rease in Rs(T )in the range T
=2 < T < T
 (Fig. 6) 
aused by the931 12*
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Fig. 7. Comparison between the 
al
ulated (solid lines)and measured surfa
e impedan
e (symbols) of BSCCOsingle 
rystal (see Fig. 1). A 
onstant Rres = 0:5 m
 isadded to the values of Rs(T ) obtained from Eq. (3)
rossover from T�5 to T�1 of �(T ) in Eq. (15), whi
ho

urs in Fig. 6 at a lower temperature than in Fig. 5.The behavior of 1=�(T ) for these two YBCO 
rystalsis shown in Fig. 4.Up to this point, we did not take the residual sur-fa
e resistan
e Rres of the samples into a

ount. Inthe YBCO 
rystals whose data are plotted in Figs. 5and 6, s
aled to the same frequen
y of 10 GHz, theresistan
e is Rres < 50 �
. Rres=R(T
) < 10�3 is sosmall that Rres was negle
ted even at T � T
. Inmost HTSC 
rystals that were investigated, however,Rres=R(T
) > 10�3 (see, e.g., Figs. 1 and 2). There-fore, it is important that Rres is added to the 
al
ulatedRs(T ) values when 
omparing the latter with the ex-perimental data.Figure 7 
ompares the measured Rs(T ) and Xs(T )of BSCCO, plotted in Fig. 1, with the results of 
al
ula-tions based on Eqs. (3) and (4). In this 
ase, we addeda 
onstant Rres = 0:5 m
 to the 
al
ulated values ofRs(T ). The 
al
ulation is based on measurements of�2(T )=�2(0) obtained in the same experiment and isplotted in the inset to Fig. 13 (see below), with theparameters !�(T
) = 0:9 � 10�2, � = 2 and � = 3 inEq. (15). It is 
lear that the agreement between the
al
ulated and experimental 
urves is good throughoutthe temperature interval 5 � T � 120 K.Another reason for in
luding Rres is that ra-tio Rres=R(T
) / !3=2. Figure 8 is based onthe experimental data of BSCCO single 
rystal mea-

14.4 GHz24.6 GHz34.7 GHz
400 20 60 80 10010�310�210�1

T , K
T , K
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20 4020
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Fig. 8. Experimental data of the BSCCO single
rystal [21℄ at various frequen
ies: 14.4 GHz (
ir-
les), 24.6 GHz (triangles), and 34.7 GHz (squares).The solid 
urves are the 
al
ulated [Rs(T ) + Rres℄-fun
tions, with the respe
tive Rres values of 0.29, 0.85and 1.7 m
. The inset shows the linear temperaturedependen
es of the surfa
e resistan
e at low tempera-turessured in Ref. [21℄ at three frequen
ies: 14.4 GHz(!�(T
) = 0:7 � 10�2), 24.6 GHz, and 34.7 GHz. Thesolid 
urves are the 
al
ulations at these frequen
ies ob-tained from Eqs. (11) and (3) using �(T ) from Eq. (15)with � = 0:1 and � = 4. The 
omparison pro
edure isdi�erent from that dis
ussed above for YBCO 
rystalsbe
ause Rres / !2 is added to the 
al
ulated Rs(T )values. The inset of Fig. 8 shows a linear plot of themeasured and 
al
ulated surfa
e resistan
e at low tem-peratures. We emphasize that at temperatures belowT
=2, the value of �Rs(T ) is proportional to T .In the millimeter and shorter wavelength bands, the
ondition !� < 1 may not be satis�ed in the super
on-du
ting state of the purest HTSC single 
rystals be-
ause of the fast growth of �(T )with de
reasing T < T
.In analyzing the experimental data of Zs(T ) and �s(T ),therefore, it is natural not only to take Rres into a
-
ount but also use more general Eq. (10) of the two-�uid model to repla
e Eq. (11). The Rs(T ) data ofRef. [14℄ at the frequen
ies of 13.4, 22.7, and 75.3 GHzare shown in Fig. 9 with the 
al
ulated Rs(T ) values(obtained on the same YBCO 
rystal as was used inFig. 5). We used �(T
)=�(0) � � = 5 � 10�3 in Eq. (14)for all 
urves shown in Fig. 9 (the same as previously932
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Fig. 9. Comparison between the 
al
ulated (lines) andmeasured [14℄ (symbols) surfa
e resistan
e Rs(T ) ofthe YBCO single 
rystal at 13.4, 22.7, and 75.3 GHz.We assumed Rres = 0:3 m
 for 75:3 GHz, zero for theother frequen
iesused in Fig. 5) and added Rres = 0:3 m
 to Rs(T )[Eq. (3)℄ at 75.3 GHz only. The 
ondu
tivity 
ompo-nents �1(T ) and �2(T ) involved in Eq. (3) are obtainedfrom the experimental data of �2(T )=�2(0) at 1.14 GHz[14℄ (shown in Fig. 11) and from Eq. (10).Figure 10 shows another example. The experimen-tal Rs(T ) data (squares) of a TBCO single 
rystal(T
 = 78:5 K) [23℄ are 
ompared with the results of
al
ulations based on Eqs. (3), (10), and (15). The
urve representing the theoreti
al values Rs(T ) +Rresis plotted using � = 0:1, � = 5:5, !�(T
) = 1:7 � 10�2,Rres = 0:8 m
, and with �2(T )=�2(0) shown in theinset (
ir
les) of Fig. 10.3.2. Temperature dependen
e of thesuper
ondu
ting ele
tron densityIn the previous se
tion, we a

entuated that themodi�ed two-�uid model des
ribes well all features ofthe surfa
e resistan
e Rs(T ) of di�erent HTSC's over awide frequen
y range with only one parameter, �. Thiswas done using the measured (known from the same ex-periment) T -dependen
es of the super
ondu
ting ele
-tron density ��2ab (T ). However, we think that our phe-nomenologi
al model would be in
omplete unless sim-ple formulas are available that 
orre
tly des
ribe themeasurements of ��ab(T ). Figures 10 (the inset), 11,and 12 show �2(T )=�2(0) = �2(0)=�2(T ) = ns(T )=n
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Fig. 10. Surfa
e resistan
e Rs(T ) of a TBCO sin-gle 
rystal at 24.8 GHz taken from Ref. [23℄. Solid
urve is the 
al
ulated [Rs(T ) + Rres℄-fun
tion withRres = 0:8 m
. The inset shows the measured [23℄(
ir
les) and 
al
ulated results of �2(T )=�2(0) (solidline), using Eq. (18) with � = 0:9in the ab-plane of TBCO, YBCO, and BSCCO single
rystals from Refs. [23, 14℄ and [21℄, respe
tively. Allof these quantities 
hange linearly with temperatureat low temperatures and 
an be approximated by thefun
tion [73℄ ns=n = (1� t)�; (18)where � is a numeri
al parameter. For t � 1, Eq. (1)follows from Eq. (18). For the 
ited experiments, thevalues of � fall into the range 0:4 < � � 0:9. Near T
,we obtain �(t) / ns(t)�1=2 / (1� t)��=2, whi
h is alsoin reasonably good agreement with the experimentaldata. However, Eq. (18) yields an in�nite value of thederivative d�2(t)=dt / (1� t)��1 at t = 1 for � < 1.An approximation for ns(t)=n proposed in Ref. [75℄is 
lose to Eq. (18),ns=n = 1� �t� (1� �) t6; (19)and is shown by solid lines in Figs. 11 and12. Equation (19) insures that the slope of�2(0)=�2(t)jT
 = 5� � 6 at T
 is �nite and nega-tive for � < 1:2.However, taking the above fun
tions for ns(t) intheir simplest forms (18) and (19) does not a

ount forall features in �2(0)=�2(T ) dete
ted re
ently in YBCO933
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T , K13.4 GHz� 2=� 2(0)� 2(T)=� 2(0)

Fig. 11. Plots of Eq. (18) (dashed line, � = 0:42) andEq. (19) (solid line, � = 0:47), showing the �t to the em-piri
al �2(T )=�2(0). The experimental data (
ir
les) arefrom Ref. [14℄ at 1.14 GHz. The inset shows the temper-ature dependen
es of �2(T )=�2(0) at various frequen
ies,
al
ulated from Eqs. (10), (19) and (14)

0.20.40.60.81.0

0 T , K20 40 60 80 100
� 2(T)=� 2(0)

Fig. 12. Comparison between the 
al
ulated (solid 
urve:Eq. (19), � = 0:74; dotted line: Eq. (18), � = 0:7) andmeasured [21℄ (symbols) of the �2(T )=�2(0) values ofBSCCO single 
rystal [75℄
rystals (see the table) in the intermediate tempera-ture range [8�11℄. Moreover, the slope of these 
urvesat T � T
 requires that � > 1 in Eq. (18), whi
h wouldlead to zero slope of the �2(T )=�2(0) 
urve at T = T
.
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Fig. 13. Comparison between the 
al
ulated (solid line)and measured (
ir
les) values of �2(T )=�2(0) of theYBCO single 
rystal [8℄. The inset shows the measuredand 
al
ulated values, with Eq. (20) used for the temper-ature dependen
es of �2(T )=�2(0) of the BSCCO 
rystal,shown in Fig. 1Therefore, we have added an additional empiri
al termto the right-hand side of Eq. (18) without violating theparti
le 
onservation 
ondition ns + nn = n,ns=n = (1� t)�(1� Æ) + Æ(1� t4=Æ); (20)where 0 < Æ < 1 is the weight fa
tor. For Æ � 1 and� > 1, the dominant 
ontribution to �2(T ) through-out the relevant temperature range is still due to the�rst term on the right-hand side of Eq. (20), while these
ond is responsible for the �nite slope of �2(T )=�2(0)at T = T
, whi
h is equal to �4 in a

ordan
e withthe GC model. As Æ in
reases, the se
ond term onthe right-hand side of Eq. (20) be
omes more essen-tial. The experimental 
urve of �2(T )=�2(0) derivedfrom the Rs(T ) andXs(T ) measurements of the YBCO
rystal in Ref. [8℄ is properly des
ribed by Eq. (20) withÆ = 0:5 and � = 5:5 (Fig. 13). This 
al
ulation re�e
tsthe 
hara
teristi
 features of the experimental data,namely, the linear se
tion of ns and the positive se
-ond derivative (� > 1) in the low-temperature region,the plateau in the intermediate temperature range, andthe 
orre
t value of the slope near T
.Using Eq. (20) with � = 2 and Æ = 0:2, we 
an alsodes
ribe the T -dependen
e of �2(T ) of BSCCO 
rystals(Figs. 1 and 7), plotted in the inset to Fig. 13.934
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al des
ription of the mi
rowave surfa
e : : :3.3. Real part of the 
ondu
tivitySin
e the measurements and 
al
ulations of Rs(T ),Xs(T ), and �2(T ) are in good agreement and 
onsistentwith �1(T ) in the range T < T
, the modi�ed two-�uidmodel 
an be a powerful tool in des
ribing the ele
tro-dynami
 properties of HTSC's. The only feature thathas not been investigated by this model is the behaviorof Zs(T ) and �s(T ) in the temperature range near T
.A spe
ta
ular display is the narrow peak in the realpart of the 
ondu
tivity (see Fig. 3).The narrow peak near T
 
an be des
ribed by ane�e
tive medium model [79, 93℄ that takes the inho-mogeneous broadening of the super
ondu
ting transi-tion into a

ount. We assume that di�erent regionsof a given spe
imen experien
e transitions to the su-per
ondu
ting state at di�erent temperatures withinthe T -range ÆT
. If the dimension of ea
h of theseregions is smaller than the magneti
 �eld penetrationdepth (mi
ros
opi
-s
ale disorder), the distribution ofthe mi
rowave 
urrents over the sample is uniform andthe 
al
ulation of the e�e
tive impedan
e Zeff of thesample redu
es to two operations: �rst, adding theimpedan
es Zs of all regions in the spe
imen (with dif-ferent T
) that are 
onne
ted in series along a 
urrentpath and se
ond, averaging over the sample volume.As the result, we obtainZeffs (T ) = Reffs (T ) + iXeffs (T ) == ZÆT
 Zs(T; T
)f(T
)dT
 ; (21)where the distribution fun
tion f(T
) is su
h that thefra
tion of the sample volume with 
riti
al tempera-tures in the range T
 < T < T
 + dT
 equals f(T
)dT
.In the simplest 
ase, f(T
) is a Gaussian fun
tion. Inthe experiments of Ref. [14℄, the width of the super
on-du
ting resistive transition was approximately 0.4 K,whi
h we equate to the width of the Gaussian distri-bution f(T
). Using general relations (6) with the ef-fe
tive impedan
e 
omponents obtained from Eq. (21),we 
al
ulate �eff1 (T ) near T
 and plot it together withthe experimental data for YBCO in Fig. 3. The overallagreement is good.In the framework of the dis
ussed approa
h, �eff1 (T )displays a narrow peak at T � = T
 � ÆT
. It is easy to
he
k that the relative peak amplitude is approximatelyequal to �1(T �)� �(T
)�(T
) � ( 
 if 
 > 1;
2 if 
 < 0:1; (22)
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456
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�1 m�1

34.7 GHz14.4 GHz
Fig. 14. Experimental data of �1(T ) at 14.4 and34.7 GHz of the BSCCO single 
rystal [21℄ (symbols) andthe 
al
ulations of �1(T ) (lines) using Eqs. (14), (21),and (6), with sample inhomogeneities taken into a

ount(ÆT
 = 2 K)where 
 = ÆT
=[T
 !�(T
)℄, implying that the peak de-
reases with the de
rease of the super
ondu
ting resis-tive transition width. Usually, experiments yield 
 > 1(e.g., the data of Ref. [14℄ give 
 � 7 at 1.14 GHz)and, therefore, the peak amplitude should be inverselyproportional to the frequen
y.In 
al
ulating the �1(T ) 
urves for other spe
imens,we also applied the above pro
edure to in
orporate 
or-re
tions 
aused by the inhomogeneous broadening ofthe super
ondu
ting transition. We adjusted the previ-ous 
al
ulations of Rs(T ) (Figs. 7, 8, and 10) and �2(T )(Figs. 10, 12, and the inset to Fig. 13) by substitutingthe resulting Zeffs (T ) into the general equation (6) forthe 
ondu
tivity �1. The resulting 
urves for BSCCOand TBCO are shown in Figs. 14�16.4. DISCUSSION AND CONCLUSIONWe have presented a summary of measurements ofthe surfa
e impedan
e Zs(T ) = Rs(T )+iXs(T ) of high-quality YBCO, BSCCO, TBCO, and TBCCO 
rystalsin the super
ondu
ting and normal states (table). Forthe frequen
ies . 10 GHz, the 
ommon features ofall these materials are the linear temperature depen-den
e of the surfa
e resistan
e (�Rs(T ) / T ) andof the surfa
e rea
tan
e (�Xs(T ) / ��ab(T ) / T )at temperatures T � T
, their rapid growth asT ! T
, and their behavior in the normal state 
or-935
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Fig. 15. Comparison of the experimental T -dependen
eof �1(T ) (open 
ir
les) of the TBCO single 
rystal at24.8 GHz (Ref. [23℄) with the one 
al
ulated using themodi�ed two-�uid model (solid line) and taking the inho-mogeneous broadening of the super
ondu
ting transitioninto a

ount (ÆT
 = 2:5 K in Eq. (21))

0.51.01.5
0 T , K20 40 60 80 100

� 1;107 
�1 m�
1

Fig. 16. The 
ondu
tivity �1(T ) of the BSCCO single
rystal at 9:4 GHz extra
ted from the surfa
e impedan
emeasurements of Fig. 1 and the 
al
ulation based on themodi�ed two-�uid model, whi
h takes the inhomogeneousbroadening of the super
ondu
ting transition into a

ount(ÆT
 = 4:5 K). �1(T ) does not have a broad peak at lowtemperatures in this parti
ular 
aseresponding to a linear T -dependen
e of ��ab(T ), withRs(T ) = Xs(T ) = p!�0�(T )=2. There are di�er-en
es between the T -dependen
e of Zs(T ) in BSCCO,

TBCCO, or TBCO single 
rystals with tetragonal lat-ti
es and in YBCO 
rystals with an orthorhombi
 lat-ti
e. The linear resistivity region extends to near T
=2for the tetragonal materials and terminates near or be-low T < T
=3 for YBCO. At higher temperature, Rs(T )of YBCO has a broad peak. In addition, the �ab(T )
urves of some YBCO single 
rystals have unusual fea-tures in the intermediate temperature range.We des
ribe all of the above features of Zs(T ) and�s(T ) = �1(T )� i�2(T ) = i!�0=Z2s (T ) of high-qualityHTSC 
rystals by generalizing the well-known GC two-�uid model as follows.(i) We introdu
e a temperature dependen
e of therelaxation time of the quasiparti
les in a

ordan
e withthe Blo
h�Grüneisen law. We �nd that the Rs(T )
urves in di�erent HTSC 
rystals are well des
ribedusing Eqs. (14) or (15) for 1=�(T ). In the latter equa-tion, there is only one �tting parameter, � = �=T
,while the other parameter � = �(T
)=�(0) � 1 
an beestimated dire
tly from the experimental data with thehelp of Eqs. (16) and (17). The absen
e of the broadpeak of Rs(T ) in tetragonal HTSC single 
rystals is dueto a less rapid in
rease of �(T ) with de
reasing the tem-perature. In other words, the value of � is smaller forYBCO 
rystals than for BSCCO, TBCO, or TBCCO.For the latter 
rystals, the residual losses Rres are usu-ally large and they have to be taken into a

ount.(ii) We repla
e the well-known temperature depen-den
e of the density of super
ondu
ting 
arriers in theGC model, ns = n(1 � t4), by one of the fun
tions inEqs. (18), (19) or (20). All of these fun
tions 
hangelinearly with the temperature for t � 1 (see Eq. (1)).This permits one to extra
t the 
ommon and distin
-tive features of Xs(T ) and �2(T ) from di�erent HTSC
rystals.It also follows from the equations of the modi�edtwo-�uid model that at low temperatures (t � 1) andlow frequen
ies (!�(0) < 1), all 
urves of Zs(T ) and�s(T ) have linear regions: �1 / �t=�, sin
e nn=n � �tand � � �(0) � �(T
)=�. Furthermore, ��2 / ��t. Ina

ordan
e with Eq. (5), we then have Rs / �t=� and�Xs / �� / �t=2. As the temperature in
reases, the
urve of �1(t) passes through a maximum at t . 0:5if the unequality (9) is valid. This peak is due to thesuperposition of two 
ompeting e�e
ts, namely, the de-
rease in the number of normal 
arriers as the tem-perature de
reases, for t < 1, and the in
rease in therelaxation time, whi
h saturates at t � �1=5, where theimpurity s
attering starts to dominate. The featuresin the Xs(T ) and �2(T ) 
urves for YBCO single 
rys-tals in the intermediate temperature range (plateau [8℄or bump [9℄) 
an also be des
ribed within the frame-936
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al des
ription of the mi
rowave surfa
e : : :work of our modi�ed two-�uid model if we take intoa

ount the modi�
ation of ns(t) des
ribed by Eq. (20)with 0 < Æ � 0:5. In HTSC single 
rystals, the nar-row peak in the real part of the 
ondu
tivity �1(T )o

urring near T
 
an be explained in terms of an e�e
-tive medium model, where the strong ele
tron�phonon
oupling of the quasiparti
les and the inhomogeneousbroadening of the super
ondu
ting transition are takeninto a

ount.It is natural to 
ompare the tenets of our phe-nomenologi
al model with the results of mi
ros
opi
theories. As was shown in Refs. [40℄ and [61℄, the simpleformula (1), whi
h de�nes the linear low-temperaturedependen
e of the magneti
 �eld penetration depth inthe ab-plane of HTSC 
rystals, is 
onsistent with thed-wave model [25�27℄ in the strong (unitary) s
atteringlimit [31℄. Besides, there is nothing foreign in introdu
-ing the fun
tion 1=�(T ) / T 5 for the purpose of 
har-a
terizing s
attering in the super
ondu
ting state ofHTSC. A similar temperature dependen
e of the relax-ation rate of quasi-parti
les follows from the SC modelif the phonon 
orre
tions to the ele
tromagneti
 vertexare taken into a

ount [94℄.In the framework of our modi�ed two-�uid model,the linear low-temperature dependen
e of the real partof the 
ondu
tivity �1(T ) is 
onsistent with a 
onstants
attering rate, as it is in a normal metal. While theassumption of a Drude form of the 
ondu
tivity is sup-ported by the d-wave mi
ros
opi
 analysis [31℄, it wasshown that in the usual impurity s
attering models,pair 
orrelations lead to a strong temperature depen-den
e of the s
attering time (negle
ting vertex 
or-re
tions), namely, �(T ) / T in the unitary limit or�(T ) / 1=T in the Born limit. An attempt to resolvethis problem in Ref. [16℄ by 
hoosing an intermediates
attering rate has not provided satisfa
tory resultsyet. Very re
ently, the authors of Refs. [95℄ and [96℄argued that the experimental observation �1(T ) / T
ould be explained by the generalized Drude formula�1(T ) / nqp(T )�(T ) if the quasiparti
le density variesas nqp(T ) / T (as indeed happens for the d-wave pair-ing) and if the e�e
tive quasiparti
le s
attering time�(T ) saturates at low T . Various possible physi
alme
hanisms of the temperature and energy dependen
eof � are dis
ussed in [95, 96℄: s
attering from the�holes� of the order parameter at impurity sites ands
attering from extended defe
ts. These me
hanismsmay provide the required saturation of �(T ) at low T .As was dis
ussed re
ently in Ref. [97℄, the vertex 
or-re
tions 
an also modify the low-temperature 
ondu
-tivity. However, the temperature dependen
e has notbeen investigated yet.

Nevertheless, the mi
ros
opi
 models aimed at in-vestigating the mi
rowave response using a pure d-waveorder parameter symmetry, 
annot a

ount for the lin-ear se
tion of the Rs(T ) 
urves extending to T
=2 (atthe frequen
ies 10 GHz and below) in tetragonal HTSCsingle 
rystals, for the observation of radi
ally di�erentvalues of the slopes of �2(T ) for T � T
 (
orrespondingto � > 1 in Eq. (20)) observed on YBCO 
rystals [8�12℄, and for unusual features of �2(T ) in the interme-diate temperatures range.Re
ently, observations of unusual mi
rowave prop-erties of HTSC materials have 
aught the attentionof a number of resear
hers [43�47; 55; 56℄. Theseobservations are tentatively attributed to the mixed(d + s)-wave symmetry of the order parameter. Moststudies deal with the low-temperature variation of theLondon penetration depth and its relation to an orderparameter of mixed symmetry. In parti
ular, it wasshown in Ref. [55℄ that the low-temperature propertiesof �(T ) 
an be used to distinguish between a pured-wave order parameter and one with the (s + id)symmetry, having a small subdominant s-wave 
ontri-bution in systems 
onne
ted with a tetragonal latti
e.Moreover, additions of impurities suppress the d-wavesymmetri
 part to the bene�t of the s-wave part. Asa result, a variety of low-temperature dependen
es of�(T ) 
an o

ur for various impurity 
on
entrations.This allows one, in prin
iple, to determine whetherthe order parameter of a super
ondu
tor with anorthorhombi
 latti
e pertains to the (s + id) or the(s + d) symmetry [53℄. In Ref. [46℄, the (d + s) modelwas generalized by taking the normal state anisotropyinto a

ount. This is the realisti
 approa
h to high-T

uprates with an orthorhombi
 distortion, sin
e re
entmi
rowave 
ondu
tivity data suggest that a substantialpart of the ab-anisotropy of �(T ) is a normal statee�e
t. It was shown that su
h an anisotropy a�e
ts notonly the ab-anisotropy of the transport 
oe�
ients, butalso the density of states and other thermodynami
quantities. The possible temperature variation ofthe penetration depth �(T ) was analyzed re
ently inRef. [56℄ in the framework of the (d + s) model ofhybrid pairing. The slope of ��(T ) / T for T � T
and its dependen
e on the �s=�d admixture in thegap fun
tion was analyzed quantitatively, with theimpurity s
attering taken into a

ount. However, thequantitative 
omparison of the latter 
al
ulation withthe experimental data has not been performed yet.More interesting dis
overies in this �eld of resear
h
an be expe
ted in the near future.We are greatly indebted to N. Bontemps,937
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