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Microwave surface impedance of YBa2Cu3O6.99: Comparison of theory and experiment
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Surface resistance experiments by the Vancouver group on very high quality single crystals of YBa2Cu3O6.99

are compared with a model proposed by Truninet al. 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 conductivitys8(T) 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 Gru¨neisenT dependent intrinsic resistivity at low temperatures.
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Understanding microwave losses in cuprate supercond
ors is important in advancing a unified picture of high-Tc
superconductors. Many experiments1–18 have been per-
formed on YBa2Cu3O72d as the quality and purity of the
crystals has been evolving over the years. Films used
cently by Hensen, Rieck and co-workers19,20 and crystals by
the Vancouver group21 appear to be of the highest qualit
We shall make a comparison of the latest experiments21 on
YBa2Cu3O6.99 ~YBCO! with a model proposed by Trunin
et al.16 and the author.22 It should, however, be remembere
that other authors have introduced and studiedd-wave
pairing,23–26 anisotropic s-wave mechanisms,27 proximity
coupling between superconducting CuO2 planes with every
other layer normal,28 a nested Fermi-liquid surface,29 an en-
ergy gap,30 and two-fluid models31 and their consequence
on the microwave conductivitys5s82 is9. They found
reasonable success in describing the data of the surfac
sistanceRs(v,T) and of the penetration depthl(T), over
moderate temperature and frequency intervals (v52p f ).

Measurements show that the penetration depthl(T) of
high quality crystals of YBa2Cu3O72d has a predominantly
linear temperature dependence in theab plane at low tem-
peratures. Crystals of lesser qualities do not show the s
temperature dependence at low temperatures. It is intere
to note that YBa2Cu3O72d is anisotropic. Measurements9,10

with currents flowing parallel to thea, b, andc directions are
described by different parametersl(0), sdc(Tc), etc. Mea-
surements of the surface resistanceRs in the ab plane with
currents along thea direction21 at 1.14, 2.25, 13.4, 22.7, an
75.3 GHz show also a linear temperature dependence at
temperatures. The extrapolated resistanceR0 to 0 K seems to
be small for frequences below 22.7 GHz for the Vancou
crystals21 and is neglected in the present investigations. T
author estimatesR0 to be smaller than or approximate
equal to 102253 f 2 V. Although explicit microscopic calcu
lations25–29have been published which contain many of t
qualitative features which are reported here, we shall sho
what extent the microwave surface resistance measurem
are compatible with the paradigm of Truninet al.16 and the
author.22

The real part of the surface impedance Re@Zs#5Rs is a
measure of the microwave power absorbed. With the de
tion s[(s8/s9)2 the real and imaginary parts ofZs are
PRB 610163-1829/2000/61~9!/6346~6!/$15.00
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2s9
AA11s21

11s
, ~1!

Xs5Avm0

2s9
AA11s11

11s
. ~2!

Below Tc the density of the quasiparticlesnn(t) decreases
while the superelectron densityns(t) increases, conserving
the total number of electronsn:

nn~ t !

n
512

ns~ t !

n
512S l~0!

l~ t ! D
2

, ~3!

wheret5T/Tc andl2(t)5m/m0e2ns(t).
In the normal state, just aboveTc , the conductivity is

s5s82 is95sdc

12 ivt

11~vt!2
. ~4!

By Matthiessen’s rule, the resistivity of a metal at lo
temperatures consists of two terms:~1! the residual, which is
due to electron scattering by impurities, and~2! the intrinsic,
which depends on the thermal motion of the lattice and
limited to small angle scattering of the electrons. We ap
Matthiessen’s rule to YBa2Cu3O72d . The first term is tem-
perature independent.32 The second term is a function o
temperature and is governed at all temperatures by the G¨n-
eisen formula33 r i}TG(QD /T), where QD is the Debye
temperature and

G~QD /T!5~QD /T!24E
0

QD /T x5dx

~ex21!~12e2x!
. ~5!

Thus, we write for the resistivity

rdc~ t !5r r1r i~1!t5g~ t !, ~6!

where

g~ t !5 f S QD

Tc

1

t D Y f S QD

Tc
D , ~7!
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with f (QD /T) being the integral in Eq.~5!. We definer r
andr i(1) as the inherent residual and intrinsic resistivitie
the latter at t5 1. It is then appropriate to replacesdc in Eq.
~4! below Tc by

sdc~ t !⇒nn~ t !

n

1

r r1r i~1!t5g~ t !
5

nn~ t !e2t~ t !

m
. ~8!

We define a resistivity ratior 5r r /r i(1) with 1/r i(1)
5s i(1)5sdc(Tc)(r 11). The electron scattering time fo
lows from Eq.~8!,

t~ t !5
m0l2~0!sdc~Tc!~r 11!

r 1t5g~ t !
, ~9!

and the conductivitys5s82 is9 below Tc is

s8~ t !5sdc~Tc!S nn~ t !/n

r 1t5g~ t !
D r 11

11@vt~ t !#2
, ~10!

s9~ t !5@vm0l2~ t !#211vt~ t !s8~ t !. ~11!

The term @vm0l2(t)#215ns(t)e
2/mv arises from the

superelectrons34 and is the dominant term in Eq.~11! at low
temperatures providedvt,1. Whens5(s8/s9)2!1, Eq.
~1! reduces to

Rs'
1

2
Avm0

s8

~s9!3/2
. ~12!

The latter equation is often used to interpret experime
results. In order to calculateRs from Eq. ~1! or ~12! as a
function of temperature,l(t) and other parameters have
be known. Measurements shown in Fig. 3 of Hosseiniet al.21

display the temperature dependence of@l(0)/l(t)#2 in the
ab plane with currents parallel to thea direction of

FIG. 1. Plot of Eq. ~13! showing the fit to the empirica
@l(0)/l(t)#2 as a function of temperature. The experimental poi
are from Ref. 21, Fig. 3.
,

al

YBa2Cu3O72d . The author fitted the latter data21 with a
50.471 to the following approximate equation, shown
Fig. 1:

@l~0!/l~ t !#2'12at2~12a!t6. ~13!

The slope ofRs in the ab plane asT→0 K is

dRs

dT
5

1

2

v2m0
2

Tc

a

r

l3~0!sdc~Tc!~r 11!

11@vt~0!#2
, ~14!

andnn(t)/n5at1(12a)t6 in Eq. ~10!. It should be remem-
bered that Eq.~13! is empirical andnn(t)/n is probably
sample dependent to a certain degree.

s

FIG. 2. Linear plot of resistanceRs(T)/v2 as a function of
temperature for five experimental frequencies calculated from
~1!. The experimental points are from Ref. 21, Fig. 2. We putR0

50.2 mV for 75.3 GHz, zero for all other frequences.

FIG. 3. Semilogarithmic plot of resistanceRs(T) as a function
of temperature for 1.14, 2.25, 13.4, 22.7, and 75.3 GHz withR0

50 for all frequencies except for 75.3 GHz.Rs is calculated from
Eq. ~1!. The points are from Ref. 21, Fig. 1. The experimentalRs

value, extrapolated to 0 K, is 0.2 mV at 75.3 GHz.
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Equations~14! and ~10! show thatRs and s8 increase
linearly with t at low temperatures and the slopes are prop
tional to a(111/r ), provided that@vt(0)#2!1. This is a
consequence of the linear increase of the quasiparticles
temperature near absolute zero. However, if@vt(0)#2@1,
the slope ofRs near 0 K is proportional toa/(111/r ) which
changes considerably the slope ofRs ands8 with frequency.
This important feature distinguishes YBa2Cu3O72d from
classical low-temperature superconductors. Equation~10! is
also valid for t.1 if one realizes that aboveTc the term
nn(t)/n in Eq. ~10! has to be replaced by 1. Equation~9! is
valid above and belowTc , andRs can be calculated readil
from Eq. ~1! with ns(t)Þ0 belowTc andns50 aboveTc .
The slopes ofRs and ofs8 are discontinuous atTc , neglect-
ing fluctuation effects.35–38

The rf skin depthd is

d5@m0p f s9~A11s11!#21/2. ~15!

Over most of the superconducting temperature interval
low Tc the value ofs!1 and, consequently,d(t)'l(t).
Above Tc , provided that the value ofs@1, the skin depth
d5(m0p f s8)21/2.

The following results were calculated from Eq.~1! with
Eqs. ~9!–~11! with Tc590 K, QD59Tc , sdc(Tc)52.7
3106 S/m, r 5r r /r i(Tc)50.005, and l(0)50.164 mm.
Thesdc(Tc) value was estimated from the conductivity da
Fig. 4, of Hosseiniet al.21 nearTc . From the low-frequency
slope ofRs at low temperatures, Eq.~14!, the ratiol3(0)/r
is estimated. TheQD value is consistent with Ref. 39. Ther
value should be interpreted as a relative measure of elec
scattering attributed to the impurity content. Although t
crystal was cleaved and smaller pieces were used at
higher frequencies, the same parameters for all frequen
and temperatures were used in order to see whether o
consistent frequency and temperature patterns emerge.

FIG. 4. Linear plot of the real part of the conductivitys8 as a
function of temperature, calculated from Eq.~10! for the five ex-
perimental frequencies. The points are from Fig. 4 of Ref. 21
where obtained courtesy of the Vancouver group~D. A. Bonn!.
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One can see from Fig. 1 of the Vanvouver data21 ~present
Fig. 3! that whenRs is extrapolated to 0 K for the 75.3 GH
data, a finite resistanceR0 is obtained. This resistance i
different in nature from the residual resistivity denoted he
by r r . It is not clear what the origin ofR0 is except that its
imprint on the measurements is different from that of t
residual resistivityr r . Perhaps a small number of extraneo
impurity carriers remained nearT50 K, or perhaps a uni-
versal conductivity limit is reached asT→0 K.24 We neglect
in the following figuresR0 for YBa2Cu3O72d , except for the
75.3 GHz experimental data which we interpreted as be
Rs(T)1R0 with R0'0.2 mV.

Figure 2 shows a linear plot ofRs(T)/v2 with the above
chosen values ofl(0), Tc , QD , r, and sdc(Tc) for five
experimental frequences. The experimental points are f
Fig. 2 of Hosseiniet al. 21 and theRs(T) values are calcu-
lated from Eq.~1! with Eqs.~9!–~11!. There is a pronounced
peak at the lower temperatures, in particular for the low
frequences. By dividing byv2, the contribution ofR0 to the
75.3 GHz data becomes insignificant in the latter figure.

Figure 3 is a semilogarithmic plot ofRs(T), correspond-
ing to Fig. 1 of Hosseiniet al.21 with the same frequencies a
shown in the above figure. The theoretical curves are ca
lated from Eq.~1! with Eqs.~9!–~11!, neglectingR0 except
for 75.3 GHz. The fit at high frequences (75.3 GHz! is con-
siderably better whenR0'0.2 mV is added toRs(T). Near
Tc the resistance changes by several orders of magnitud
particular for the lower frequencies, has a discontinuity
the slope atTc , and increases quasilinearly aboveTc . The
discontinuity is caused by assuming that only normal el
trons exist aboveTc , while the experimental data show
‘‘rounding,’’ probably due to fluctuations,35,36 foreshadow-
ing the superconducting state. The agreement of the calc
tions with the experiments is very good overall, above a
below Tc .

Figure 4 shows the real part of the conductivitys8(T)
calculated from Eq.~10!. The experimentally extracted
points are from Fig. 4 of Hosseiniet al.21 and were calcu-
lated by the Vancouver group using their Eq.~3.5!. The
11(vt)2 term is responsible for depressings8 at higher
frequencies and shifting the maximum to higher tempe
tures. The slope ofs8 is discontinuous atTc . This disconti-
nuity is not related to the peak ins8 some experimenters
obtain1,15,21,36 when extractings8 from Rs measurements
nearTc .

Figure 5 is the conductivity spectrum calculated from E
~10! with Eq. ~9! for various constant temperatures with th
above-stated parameters. As found by Hosseiniet al.,21 be-
low 25 K the spectrum is approximately Drude-like for th
thermally excited quasiparticles with a narrow peak at l
frequencies, corresponding to a low-pass filter. Figure
should be compared with Figs. 5 and 6 of Ref. 21. From s
a plot Hosseiniet al.21 extracted the scattering rate 1/t(T)
which is shown in Fig. 6 and is compared to that calcula
from Eq. ~9! with the above parameters. Below 25 K th
numerical values agree very closely. Above 25 K they de
ate slightly ~probably within experimental error!. However,
the overall shape is very similar. At this point it should b
mentioned that aTn dependence of 1/t(T) with n between 4
and 5 was proposed previously by Yuet al.40 and also a
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r 1t 5 dependence by Truninet al.15 The latter~not shown! is
in between the two plotted curves.

The scattering rate 1/t(T), Eq. ~9!, consists of two terms
a temperature independent term, controlled by the resid
electron scattering rate, and a term controlled by a temp
ture dependent scattering rate. Cleaner specimens~smallerr
values! have a smaller scattering rate than dirtier specim
~larger damping term!. 22 Below 20 K all values oft(r ) are
practically temperature independent for all reasonabler val-
ues, since in this temperature ranger @t5g(t). In particular,
we find for r 50.005, no noteworthy variation below 22 K
This, however, contradicts the results shown in Fig. 8 of R

FIG. 5. Conductivity spectrum calculated from Eq.~10! for vari-
ous fixed temperatures. Compare this plot to Figs. 5 and 6 of
21.

FIG. 6. Scattering rate of the quasiparticles corresponding to
conductivity spectrum of above figure calculated from Eq.~9! with
r 1gt5 and the latter term replaced byr 1t5.3. The r 1t5 curve~not
shown! is in between the two plotted curves. The experimen
points are from Fig. 8 of Ref. 21.
al
a-

s

f.

25 which include temperature dependent scattering ter
These cause 1/t(t) to increase as one goes to lower tempe
ture at the low-temperature end. Sincet(T) is not measured
directly, but extracted from the conductivity spectrum, whi
in turn has been obtained froms8(T), which is based on
direct measurements of the real part of the surface imp
anceRs , this discrepancy remains an open question. Ho
ever, the observed functional behavior of 1/t(T) is justified
theoretically22 by Matthiessen’s rule. A consequence of t
latter result is that the real part of the conductivitys8(T)
varies asT at low temperatures, while the result of Ref. 2
leads to aT2 dependence at low temperatures.

The solid lines in Fig. 7 are semilogarithmic plots
s8(T) ands9(T), calculated from Eqs.~10! and~11! at 75.3
GHz. When using Eq.~12! to calculates8(T) at 75.3 GHz,
the measured resistance has to be interpreted as the su
Rs(T)1R0. It then follows from Eq.~12! that

s8~T!5
2~Rs~T!1R0!

~vm0!2l3~T!
. ~16!

The dashed line in Fig. 7 iss8(T) calculated from Eq.~16!
and the experimental points are those shown also in Fig.
is obvious that the latter do not represent the true real pa
the intrinsic conductivity. For the experiments21 on
YBa2Cu3O72d the deviation of the measured from the tru
s8(T) at 75.3 GHz is relatively small, but fo
Bi2Sr2CaCu2O8 ~Refs. 41–43! and Tl2Ba2CuO61d ~Ref. 44!
the deviations from the trues8(T) are quite appreciable
Sincevt(0)58.7 at 75.3 GHz, the contribution of the term
vt(T)s8(T) to s9(T) @Eq. ~11!# is appreciably below 46 K
and cannot be completely ignored.

Figure 8 shows a linear plot ofRs andXs at 75.3 GHz for
temperatures above 80 K, and Fig. 9 showsRs(T) below 80
K. The reactanceXs is calculated from Eq.~2! with Eqs.
~9!–~11!. Xs has a peak just belowTc , more noticeable for

f.

e

l

FIG. 7. Real and imaginary parts of the conductivity,s8 ands9,
as a function of temperature at 75.3 GHz. The dashed line is
tained from Eq.~16! with R050.2 mV. The experimental points
are those shown in Fig. 4 obtained from the Vancouver group.
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6350 PRB 61HERMAN J. FINK
the higher frequencies, and is split fromRs aboveTc . When
the conduction current is dominant over the displacem
current one usually assumes thatRs5Xs . However, it fol-
lows from Eqs.~1! and ~2! that aboveTc

Xs

Rs
'A11vt~T!

12vt~T!
. ~17!

Although aboveTc the value ofvt!1 for f ,100 GHz,
it is not necessarily true thatvt can be completely ne
glected. A consequence is thatRsÞXs aboveTc , as is ob-
served by experiments36 on Tl2Ba2CuO61d . For the experi-

FIG. 8. ReactanceXs(T) and resistanceRs(T) nearTc for 75.3
GHz. The experimental data are from the Vancouver group. N
the peak inXs(T) below Tc and the splitting ofXs(T) andRs(T)
aboveTc .

FIG. 9. ResistanceRs(T) below 80 K at 75.3 GHz. The experi
mental data are from the Vancouver group. Note the offset re
tanceR0, the slope ofRs(T) at low temperatures, and the sma
difference inRs(T) between the peak and the valley.
nt

ments under consideration21 vt,1 for 1.14 and 2.25 GHz a
all temperatures, while for 13.4, 22.7, and 75.3 GHz,vt
,1 above 27, 33.5, and 45.8 K, respectively, while at low
temperaturesvt.1.

Figure 9 is a linear plot ofRs(T) at 75.3 GHz below 80 K.
The experimental points are from the Vancouver group. T
large peak and valley which exist at low frequences dis
pear at the higher frequences and approach an inflec
point with a horizontal tangent near but above 75.3 GHz.
higher frequences the inflection point with the horizontal ta
gent disappears completely andRs(T) should show a resis
tive transition which is similar~although not the same! to
those which are observed on heavily doped specimen
lower frequences.3

We find the following: At low temperatures the norm
state dc resistivity varies approximately asT5. This is also
the dominant temperature term controlling 1/t(T), Rs , and
s8(T) of YBa2Cu3O72d at the low-temperature end. We a
sume that the residual scattering rate due tor r is constant
over the whole temperature interval. From the good agr
ment of the primary experimental data21 with the present
model calculations, shown in Figs. 2–4, obtained from E
~1! with Eqs.~9!–~11!, this assumption appears to be corre
at least to first order, indicating that electron-phonon inter
tions are an important mechanism in high-Tc superconduct-
ors, at least that part of the mechanism which relates to
quasiparticle part of the electron fluid. We carried over u
changed the normal state scattering rate@Eq. ~9!# into the
superconducting state asT is decreased throughTc . This is
not in conflict with the surface resistance experiments. Th
is a sharp discontinuity of the theoretical slope ofRs ands8
at Tc without introducing an abrupt change int(T) at Tc ~see
Figs. 7 and 8!.

In conclusion, we have tested a model16,22 which de-
scribes correctly the essential features and numerical va
of the microwave surface resistance measurements21 of
YBa2Cu3O72d . TheR0 value obtained from the extrapolate
experimental data is subtracted from the measuredRexpt(T)
data in order to obtain the intrinsicRs(T) value. Except for
the 75.3 GHz results, the contribution ofR0 to Rexpt was
neglected. Increasing the residual resistivity~the resistivity
ratio r ) decreases the slope ofRs at the low-temperature en
at low frequences and reduces the microwave losses
YBa2Cu3O72d . At low temperatures,Rs increases linearly
with temperature due to a linear change of@l(t)#22 with
temperature and a constant electron scattering rate. The
pirical temperature dependence of@l(t)#22, which is used
here, is distinct from the empirical 12t4 dependence, usu
ally accepted for classical superconductors. Equation~13! is
a fit to the observedl(t) which is justified as being due to
d-wave24,26 superconductivity. The maximum ofs8(t) is
caused by an effective Gru¨neisen temperature depende
electron scattering rate, a gradual freezing out of the qu
particles, and a remaining residual resistivityr r asT→0 K.
The peak ofs8(t) of a clean specimen of YBa2Cu3O72d is
decreased and shifted to higher temperatures when the
quency and the residual resistivity are independently
creased. New theoretical investigations of possible scatte
mechanisms below 20 K within the framework ofd-wave
models have been initiated very recently.45,46

The present two-fluid analysis is limited to the expe

te
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ments of Ref. 21. A global analysis of other experiments
YBCO ~Ref. 18! and other cuprates16,41,42,44 is in
preparation.47 Hopefully, the present and future47 analyses
will be a helpful guide for investigations of high-Tc super-
conductors from a microscopic point of view. Topics whi
require further investigations are the temperature depend
of l(T) of high-Tc superconductors, an explanation
.
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whether the extrapolated resistanceR0(v) is of fundamental
nature or not, and an investigation oft(T) near and above
Tc .

The author thanks D. A. Bonn for permission to use t
original data points of the Vancouver group in the figur
and M. R. Trunin for very constructive suggestions and d
cussions.
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33E. Grüneisen, Ann. Phys.~Leipzig! 16, 530 ~1933!.
34T. Van Duzer and C. W. Turner,Principles of Superconductive

Devices and Circuits~Elsevier, New York, 1981!, p. 126.
35L. G. Aslamasov and A. I. Larkin, Phys. Lett.26A, 238 ~1968!.
36J. R. Waldram, D. M. Broun, D. C. Morgan, R. Ormeno, and

Porch, Phys. Rev. B59, 1528~1999!.
37S. M. Anlage, J. Mao, J. C. Booth, Dong Ho Wu, and J. L. Pe

Phys. Rev. B53, 2792~1996!.
38J. C. Booth, Dong Ho Wu, S. B. Qadri, E. F. Skeleton, M.

Osofsky, A. Pique´, and S. M. Anlage, Phys. Rev. Lett.77, 4438
~1996!.

39R. Aoki, K. Sakai, H. Murakami, T. Nakamura, H. Kawaji, an
M. Itoh, Physica C185–189, 1065~1991!.

40R. C. Yu, M. B. Salamon, Jian Ping Lu, and W. C. Lee, Ph
Rev. Lett.69, 1431~1992!.

41S.-F. Lee, D. C. Morgan, R. J. Ormeno, D. M. Broun, R.
Doyle, J. R. Waldram, and K. Kadowaki, Phys. Rev. Lett.77,
735 ~1996!.

42T. Jacobs, S. Sridhar, Q. Li, G. D. Gu, and N. Koshizuka, Ph
Rev. Lett.75, 4516~1995!.

43H. J. Fink and M. R. Trunin, Physica B~to be published!.
44D. M. Broun, D. C. Morgan, R. J. Ormeno, S. F. Lee, A. W

Tyler, A. P. Mackenzie, and J. R. Waldram, Phys. Rev. Lett.77,
735 ~1996!.

45M. H. Hettler and P. J. Hirschfeld, cond-mat/9907150~unpub-
lished!.

46A. J. Berlinsky, D. A. Bonn, R. Harris, and C. Kallin
cond-mat/9908159~unpublished!.

47M. R. Trunin, Yu. A. Nefyodov, and H. J. Fink
cond-mat/9911211~unpublished!.


