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We present a new technique to measure the complex surface impedance of the mixed state of 
superconducting thin films over the broad frequency range 45 MHz-20 GHz. The surface 
impedance is extracted from measurements of the complex reflection coefficient made on the film 
using a vector network analyzer. The technique takes advantage of a special geometry in which the 
self-fields from currents flowing in the film are everywhere parallel to the film surface, making it an 
ideal configuration in which to study vortex dynamics in superconductors. The broadband nature of 
the measurement system allows us to explore a region of magnetic field-temperature-frequency 
parameter space of superconductors previously inaccessible with other measurement techniques. 
The power of the technique is illustrated by measurements on thin films of the high temperature 
superconductor YBa,Cu,07 _ 8 

I. INTRODUCTION 

Microwave surface impedance measurements provide a 
powerful tool for studying the electrodynamic properties of 
conductors and dielectrics. A compelling subject for such 
measurements is the mixed state of type II superconductors, 
where the motion of quantized magnetic vortices is of inter- 
est for both practical and fundamental reasons. Surface im- 
pedance measurements of superconductors carried out over a 
broad range of experimental parameters (such as tempera- 
ture, magnetic field strength, current density, and frequency) 
can yield a great deal of valuable information about vortex 
dynamics in superconductors and aid considerably in the de- 
velopment of a complete theory of vortex motion. The tech- 
nique we describe here has been developed specifically for 
the measurement of vortex dynamics at microwave frequen- 
cies, although the method is applicable to a variety of other 
systems. 

The information obtained from microwave measure- 
ments about vortex motion is important for many technologi- 
cal applications of superconductivity, as well as for funda- 
mental reasons. Surface impedance measurements can, for 
example, be used to characterize the pinning forces and ac- 
tivation barriers which prevent dissipative vortex motion in 
both rf and dc applications of superconductivity. Of funda- 
mental interest is the question of what general laws govern 
vortex motion in superconductors. For instance, it is not clear 
if single particle phenomenological models’P2 can adequately 
describe vortex motion at microwave frequencies. Alterna- 
tive theories of vortex motion predict the existence of vortex 
core excitations and unusual optical activity,3 which should 
be observable in surface impedance measurements. In addi- 
tion, the search for collective properties of the vortex state, 
such as phase transitions between a glassy and liquid state,” 
also provide motivation for a careful study of vortex dynam- 
ics in superconductors using high frequency techniques. 

Most conventional microwave measurements of the sur- 
face impedance rely on resonance methods, in which the 
sample forms all or part of a resonant structure.5-7 While 

such techniques can potentially provide a very sensitive 
means of studying the surface impedance as a function of 
temperature or magnetic field, they are necessarily limited to 
at most a few discrete frequency points, and therefore cannot 
provide much information on how the surface impedance 
varies with frequency. The inability of resonance techniques 
to measure any frequency dependence can be a serious draw- 
back when interpreting experimental results on vortex dy- 
namics since it is often possible to describe results obtained 
at a single frequency by an uninformative parametrization of 
the data. The behavior of the system at many different fre- 
quencies will provide a much more stringent test of any theo- 
retical model. More broadband techniques, such as wave- 
guide transmission measurements,8*9 can be applied to 
investigate the frequency dependence of the vortex state, but 
such measurements are still limited to the operating fre- 
quency range of the waveguide used, and have the disadvan- 
tage that it can be quite difficult to extract the surface im- 
pedance from the experimentally measured quantities.” 

In this paper we describe a new nonresonant experimen- 
tal technique which extends the measurement of the surface 
impedance of superconducting thin films to arbitrary fre- 
quencies in the rf and microwave range (45 MHz-20 GHz). 
Measurements at lower frequencies can be accomplished us- 
ing other methods.“-‘3 Our technique employs a vector net- 
work analyzer to measure the complex reflection coefficient 
(S,,) of a thin film which forms and electrical short across 
the end of a coaxial cable. Once the complex reflection co- 
efficient is measured, standard transmission line theory is 
used to extract the complex surface impedance of the film 
from Sl 1 . The measurement also takes advantage of a special 
geometry in which the sample forms a thin disc between the 
inner and outer conductors of the coaxial cable (see Fig. I, 
inset). The use of such a measurement geometry-also re- 
ferred to as a Corbino disk14 geometry-means that currents 
in the film flow in the radial direction, producing magnetic 
fields only in the azimuthal direction, everywhere parallel to 
the surface of the film. The effects of the edges of the film 
are therefore effectively eliminated in the Corbino geometry 
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FIG. 1. Schematic diagram of reflection measurement apparatus. The co- 
axial cable can also be biased with an external dc current. Inset: diagram 
showing gold contacts as evaporated on the superconducting film. A pres- 
sure contact is made between the contacts and the coaxial transmission line. 

(compare with a rectangular or microbridge geometry, where 
self fields due to the current can be perpendicular to the film 
surface, particularly at the edges). This geometry is particu- 
larly beneficial when studying vortex dynamics, since the 
sample edge contribution to the creation and/or pinningI of 
vortices has been eliminated. An additional advantage of our 
technique is that it allows for the surface impedance to be 
determined over a wide range of experimental parameters, 
including temperature, magnetic field, frequency, rf power, 
and dc bias current. 

This measurement technique developed out of the his- 
torical use of the Corbino geometry for dc transport 
measurements.14 Bluzer and collaborators” used the Corbino 
geometry to measure time-domain picosecond quasiparticle 
dynamics in zero field in low- and high- T, superconducting 
films. We have adapted their technique to the frequency do- 
main, and to the study of vortex dynamics and quasiparticle 
processes in superconductors. 

The details of our measurement of the experimentally 
relevant quantity, the reflection coefficient, are described in 
Sec. II below. The method by which the effective surface 
impedance (2:“) is extracted from the measured reflection 
coeacient is covered in Sec. III, while Sec. IV describes the 
necessary calibration procedures and discusses the errors in- 
volved with the measurement. ,Section V then demonstrates 
the usefulness and power of the technique by presenting a 
broad range of experimenfal data on the temperature, mag- 
netic field, and frequency dependence of Z:” of 
YBa,Cu,O,- s (YBCO) thin films. 

II. EXPERIMENTAL METHOD 

A detailed diagram of the coaxial cable/film interface is 
shown in Fig. 2. Gold contacts a few thousand angstroms 
thick are evaporated through a washer-shaped shadow mask 
to form inner and outer electrical contacts on the film (see 
inset, Fig. 1). The portion of the film exposed between the 
contacts forms the Corbino disc proper, the inner and outer 
diameters of which are approximately 0.020 and 0.066 in., 
respectively. Electrical contact is made to the inner and outer 
conductors of the coaxial cable through a modified micro- 
wave connector.” Direct contact is made between the outer 
conductor of the connector and the outer contact of the film, 
while contact is made between the inner contact of the Blm 
and the inner conductor of the cable by means of a small pin 
inserted into the connector center conductor. Contact is 
maintained as the temperature is changed by means of an 
aluminum pedestal and spring assembly which apply pres- 
sure to the backside of the substrate. Such a contact can 
reliably hold from room temperature to 4.2 K, although the 
contact resistance between the connector and the film 
changes somewhat over this large temperature range. These 
changes in contact resistance with temperature are small 
enough to be neglected over most temperature ranges of in- 
terest (for example, between 70 and 100 K, the change in the 
dc contact resistance is approximately 50 mfiltl, which is 
below the resolution limit of the microwave measurement). 

Figure 1 shows a schematic representation of our experi- In order to align the contacted film with the microwave 
mental configuration. The thin film under study is used to connector properly, a special alignment jig is used to position 
terminate a coaxial transmission line, and the complex re- the sample on the aluminum pedestal. Once the film is cor- 
flection coefficient S 1 1 is measured over the continuous fre- rectly positioned, the entire film/pedestal assembly16 is 
quency range 45 MHz-20 GHz using a Hewlett-Packard loaded into a copper housing (not shown in Figs. 1 and 2), 
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FIG. 2. Detailed view of thin film/connector interface, just prior to contact. 
Pressure is exerted on the aluminum pedestal by a spring in order to main- 
tain contact between the film and connector throughout the temperature 
range. 

HP8510C vector network analyzer. The network analyzer is 
operated in step sweep mode to ensure phase coherence at 
each frequency point. Related experimental techniques use 
reflection coefficient measurements to obtain the complex 
dielectric constant of liquids17,‘8 and solids’Y3” at room tem- 
perature. In our case, the dependence of the reflection coef- 
ficient on temperature, magnetic field, and frequency is of 
primary interest. 
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which also accepts the microwave connector, and ensures 
that the contacts on the film align with the connector as 
shown in Fig. 2. 

The sample is connected to the HP8510C network ana- 
lyzer by means of an 0.086 in. o.d. copper coaxial transmis- 
sion line,2” which supports onlyA the TEM mode up to 60 
GHz. For our magnetic field dependence study, the transmis- 
sion line must be approximateiy 3 m long in order to reach a 
Nb-Ti superconducting magnet (see Fig. 1). In this case, the 
attenuation due to such a long transmission line contributes 
to the upper limit of approximately 20 GHz on the highest 
measurable frequency of the measurement system. 

In the Corbino disk geometry the rf currents flow in the 
radial direction, and the rf current density in the film is pro- 
portional to lli-, where Y is the distance from the center of 
the Corbino ring. The rf current density also depends on the 
film thickness and the rf power supplied by the source 
(which may be varied from + 15. to -15 dBmj. As an ex- 
ample, for a 1000 A thick film and an applied rf power of 10 
dBm, and assuming the current density is uniform through- 
out the film thickness, the peak current density in the film is 
approximately 1X 10’ A/cm2. In most cases, the actual rf 
power at the sample is considerably less (due to attenuation 
in the coaxial cable), so that this current density may be 
considered to be an upper bound. 

In addition to measurements at rf and microwave fre- 
quencies, this technique also allows for 2-point dc measure- 
ments to be performed. A dc bias current is applied to the 
coaxial cable (see Fig. I), and the resulting voltage drop 
between the inner and outer conductors of the coaxial cable 
is measured at the location of the network analyzer (an rf 
choke internal to the HP8510C test set protects the high fre- 
quency detectors from the dc current). This ability to make 
dc measurements simultaneous with the high frequency mea- 
surements allows us to compare the high frequency response 
with the more conventional dc behavior. 

III. DATA ANALYSIS 

In order to interpret our experimental data on conduc- 
tors, it is necessary to extract the surface impedance 2, from 
our measurements of the reflection coefficient. The reflection 
coefficrent S,, is related to the load impedance Z, of the 
sample by the simple formula 

ZL -zo 

sll=z[T+zo ’ 
(1) 

where Z, is the characteristic impedance of the coaxial trans- 
mission line (assumed to be 50 fi and real). The reflection 
coefficient is therefore a complex, dimensionless quantity 
which measures the impedance mismatch between the trans- 
mission line and the load, and is bounded in magnitude be- 
tween 0 and 1. 

The load impedance ZL in Eq. (1) is the ratio of the total 
voltage across the Corbino disc to the total current flowing 
through the disc. This quantity depends on the dimensions of 
the Corbino disc, and assuming the presence of only the 
TEM mode, can be expressed in terms of the surface imped- 
ance Z, of the film as 

ZL==IYZs. (2) 

The scale factor l? in this expression simply relates the 
“ohmic” impedance Z,,=V/I, and the field impedance 
Z aeld=Er/H~ for the TEM mode in a coaxial system (here V 
and I represent the voltage and current, respectively, across 
the coaxial cable, while E,. and H6 represent the electric and 
mag 

Q 
-,ic fields, respectively, within the coaxial cable). The 

surfao impedance Z, of the film is simply the field imped- 
ante Zfield evaluated at the surface of the film. Fora coaxial 
system of inner radius a and outer radius b we obtain= I’~ 
=ln ibla)/2r. 

Once the reflection coefficient St1 of the sample has 
been measured, one can obtain the surface impedance simply 
from Eqs. (1) and (2). If the load impedance Z, of the 
sample is small compared to Z, (which is normally the case 
for conductors), then evaluation of the geometric factor l? 
(with 2u=5.08X10-4 m and 2b=1.68X10T3 m) yields the 
following approximate relationship between changes in the 
reflection coefficient and changes in the surface impedance: 

SIZ,I=(131.6 a) S/S,,(. (3) 

Our measurement resolution for changes in IS,,I at 1 GHz is 
approximately 0.0005, implying a resolution for changes in 
the surface impedance of approximately 66 ma at this fre- 
quency. 

For comparison, the surface impedance of a bulk metal- 
lic sample in the local limit is given by 

J ilu00 zy= - 
o- ’ (4) 

where a=l/$ is the conductivity of the material, which is, in 
general, complex (a=~,-ia2). For a numerical example, 
consider the superconductor YBazCu,O,-b (YBCO), which 
in the normal state just above T, has a resistivity p,--100 
,& cm. With a conductivity that is completely real, evalua- 
tion of Eq. (4) at a frequency of 1 GHz gives Z,-(lfi) 62.8 
ma, which is comparable in magnitude to the sensitivity 
limit of our measurement calculated above. This example 
illustrates the limited sensitivity of the measurement system 
for bulk metallic samples, and means that the effective sur- 
face impedance of our samples must be somehow enhanced, 
particularly in the superconducting state, for our technique to 
be useful. This is accomplished in practice by working with 
thin samples, where the measured surface impedance is in- 
creased due to finite film thickness effects.24-26 The use of 
thin films, combined with large external magnetic fields and 
temperatures near T,, provides more than adequate enhance- 
ment of the effective surface impedance for meaningful mea- 
surements with this technique. 

The effective surface impedance which one measures for 
a film of thickness to is given by 

Z;“=Z; coth(kto), (51’ 

where Zy is the surface impedance of a bulk sample [Eq. 
(4)], and k=(i~o~~)1’2 is the complex propagation con- 
stant in the film. [When the film is in the normal state, k = ( 1 
+ i)/S, where S is the normal metal skin depth; at tempera- 
tures much below T, the propagation constant reduces to 
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k- l/X, where X is the superconductor magnetic penetration 
depth.] The expression in Eq. (5) implicitly assumes that the 
fields are zero at the backside of the film. Note also that Eq. 
(5) reduces to the bulk expression when the film thickness 
t(J4cfx 

Equation (5) can often be further simplified when ap- 
plied to thin metallic or superconducting samples. If the ar- 
gument of the hyperbolic cotangent function is small (true 
when the film thickness toe@) we may approximate 
cothix) by l/x, and obtain the following remarkably simple 
expression for the effective surface impedance of a thin film, 
valid as long as Iklt,~l: 

q-L; (for [klt,41). (6) 

Using the normal state resistivity for YBCO given above, 
and a film thickness of to = 1000 A, Eq. (6) yields 2 iff- 10 fi 
in the normal state, just above T, . Thus, the effective surface 
resistance of a thin film is considerably enhanced relative to 
its infinite thickness value. In the superconducting state, 
when TbT, , the effective surface impedance is dominated 
by the kinetic inductance of the film: Z:ff-powX”(T)lto, 
which is enhanced by a factor A(T) compared to the bulk 
value in the same limit. 

Note that as a result of Eqs. (2) and (6) the measured 
quantity Zirr is directly related to the complex bulk resistivity 
ii of the sample, which is a fundamentally interesting quan- 
tity. Many theories of vortex dynamics give explicit expres- 
sions for p(B,T,ti), making comparisons between our ex- 
perimental data and theory straightforward. We believe that 
one of the main utilities of our technique is the fact that we 
can directly measure the bulk complex resistivity of a metal- 
lic or superconducting material. 

Yet another consequence of Eq. (6) is that in the normal 
state, where fi is completely real, we expect imag{Z~ff}-+O, 
in contrast to the bulk case, where imag{ZF} =real{ZF) in the 
normal state. These qualitative features can be seen in Figs. 
3(a) and 3(b), which show the temperature dependence of 
Zzrr of a YBCO thin film in zero applied magnetic field. This 
data will be discussed in more detail in Sec. V. 

IV. CALIBRATION AND ERROR ANALYSIS 

The expression for the retlection coefficient given by Eq. 
(1) is valid only if the measurement is performed directly at 
the location of the impedance discontinuity. In practice, the 
experimentally measured reflection coefficient will include 
effects due to the intervening transmission line, connectors, 
etc., which are necessary to perform a practical measure- 
ment. These effects become particularly important at higher 
frequencies, where the wavelength of the measurement sig- 
nal is much smaller than the dimensions of the system. In 
what follows we will first discuss the calibration procedures 
used to minimize the systematic errors involved in our mea- 
surement of the reflection coefficient. This will be followed 
by a description of the measurement errors, which include 
random errors and any remaining systematic errors resulting 
from an imperfect calibration. Finally, we will address the 
inlluence of the substrate on our measurement of Zi”. 
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FIG. 3. Temperature dependence of the (a) real and (b) imaginary parts of 
the effective surface impedance for a 1000 8, thick YBCO film at a fre- 
quency of 0.896 GHz. The solid lines represent a fit to a modified two-fuid 
model. Also shown is the temperature dependence of the dc sheet resistance 
(X’s) measured simuItaneously pith the rf data. 

A. Calibration 

Our measurement of the reflection coefficient SEtual is in 
practice corrupted by attenuation and multiple reflections in 
the coaxial cable system, as well as by errors in the detection 
apparatus. These effects can be accounted for and eliminated 
from the data by means of a set of calibrations applied to the 
measured reflection coefficient SEeas. A general expression 
for the measured reflection coefficient (S;‘,“““) in terms of the 
actual reflection coefficient (S~~t”a’) can be obtained using 
microwave network theory”’ and is given by 

actual 
S ~~=En+ ERSll 

actual . 
1 -EsS11 

(7) 

Here ED, E,? and Es are complex error coefficients that 
completely characterize the detection apparatus/transmission 
line system. The error coefficient ED is the directivity, which 
arises from the imperfect nature of the directional couplers in 
the test set of the network analyzer, and from reflections due 
to connectors in the system. These effects result in a small 
“leakage” of the signal from the source directly into the 
detectors, by-passing the load altogether. The effect of this 
error is easily seen by considering a reflectionless load 
(S;T*“‘=O) in Eq. (7), which shows that the measured reflec- 
tion coefficient is entirely due to the leakage signal in this 
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limit. We find that the value of ED has no systematic depen- 
dence on frequency, and has a magnitude bounded by ap- 
proximately 0.1 for the systems used here. 

The error term ER is called the reflection tracking, and 
corrects principally for the attenuation and phase delay intro- 
duced by the transmission line. For a system consisting of 
simply a load at the end of a transmission line of length 1, 
and for which ED and Es are zero, one would obtain 
Sll 

measze -2 yi actual 
Sll > where y is the complex propagation con- 

stant of the transmission line (r=a+i& where cy is the at- 
tenuation constant of the transmission line, and /? is the 
phase constant). Comparison with Eq. (7) shows that the 
error coefficient E, would be given by ER=e-2Y’ for this 
simple case. In practice, one finds that the frequency depen- 
dence of E, strongly resembles e-ay’, with a increasing 
roughly as o ‘12, and P=o/U~,,~~~, where vphase is the phase 
velocity in the transmission line. The magnitude of ER is 
close to 1 at low frequencies (indicating little attenuation), 
and decreases to approximately 0.1, at the high frequency 
limit of 20 GHz (which implies much stronger attenuation). 

The third error term Es is referred to as the source 
match, which arises due to the re-reflection of a portion of 
the signal at the measurement port, caused by the slight im- 
pedance mismatch between the detectors and the transmis- 
sion line. This re-reflected signal interferes with the incident 
signal at the load, adding a small error to the incident signal. 
Since the reflection coefficient is defined as the ratio of the 
reflected signal to the incident signal, this error will also 
affect the reflection coefficient. Like ED, the source match 
error coefficient shows no systematic dependence on fre- 
quency, and is also bounded in magnitude also by approxi- 
mately 0.1. 

The three error coefficients described above are all fre- 
quency dependent. It is possible to ascertain values for all 
three error coefficients at each frequency point of interest 
through a calibration procedure involving the measurement 
of three standards for which S$tua’ is known. As pointed out 
previously, by measuring a standard for which S~TfUa’=O, one 
can directly measure the error coefficient ED. In practice, 
one uses a standard short (S$““‘= -l), a standard open 
(S~T”“‘=+l), and a matched load (Si;cltual=O) to fully cali- 
brate the system, although one can in principle use as a stan- 
dard any load for which S$“’ vs frequency is known. Once 
values for all three error coefficients are obtained (at each 
frequency point of interest), Eq. (7) can be inverted to cal- 
culate S;;tua’ given SyF and ED, E, , and Es. This calibra- 
tion procedure involving the measurement of three known 
standards is performed at room temperature prior to every 
measurement. Since our measurement makes use of a modi- 
fied microwave connector to contact the sample, the calibra- 
tions are performed using this same connector, directly at the 
location of the sample. With an accurate calibration, the in- 
version of Eq. (7) should yield the actual reflection coeffi- 
cient of the load described by Eq. (1). 

6. Measurement errors 

above. Labeling this expression for S;itua’ as the corrected 
reflection coefficient Syt gives 

S correct _ (Sy-- ED) 
I1 -ER+ES(S~i=-ED) . W 

Any error in the experimentally determined reflection coef- 
ficient, ASgyt, is therefore a result of errors in the four 
experimentally measured quantities: AS??, AE, , AE,, 
and AE, . One obvious disadvantage of the need to perform 
the calibration described above is the propagation of errors. 
Instead of just one (complex) measured quantity, we now 
have four, each with its own associated uncertainty. 

The measurement errors that occur in $yrrect may be 
classified as either random or systematic. The random errors 
in Si:yt are due solely to the random errors in the measured 
reflect&n coefficient S;lle*. These errors may be estimated 
from the standard deviation obtained by performing a series 
of measurements on the system in the same state. The result- 
ing upper bound for AST is 

A[S~=7~2~10-~. (9) 

There is no overall frequency dependence for the random 
errors ASTy over our entire accessible frequency range (45 
MHz-20 GHz). However, this is not true for the correspond- 
ing random errors in ASjyect, since the errors in Syas must 
be propagated through Eq. (Sj to obtain the errors in SErrect. 
Such an analysis shows that at low frequencies (<2 GHij, 
the random errors in Sty=! are on the order of 5X10m4, 
while at the highest measurable frequencies (20 GHz), the 
random errors in SFyrreCt approach approximately 2X10e3. 
The fact that the measurement is more accurate at lower 
frequencies is due in part to the increased attenuation of the 
measurement signal at higher frequencies. These values for 
AA ‘Fyt determine the (frequency dependent) resolution of 
the measurement system, the smallest change in S’$,& that 
can be observed which is statistically significant. This is also 
the theoretical limit of the accuracy of the system, in the 
absence of any systematic errors. 

In practice, the accuracy of the measurement system is 
limited by systematic errors generated by inaccuracies in the 
measured values of the error coefficients ED, E, , and E,. 
These errors are, in general, much harder to quantify than the 
random errors discussed above. Since ED, E,, and Es are 
measured in the same way as SyF, the uncertainty in their 
values is at least as large as AS?. In addition, since the 
calibration is performed at room temperature, and the mea- 
surements on superconductors are made at much lower tem- 
peratures, changes in the attenuation and phase velocity of 
the transmission line also contribute to errors in the values of 
the error coefficients.3 In order to reduce the effects of these 
systematic errors as much as possible, we exploit the fact 
that we know what the reflection coefficient of a supercon- 
ductor should look like at low temperatures. This enables us 
to replace one of the three standards used for calibration by 
this “reference state” of the sample, and effectively recali- 
brate the system at low temperatures. 

From the discussion of Sec. IV A we expect the error 
The inverse of Eq. (7) gives an expression for STitual in coefficient E, to depend most strongly on the temperature of 

terms of ST and the three error coefficients described the transmission line, since this error coefficient corrects for 
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the attenuation and delay introduced by the transmission line. 
We therefore make the explicit assumption that the remain- 
ing error coefficients Es and ED do not change as the trans- 
mission line is cooled, and use the values for these error 
coefficients obtained from the room temperature calibration, 
along with the measured value of the reflection coefficient in 
our reference state, to calculate a new, more accurate value 
for E,. This new value of E, is then used in Eq. (8) over the 
rest of the range of the measurement. While this procedure 
cannot eliminate all systematic errors arising from the cali- 
bration, it does reduce such errors to an acceptable level, as 
will be shown in Sec. V. 

C. Substrate effects 

Because we make use of thin samples in order to en- 
hance our measured value of Zzff, we expect to encounter 
errors due to the transmission of radiation through the film 
and into the substrate if the thickness of the film under study 
is made sufficiently small. In order to estimate the influence 
of such effects on our measurements, it is necessary to cal- 
culate the applicable corrections to Eq. (5) that result from 
allowing a nonzero value for the fields within the substrate. A 
simple analysis involving TEM waves only”’ yields the fol- 
lowing expression for the effective surface impedance of a 
film of thickness to backed by a substrate that has a field 
impedance Zrb : 

(2;)” 
2; coth(ktO) +zsub 

s 

Here again ZT is the surface impedance of a bulk sample, 
and k is the complex propagation constant, as in Eq. (5). One 
can think of Zrb as an effective substrate impedance that 
includes the effect of everything that lies behind the film, 
which for our geometry would include the aluminum pedes- 
tal. Note that this expression for Zzff reduces to Eq. (5) when 
Zyb-+. Unlike Eq. (5), however, this expression gives Zzff 
= psub as t,-+O. Under conditions where ktael [the same 
assumptions that led to Eq. (6)], this expression simplifies to 

(11) 

This expression clearly shows the conditions under which 
the influence of the substrate is important: when the effective 
impedance of the film is comparable to the impedance of the 
substrate. For a low-loss dielectric substrate, the field imped- 
ance is given by Zyb = 377 I~/JE, ) and assuming a value of 
e,==26 for LaAlO, gives IZybj~74 0. Making use of the 
YBCO example introduced previously in Sec. III and the 
above estimate for Zrb shows that the corrections to Zgff are 
most significant when the film is in the normal state, where 
the value of Z:” is modified by approximately 10%. Note, 
however, that Eq. (11) also implies that when the film is fully 
superconducting, the corrections due to the substrate are es- 
sentially negligible, even for a very thin film. 

V. SURFACE IMPEDANCE OF YBa2Cu307--6 

To illustrate the validity and usefulness of our experi- 
mental technique, we present here a wide range of results on 
thin YBCO films. We first show the temperature dependence 
of Ziff at a fixed frequency in zero magnetic field, and dem- 
onstrate that our results are in agreement with dc measure- 
ments and the predictions of a modified two-fluid model. We 
then present new data on the magnetic field dependence of 
Zzff at the same frequency to illustrate the ability of the tech- 
nique to measure properties of the vortex state. This is fol- 
lowed by an example of the frequency dependence of Zzff in 
zero magnetic field over the continuous frequency range 45 
MHz-20 GHz, which illustrates the unique ability of our 
technique to directly measure the frequency dependence of 
the surface impedance of superconducting thin films in the 
microwave regime. 

A. Zero-field temperature dependence 

To verify that our technique can accurately measure the 
effective surface impedance of thin films, we first investigate 
the temperature dependence of Zzff for a YBCO film in zero 
magnetic field at a single measurement frequency. We expect 
the YBCO system to be well described by a simple two-fluid 
model in the temperature range near T,. Figures 3(a) and 
3(b) show our measured values of the real and imaginary 
parts of Zzff vs temperature for a 1000 a thick YBCO film at 
a frequency of 0.896 GHz. The error coefficient ER is calcu- 
lated as described in Sec. IV B by making use of a reference 
state at 75 K, where the load impedance is dominated by the 
kinetic inductance of the film. Figure 3(a) shows, in addition 
to the 0.896 GHz data, the change in the dc sheet resistance 
(AR,) vs temperature. Note that the dc sheet resistance is by 
definition &to (to is the film thickness), which is the lim- 
iting form of Ztff in the normal state, given by Eq. (6). The 
excellent agreement between the dc and microwave measure- 
ments provides an independent check on the accuracy of the 
high-frequency measurement. 

Also shown in Figs. 3(a) and 3(b) are the results of a fit 
to a modified two-fluid model, which uses the standard two- 
fluid conductivity a=a,--iu, in Eq. (10) to calculate 
Z:“(Z). The model is modified to take into account the width 
of the superconducting transition by averaging Zzff over a 
Gaussian distribution of Tc’s, in order to more accurately 
describe our data. From such a fit we obtain the following 
parameters: AT,=l.l K, X(O)=5300 A, p(T,)=74 flcm. 
The relatively large values for X(0) and AT, are probably 
due to inferior film quality and sample degradation during 
processing. More recent, higher quality samples yield 
smaller values for h(0). Here we have used Eq. (10) to cal- 
culate Zi”, so it is necessary to include values for the real 
and imaginary parts of the effective substrate impedance 
Zyb in the calculation.a9 We find that Ziff is relatively insen- 
sitive to the values of Zrb, with the exception of the imagi- 
nary part of Zi” in the normal state. This is expected since 
the quantity I;lt, is completely real in the normal state, and 
Eq. (10) implies that imag{Zzff) will depend strongly on 
Zyb when the film is normal. The value of the effective sub- 
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FIG. 4. Magnetic field dependence of the (a) real and (b) imaginary parts of 
2:’ of a 1000 8, YBCO film at various temperatures at 0.896 GHz. 

strate impedance obtained from the fit shown in Fig. 3 is: 
reaI{Zyb} = 0, imag{ZTb} =256 a. 

B. Magnetic field dependence 

Having shown that our measurement technique yields 
reasonable results for the temperature dependence of a 
YBCO film in zero magnetic field, we would like to apply it 
to study the effects of vortex motion in similar YBCO 
samples. The magnetic field dependence of real and imagi- 
nary Ziff for a 1000 A YBCO film is shown in Figs. 4(a) and 
4(b) for several different temperatures at 0.896 GHz. The 
effective surface impedance is calculated by a procedure 
analogous to that used for the temperature dependent data; 
however, the reference state used for the calculation of ER is 
the B = 0 point at the temperature at which the field sweep is 
performed [the numerical value of Z,( T,B = 0) necessary for 
this calibration is taken directly from Figs. 3(a) and 3(b)]. 
Similar measurements are performed at many different fre- 
quencies in the range 45 MHz-20 GHz, which allows us to 
obtain a more complete picture of how vortices respond to 
externally applied fields and currents as a function of tem- 
perature, magnetic field, and frequency. 

Figure 4(a) shows that the real part of the effective sur- 
face impedance exhibits a smooth transition from a low-loss 
regime where vortices are effectively pinned to a de-pinned, 
lossy regime as a function of magnetic field for all but the 
lowest and highest temperatures shown. Such a cross-over in 
the field dependence of the surface resistance has been ob- 

served by Sridhar et aL3u in cavity measurements of YBCO 
films performed at a single frequency. Our results are con- 
sistent with theirs; furthermore we find that the field at which 
this transition occurs depends on not only temperature, but 
also on frequency. Also, from Fig. 4(a) one can observe at 
higher temperatures a high-field plateau, which indicates that 
we have surpassed H,, and driven the film into the normal 
state. 

The corresponding magnetic field dependence of the 
imaginary part of Zp is shown in Fig. 4(b), and exhibits a 
pronounced peak at higher temperatures, which is also both 
temperature and frequency dependent.31 Both the real and 
imaginary parts of the magnetic field dependence of Zzff are 
consistent with the unified theory of Coffey and Clem.” De- 
tailed analysis of the magnetic field dependence of Zzff 
within the context of the model allows for the evaluation of 
several vortex motion related parameters, such as the vortex 
viscosity coefficient 7, the pinning force constant K~, and 
the thermal activation barrier U, at different temperatures 
and frequencies. These results will be discussed further in 
other publications.31 

C. Frequency dependence 

Our magnetic field dependent measurements suggest that 
the response of vortices to a driving field is different for 
different frequencies. The frequency dependence of vortex 
motion can be exclusively explored using our measurement 
because of the unique ability of the technique to measure the 
continuous frequency dependence of Z$rdirectly in the rf and 
microwave regime (45 MHz-20 GHz). As an example, we 
show in Figs. 5(a) and 5(b) the real and imaginary parts of 
Zzff vs frequency for a 1000 A YBCO film in zero dc mag- 
netic field at several different temperatures. As with the tem- 
perature and magnetic field dependent data, the frequency 
dependence of Ziff shown here is obtained by using the data 
obtained at 70 K as a reference state, in order to calculate the 
error coefficient E, as described in Sec. IV B. 

Figure 5(a) shows that by 85 K, the real part of Zgff has 
acquired a significant frequency dependence while the film is 
still in the superconducting state. The increased losses at 
higher frequencies are caused by small regions in the tilm 
which have been driven normal, as the film has a very broad 
superconducting transition centered at approximately 89 K. 
By 92 K, the film is completely in the normal state, and the 
magnitude of the effective surface resistance has increased 
dramatically, and only a weak frequency dependence re- 
mains, which is most likely due entirely to the effect of ra- 
diation leakage into the substrate. One would expect on the 
basis of Eq. (6) that Zgff is independent of frequency in the 
normal state since ,h/to contains no frequency dependence. 
However, the Zyb term in the denominator of Eq. (9) is finite 
and is also frequency dependent for most practical systems, 
which gives rise to the observed frequency dependence of 
the real part of 2:“. 

Figure 5(b) shows the frequency dependence of the 
imaginary part of Zz”, which is strongly linear at 80 and 85 
K. The linear frequency dependence of imag{Z:T is due to 
the fact that at these temperatures, the effective surface im- 
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range near T, , and similar measurements on YBCO films in 
the presence of an external magnetic field illustrate the use- 
fulness of the technique for exploring the behavior of vorti- 
ces in superconductors. 
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FIG. 5. Frequency dependence of the (a) real and (b) imaginary parts of 
2:” for a YBCO fi lm at various temperatures in zero magnetic field. The 70 
K  data is used as a reference state to calibrate the system. 

pedance is dominated by the kinetic inductance of the film 
g” *iwL&), which is proportional to AZ/to in the thin film 
limit. At temperatures above T,, where ;/to is completely 
real, Eq. (10) predicts that the imaginary part of Zzff is en- 
tirely due to the influence of ZFb; it is therefore not shown 
in Fig. 5(b). 

We have verified that the frequency dependence of a 
YBCO film in zero external magnetic field is consistent with 
our expectations based on the analysis presented here. Simi- 
lar measurements performed in the presence of an external 
field can yield much valuable information about the fre- 
quency dependence of vortex dynamics in the rf and micro- 
wave regime. The results of such measurements in a mag- 
netic field will also be the subject of future publications.3’ 

Vi. DISCUSSION 

We have presented a method by which both the real and 
imaginary parts of the surface impedance of superconductors 
(or other samples) can be measured over a broad range of 
temperature, magnetic field, and frequency in the rf and mi- 
crowave regimes. The measurement is particularly well 
suited for studying the mixed state of type II superconduct- 
ors, for which it was developed. Experiments on YBCO thin 
films in zero external magnetic field confirm that the tech- 
nique can provide an accurate measurement of the effective 
surface impedance of superconductors in the temperature 
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