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Microwave surface impedance of YBaCu;Og 99 Comparison of theory and experiment
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Surface resistance experiments by the Vancouver group on very high quality single crystalsCtx@a,
are compared with a model proposed by Truetral. and the author. The resistance measurements are from
1.14 to 75.3 GHz, and good numerical agreement is found over that frequency interval for all temperatures.
From these measurements the real part of the microwave conduatii(l) was extracted, and from it a
Drude-like conductivity spectrum was obtained below 25 K, all in agreement with the model. From the
conductivity spectrum the scattering rate of the thermally excited quasiparticles was found to increase with
temperature T), in agreement with a GneisenT dependent intrinsic resistivity at low temperatures.

Understanding microwave losses in cuprate superconduct- el
ors is important in advancing a unified picture of high- R— \/w'“(’ It+s-1 )
superconductors. Many experiments!® have been per- s 24" 1+s '
formed on YBaCu,O,_;s as the quality and purity of the
crystals has been evolving over the years. Films used re- P
cently by Hensen, Rieck and co-workEr& and crystals by K= \/w'u“o \/ 1+S+1. @)
the Vancouver groufy appear to be of the highest quality. s 20" 1+s

We shall make a comparison of the latest experinféris ) o

YBa,Cu;0g 99 (YBCO) with a model proposed by Trunin Below T the density of the quasiparticles(t) decreases
et al'® and the authof? It should, however, be remembered While the superelectron density(t) increases, conserving
that other authors have introduced and studibdave the total number of electrons

pairing?3-2¢ anisotropic swave mechanisnts, proximity )
coupling between superconducting Gu@lanes with every Np(1) —1— ng(t) 1 ( )\(0)) &)
other layer normai® a nested Fermi-liquid surfac®an en- n n At)

ergy gap’’ and two-fluid modef¥ and their consequences
on the microwave conductivityr=c¢'—ic¢"”. They found
reasonable success in describing the data of the surface re-
sistanceR¢(w,T) and of the penetration depth(T), over

wheret=T/T; and\?(t) =m/ uee’ng(t).
In the normal state, just abovie., the conductivity is

moderate temperature and frequency intervals-@f). c=0'—io"=0y 1-lwr _ @)
Measurements show that the penetration dey(h) of ‘14 (w7)?

high quality crystals of YBsguO,;_s has a predominantly

linear temperature dependence in tie plane at low tem- By Matthiessen’s rule, the resistivity of a metal at low

peratures. Crystals of lesser qualities do not show the samtemperatures consists of two terni$} the residual, which is
temperature dependence at low temperatures. It is interestirdye to electron scattering by impurities, aj the intrinsic,
to note that YBaCusO,_, is anisotropic. MeasuremeRtd  which depends on the thermal motion of the lattice and is
with currents flowing parallel to tha, b, andc directions are  limited to small angle scattering of the electrons. We apply
described by different parametex$0), o4.(T.), etc. Mea- Matthiessen’s rule to YB&£usO;_;5. The first term is tem-
surements of the surface resistariRein the ab plane with  perature independeft. The second term is a function of
currents along tha directiorf! at 1.14, 2.25, 13.4, 22.7, and temperature and is governed at all temperatures by the-Gru
75.3 GHz show also a linear temperature dependence at logisen formuld® p;=TG(0/T), where O is the Debye
temperatures. The extrapolated resistaRgéo O K seems to  temperature and
be small for frequences below 22.7 GHz for the Vancouver
crystalé! and is neglected in the present investigations. The Op /T
author estimate®R, to be smaller than or a imatel G(D/T):(D/Tr‘lf

0 pproximately 0
equal to 102°x 2 (). Although explicit microscopic calcu-
lations?>~?*have been published which contain many of theThus, we write for the resistivity
qualitative features which are reported here, we shall show to
what extent the microwave surface resistance measurements pac(t)=p,+ pi(Dt3g(t), (6)
are compatible with the paradigm of Trunin al® and the
author??

The real part of the surface impedancgd Rg¢=R; is a - 1
D
s=1(323] /

x2dx

(e—1)(1-e ™) ©

where

measure of the microwave power absorbed. With the defini-

f ®D) W)
tion s=(o'/¢")? the real and imaginary parts &t are ,

Te
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FIG. 1. Plot of Eq.(13) showing the fit to the empirical

MICROWAVE SURFACE IMPEDANCE @& . ..

6347

5 ....x(.O).=.d.,164pm6..f.._.
odc(Tc)§= 2.7x10° S$/m
8,/T, =9; r=0.005

.....

40 60
TEMPERATURE T [K]

FIG. 2. Linear plot of resistanc®(T)/w? as a function of

temperature for five experimental frequencies calculated from Eg.

(1). The experimental points are from Ref. 21, Fig. 2. We Ryt

[A(0)/\(t)]? as a function of temperature. The experimental points=0 2 m for 75.3 GHz, zero for all other frequences.

are from Ref. 21, Fig. 3.

with (0@ /T) being the integral in Eq(5). We definep,

YBa,Cu;0;_5. The author fitted the latter datawith a
=0.471 to the following approximate equation, shown in

and p;(1) as the inherent residual and intrinsic resistivities,,:ig_ 1:

the latter at = 1. It is then appropriate to replaeeg; in Eqg.
(4) below T, by
Nn(t) 1
N p+pi(D°g(D)

We define a resistivity ratior=p,/p;(1) with 1/p;(1)
=0i(1)=04c(Te)(r+1). The electron scattering time fol-
lows from Eq.(8),

_ny(Her(t)

ogdt)= m

8

20 T 1
T(t):Mo)\( )O'd;:( J(r+1) ©
r+t°g(t)
and the conductivityr=o¢' —ic” below T, is
)= n,(t)/n r+1 10
7 O=0ul T\ e 0 ) T [orO 2
o"(t)=[opoA*()] T+ or(t)o’ (). 11

The term [wuoh?(t)] t=ng(t)e’/mw arises from the
superelectrori$ and is the dominant term in E¢L1) at low
temperatures providedr<1. Whens=(o'/0")?<1, Eq.
(1) reduces to

1 o’

RS% 5\/60,(1,0(T)3/2. (12)

The latter equation is often used to interpret experimental

results. In order to calculat®s from Eq. (1) or (12) as a

[N(O)/N(t)]?~1—at—(1—a)tC. (13
The slope ofRg in the ab plane asT—0 K is
dR, 1 0?ud a N3(0)ogl(Te)(r+1
R_1le’uga(Qou(Tr+D)

dT 2 To t 1+[wr(0)]?
andn,(t)/n=at+ (1—a)t%in Eq.(10). It should be remem-
bered that Eq(13) is empirical andn,(t)/n is probably
sample dependent to a certain degree.

M0) = 0.164 um 6
i o, (T)=2.7x10" S/m

dc( [
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FIG. 3. Semilogarithmic plot of resistan¢®(T) as a function

function of temperature\(t) and other parameters have to of temperature for 1.14, 2.25, 13.4, 22.7, and 75.3 GHz Rgh

be known. Measurements shown in Fig. 3 of Hosseiral?!
display the temperature dependenced of0)/\(t)]? in the
ab plane with currents parallel to the direction of

=0 for all frequencies except for 75.3 GHR, is calculated from
Eq. (1). The points are from Ref. 21, Fig. 1. The experimeiRal
value, extrapolated to 0 K, is 0.2 (nat 75.3 GHz.
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6 ; : ; ; One can see from Fig. 1 of the Vanvouver dataresent
114 GH f : : : Fig. 3 tha_lt _WhenR_S is extrapolated_to 0K fqr the 75.3 GHz
: : data, a finite resistancR, is obtained. This resistance is
Sy e %”“"E“'7L'(O)'”='0'.§’1’6'4'um'é‘"'g """""" different in nature from the residual resistivity denoted here
' E% i 0y (T)=2.7x10" S/m by p, . Itis not clear what the origin dR, is except that its

imprint on the measurements is different from that of the
residual resistivityp, . Perhaps a small number of extraneous
impurity carriers remained nedr=0 K, or perhaps a uni-
versal conductivity limit is reached &—0 K.?* We neglect
in the following figuresR, for YBa,Cus0;_ 5, except for the
75.3 GHz experimental data which we interpreted as being
_____ R4(T) + Ry with Ry=0.2 m(}.

Figure 2 shows a linear plot &®(T)/w? with the above
: chosen values ok(0), T., ®p, r, and ay(T.) for five
------------ experimental frequences. The experimental points are from
: Fig. 2 of Hosseiniet al. 2! and theR4(T) values are calcu-
lated from Eq.(1) with Egs.(9)—(11). There is a pronounced
peak at the lower temperatures, in particular for the lower

75.3 GHz v
60 80

0 20 40 s o
TEMPERATURE T [K] frequences. By dividing bw?, the contribution oRR, to the
_ N 75.3 GHz data becomes insignificant in the latter figure.
FIG. 4. Linear plot of the real part of the conductivity as a Figure 3 is a semilogarithmic plot d®(T), correspond-

function of temperature, calculated from E4O) for the five ex- ing to Fig. 1 of Hosseinet al?! with the same frequencies as
perimental frequencies. The points are from Fig. 4 of Ref. 21 andy, vy in the above figure. The theoretical curves are calcu-
where obtained courtesy of the Vancouver gr@Dp A. Bonn). lated from Eq.(1) with Egs.(9)—(11), neglectingR, except

for 75.3 GHz. The fit at high frequences (75.3 Gh&zcon-

. Equathns(14) and (10) show thatRs and ¢’ increase siderably better wheRy~0.2 m() is added taR¢(T). Near
linearly witht at low temperatures and the slopes are propor=

tional to a(1+1/r), provided thaf (0)]2<1. This is a T. the resistance changes by several orders of magnitude, in

. . N _particular for the lower frequencies, has a discontinuity in
consequence of the linear increase of the quasiparticles wi . n
he slope aff;, and increases quasilinearly aboVg. The

temperature near absolute zero. However,aifr(0)]%>1, . e :

. . . discontinuity is caused by assuming that only normal elec-
the slope oR; near 0 K s proportional te:/(;+1/r) which trons exist abovel ., while the experimental data show a
changes considerably the slopeRafando’ with frequency. “rounding,” probably due to fluctuation® 3 foreshadow-

Ilrz::si::rglpﬁ)r\t\i?ér;ezgzﬁredlssﬂngruclzﬂgzct\(() {?‘3&) 7&&115)? E ing the superconducting state. The agreement of the calcula-
P P - £4 tions with the experiments is very good overall, above and

also valid fort>1 if one realizes that abov&. the term below T
Nn(t)/n in Eq. (10) has to be replaced by 1. Equati@) is Figurce' 4 shows the real part of the conductivity(T)

valid above and below ., andR can be calculated readily ;
flom Eq. (1) with n(1)£0 belowT, andn,=0 aboveT,.. - (il #EC (O LI 8 SRRt 2 e
_The sIopes_oRS and g];‘_’sgare discontinuous &t , neglect- lated by the Vancouver group using their E®.5. The
N9 quctuatlpn effect : 1+ (w7)? term is responsible for depressimg at higher
The rf skin depthd is frequencies and shifting the maximum to higher tempera-
_ TN —12 tures. The slope of’ is discontinuous at .. This disconti-
0=lpomto(1ts+1)] 7% (19 nuity is not related to the peak ia’ some experimenters
Over most of the superconducting temperature interval besbtain'>2% when extractings’ from R, measurements
low T, the value ofs<1 and, consequentlyd(t)~A(t). nearT,.
Above T, provided that the value a§>1, the skin depth Figure 5 is the conductivity spectrum calculated from Eq.
6=(momfo’) 2 (10) with Eq. (9) for various constant temperatures with the
The following results were calculated from E@) with  above-stated parameters. As found by Hosseiril,?! be-
Egs. (99—-(11) with T.=90 K, Op=9T., 04dT.)=2.7 low 25 K the spectrum is approximately Drude-like for the
X 1P S/m, r=p,/p;j(T.)=0.005, and \(0)=0.164 um. thermally excited quasiparticles with a narrow peak at low
Theoy(T,) value was estimated from the conductivity data, frequencies, corresponding to a low-pass filter. Figure 5
Fig. 4, of Hosseinkt al?! nearT,. From the low-frequency should be compared with Figs. 5 and 6 of Ref. 21. From such
slope ofRg at low temperatures, E¢14), the ration3(0)/r a plot Hosseiniet al?! extracted the scattering rater(T)
is estimated. Thép value is consistent with Ref. 39. Tme  which is shown in Fig. 6 and is compared to that calculated
value should be interpreted as a relative measure of electrdrom Eq. (9) with the above parameters. Below 25 K the
scattering attributed to the impurity content. Although thenumerical values agree very closely. Above 25 K they devi-
crystal was cleaved and smaller pieces were used at thae slightly (probably within experimental errprHowever,
higher frequencies, the same parameters for all frequencigéke overall shape is very similar. At this point it should be
and temperatures were used in order to see whether or notentioned that &" dependence of #(T) with n between 4
consistent frequency and temperature patterns emerge. and 5 was proposed previously by Yai al*® and also a
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FIG. 7. Real and imaginary parts of the conductivity,and¢”,

ousF}S«.sg. tgn(inz?;ttlljvrg sgi?;ru::ec?rlﬁslaltgtdtgolzr? Smg);%vgrgf RefS @ function of temperature at 75.3 GHz. The dashed line is ob-
P ' P P gs: tained from Eq.(16) with R;=0.2 m(). The experimental points
21. o :
are those shown in Fig. 4 obtained from the Vancouver group.

r+t° dependence by Truniet al."® The latter(not shownis 25 which include temperature dependent scattering terms.
in between the two plotted curves. These cause #(t) to increase as one goes to lower tempera-

The scattering rate #(T), Eq.(9), consists of two terms, ture at the low-temperature end. Singd) is not measured
a temperature independent term, controlled by the residualirectly, but extracted from the conductivity spectrum, which
electron scattering rate, and a term controlled by a temperan turn has been obtained from’ (T), which is based on
ture dependent scattering rate. Cleaner specirt@nallerr  direct measurements of the real part of the surface imped-
valueg have a smaller scattering rate than dirtier specimengnceR, this discrepancy remains an open question. How-
(larger damping term ** Below 20 K all values ofr(r) are  ever, the observed functional behavior of(I) is justified
practically temperature independent for all reasonablal-  theoretically?? by Matthiessen’s rule. A consequence of the
ues, since in this temperature ranget°g(t). In particular, |atter result is that the real part of the conductivity(T)
we find forr=0.005, no noteworthy variation below 22 K. varies asT at low temperatures, while the result of Ref. 25
ThiS, however, contradicts the results shown in Flg 8 of Refleads to aT2 dependence at low temperatures_

The solid lines in Fig. 7 are semilogarithmic plots of

R L / o’ (T) ando”(T), calculated from Eq410) and(11) at 75.3
0.164 um GHz. When using Eq(12) to calculateo’ (T) at 75.3 GHz,
) =2.7x10° S/m : z the measured resistance has to be interpreted as the sum of
=9; r=0.005 : R«(T)+R,. It then follows from Eq.(12) that

2 kL e
AMO) =
Gdc(Tc
E)D/Tc
_2(R(M)+Ry)
(0ue)*\3(T)

The dashed line in Fig. 7 ig’(T) calculated from Eq(16)
! ; and the experimental points are those shown also in Fig. 4. It
: is obvious that the latter do not represent the true real part of
\ the intrinsic conductivity. For the experimefits on
£+ 153 YBa,Cu;0,_; the deviation of the measured from the true
: o'(T) at 75.3 GHz is relatively small, but for
Bi,Sr,CaCyOg (Refs. 41-43 and ThBa,CuQ;, 5 (Ref. 44
; the deviations from the true-’(T) are quite appreciable.
20 30 40 Sincew7(0)=8.7 at 75.3 GHz, the contribution of the term
TEMPERATURE [K] w7(T)o'(T) to o”"(T) [Eq. (11)] is appreciably below 46 K
FIG. 6. Scattering rate of the quasiparticles corresponding to th&nd cannot be completely ignored.
conductivity spectrum of above figure calculated from &j.with Figure 8 shows a linear plot s andX; at 75.3 GHz for
r+gt® and the latter term replaced by-t>3 Ther +t° curve(not ~ temperatures above 80 K, and Fig. 9 shd®6T) below 80
shown is in between the two plotted curves. The experimentalK. The reactanceXg is calculated from Eq(2) with Egs.
points are from Fig. 8 of Ref. 21. (9)—-(11). X, has a peak just beloW,, more noticeable for

r+g'(5

o' (T) (16)

[1 /r(T)]>:10'11 [s7']

0 10
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ments under consideratitrwr<1 for 1.14 and 2.25 GHz at
all temperatures, while for 13.4, 22.7, and 75.3 Ghiz;
<1 above 27, 33.5, and 45.8 K, respectively, while at lower
temperatureso7>1.

Figure 9 is a linear plot dRy(T) at 75.3 GHz below 80 K.
The experimental points are from the Vancouver group. The
large peak and valley which exist at low frequences disap-
pear at the higher frequences and approach an inflection
point with a horizontal tangent near but above 75.3 GHz. For
higher frequences the inflection point with the horizontal tan-
gent disappears completely aRd(T) should show a resis-
tive transition which is similaralthough not the sameo
those which are observed on heavily doped specimens at
lower frequences.

We find the following: At low temperatures the normal
state dc resistivity varies approximately &3. This is also
the dominant temperature term controlling- (), Rs, and
o’ (T) of YBa,CuzO;_ 4 at the low-temperature end. We as-
sume that the residual scattering rate duetds constant
over the whole temperature interval. From the good agree-
ment of the primary experimental datawith the present

GHz. The experimental data are from the Vancouver group. Notenodel calculations, shown in Figs. 2—4, obtained from Eq.

the peak inX4(T) below T, and the splitting ofX4(T) and R¢(T)

aboveT,.

the higher frequencies, and is split frdRg aboveT.. When

(1) with Egs.(9)—(11), this assumption appears to be correct,
at least to first order, indicating that electron-phonon interac-
tions are an important mechanism in highsuperconduct-
ors, at least that part of the mechanism which relates to the

the conduction current is dominant over the displacemenguasiparticle part of the electron fluid. We carried over un-

current one usually assumes thi=X;. However, it fol-

lows from Egs.(1) and(2) that aboveT,

0.01
0.000F oo ................... ................ ..................
0.008F - = us ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
: 6,(T) = 2.7x10° 5/m

0.007}

S.0.006} -

o

-

0.003

0.001

E"b_oo"_ ................... .................. .................. ...................

X 1+ wr(T)
== ViTo T (17)
Rs 1-wr(T)

Although aboveT .. the value ofwr<1 for <100 GHz,
it is not necessarily true thabr can be completely ne-

glected. A consequence is that+# X aboveT., as is ob-
served by experimentson TLBa,CuQs. 5. For the experi-

A(0) = 0.164 um i o
609900609

0 20 40 60 80
TEMPERATURE T [K]

changed the normal state scattering rigeg. (9)] into the
superconducting state dsis decreased through.. This is

not in conflict with the surface resistance experiments. There
is a sharp discontinuity of the theoretical slopeRafand o’

at T, without introducing an abrupt change#(T) at T, (see
Figs. 7 and &

In conclusion, we have tested a mddéf which de-
scribes correctly the essential features and numerical values
of the microwave surface resistance measurerfieria
YBa,Cu;0;_s. TheR, value obtained from the extrapolated
experimental data is subtracted from the meas®Rgg{(T)
data in order to obtain the intrinsR4(T) value. Except for
the 75.3 GHz results, the contribution B t0 Ry, was
neglected. Increasing the residual resistivitlye resistivity
ratior) decreases the slope Bf at the low-temperature end
at low frequences and reduces the microwave losses of
YBa,Cuz0;_5. At low temperaturesRg increases linearly
with temperature due to a linear change[af(t)] 2 with
temperature and a constant electron scattering rate. The em-
pirical temperature dependence [0f(t)] 2, which is used
here, is distinct from the empirical-1t* dependence, usu-
ally accepted for classical superconductors. Equati@ is
a fit to the observed (t) which is justified as being due to
d-wave*?® superconductivity. The maximum of’(t) is
caused by an effective Gmeisen temperature dependent
electron scattering rate, a gradual freezing out of the quasi-
particles, and a remaining residual resistiyityasT—0 K.

The peak ofc’(t) of a clean specimen of YB&u;O;_5 is
decreased and shifted to higher temperatures when the fre-
quency and the residual resistivity are independently in-

FIG. 9. Resistanc®¢(T) below 80 K at 75.3 GHz. The experi- Creased. New theoretical investigations of possible scattering
mental data are from the Vancouver group. Note the offset resishechanisms below 20 K within the framework dfwave
tanceR,, the slope ofRy(T) at low temperatures, and the small models have been initiated very recerffiy®

difference

inRs(T) between the peak and the valley.

The present two-fluid analysis is limited to the experi-
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ments of Ref. 21. A global analysis of other experiments orwhether the extrapolated resistaiRg ) is of fundamental

YBCO (Ref. 18 and other cupraté$*4?44 js in
preparatiorf’ Hopefully, the present and futuf€ analyses
will be a helpful guide for investigations of high: super-
conductors from a microscopic point of view. Topics which

nature or not, and an investigation efT) near and above

T..

The author thanks D. A. Bonn for permission to use the
original data points of the Vancouver group in the figures

require further investigations are the temperature dependene@d M. R. Trunin for very constructive suggestions and dis-

of N(T) of high-T, superconductors, an explanation of

cussions.
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