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Microwave loss and intermodulation in Tl2Ba2CaCu2Oy thin films
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A superconducting microstrip hairpin resonator is used as a tool to study the linear and nonlinear microwave
response of TBCCO thin films. We extract the surface resistanceRs(T), penetration depthl(T), and inter-
modulation critical currentJIMD(T) for such a resonator at 4.2 GHz. The surface impedance results compare
well with cavity perturbation measurements on portions of the same wafer.JIMD(T) is compared against
theoretical models for the intrinsic nonlinear response ofs- andd-wave superconductors. We demonstrate that
the dc critical currentJc and JIMD are distinct material parameters, describing different physical regimes.
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I. INTRODUCTION

The low microwave surface resistance of high-Tc super-
conducting~HTS! thin films at liquid-nitrogen temperature
allows for small, low-loss resonators, and thus highly sel
tive filters, to be fabricated. However, the high current de
sities that arise due to the size and thin-film nature of th
structures lead to nonlinear effects at relatively mod
power levels, which are undesirable for most applicatio
These nonlinear microwave effects, such as intermodula
and harmonic generation, have been the subject of a flurr
recent theoretical and experimental work in both HTS re
nators and filters.1–7,11

Thallium cuprates are particularly attractive for applic
tions since they have transition temperatures in excess of
K, or about 10–15 K higher than YBa2Cu3O72d . The higher
transition temperatures allow for devices to be operated
lower reduced temperatures where the superconducting p
erties are better established.

Here, we use a hairpin resonator~as shown in Fig. 1! to
study the linear and nonlinear microwave response of su
conducting Tl2Ba2CaCu2Oy ~TBCCO! thin films. This struc-
ture is slightly more complex than a simple straight h
wave resonator, since the currents in the two legs of
resonator interact. However, it remains far less complex t
a typical quasilumped element resonator or filter. We pre
ously studied the dependence of the losses and the i
modulation power on the geometry of this resonator, parti
larly the size of the gap between its two legs, and measu
the performance of the device in its fundamental and fi
harmonic modes.8 We introduced the intermodulation critica
currentJIMD as a material parameter, characterizing the n
linear intermodulation response independent of the de
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properties.7 In the present work we want to focus on th
temperature dependence of the quality factor, resonance
quency, and intermodulation power from which we can e
tract surface resistance, penetration depth, and intermod
tion critical current as a function of temperature. W
compare the temperature dependence ofJIMD with different
microscopic models, which allows us to gain some insig
into the microscopic origin of the nonlinear effects in o
films and gives us a parameter for nonlinear film charac
ization.

In order to relate measured device properties to mate
properties, we must perform precise numerical calculati
for a system composed of two coupled superconducting
crostrip lines. In these calculations we use the quasi-T
method of Weekset al.9 and Sheenet al.10 to calculate the
current distribution in the legs of the resonator from whi
we determine the quality factor and intermodulation pow
~for more details, see Refs. 7 and 11!. This treatment ne-
glects the bend of the hairpin resonator.

II. MATERIAL CHARACTERIZATION

Superconducting TBCCO was deposited on both side
a 2 in.-diam, 0.38 mm-thick MgO substrate using our sta

FIG. 1. Geometry of the hairpin resonator studied in this wo
The two legs of the resonator with lengthl and linewidthw are
separated by a gap distanceg. The coupling of the resonator to th
transmission line is adjusted by the separations.
6650 © 1998 The American Physical Society
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dard process.12 The resulting films were approximately 600
Å thick and had a nominalTc of 100.060.5 K as measured
by ac susceptibility at several points across the wafer.
microwave circuits were patterned on one side of the wa
using standard photolithography and then the wafer w
diced into individual 6310 mm2 chips.

Portions of the wafer were reserved for material char
terization and other experiments. The surface resistance
4 mm-diameter disc patterned from the same wafer meas
at 77 K and 3.7 GHz at the University of British Columb
~UBC! was Rs553m V . Using v2 scaling this would cor-
respond to 380m V at 10 GHz or 68mV at 4.2 GHz.

The 3.7 GHz measurements were performed using a
ity perturbation technique. The microwave cavity, which
described in detail elsewhere,13 is a superconducting split
ring resonator developed for high-sensitivity measureme
of small, low-loss samples. The 4 mm-diam. TBCCO d
was mounted on a temperature controlled sapphire finger
measurements of the surface resistance were performe
comparing theQ of the unloaded split-ring resonator to theQ
when the disc was inserted into the rf microwave magn
fields of the resonator. The accuracy of the technique is
timated to be better than65 mV for a 4 mm-diam sample
being measured at 3.7 GHz.

III. BAND REJECT HAIRPIN RESONATORS

The geometry of a hairpin resonator~see Fig. 1! is deter-
mined by three parameters: the linewidthw, lengthl , and the
gap between the two legs of the resonator,g. Microwave
energy is coupled to a resonator in a band reject fashion
placing it parallel to a 50V transmission line. The spacings,
between the transmission line and the resonator, determ
the strength of the coupling and thus the energy stored in
resonator, which can be characterized in terms of the loa
quality factorQL of the device.

The response of a band reject resonator can be chara
ized in terms of three quantities, the resonance frequencyf 0 ,
and the loaded and unloaded quality factors,QL andQU . f 0
andQL are determined by the geometry of the resonator
substrate and can be predicted using commercially avail
microwave design tools.

The resonator studied here hadw50.4 mm,g50.4 mm,
s50.75 mm, andl 56.77 mm. It had a fundamental res
nance at 4.2 GHz withQU in the tens of thousands andQL
51140. The second resonance~at 7.4 GHz! was the subject
of discussion elsewhere.8

The circuit was clipped into gold plated test fixtures. T
microwave circuit was then completed by wire bonds at b
ends of the 50V through line. The electrical ground plan
for the resonator is primarily provided for by the unpattern
film on the back side of the substrate.

The temperature dependence ofQU and the intermodula-
tion products were measured under vacuum in a system
ing a CTI Cryogenics Model 22 refrigerator that provid
temperatures down to near 20 K. A silicon diode thermo
eter was attached to the test fixture. We used a Lake S
Model DRC-91C temperature controller to provide therm
stability ~typically within 6 0.1 K! during the measurements

The microwave transmissionS21 was measured using
Hewlett/Packard HP8720B vector network analyzer in or
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to determinef 0 andQ’s that characterize the linear respon
of the circuit at low microwave powers. TheQ’s are obtained
from direct measurements of the width of the resonance 3
above the minimum,D f 13 dB. The input power (PIN) for the
resonators was varied from210 to 240 dBm. Data was
taken between 23 K andTc with a higher density of points a
higher temperatures.

Figure 2 showsf 0 as a function of temperature. Th
change in frequency is fairly small until the temperature a
proachesTc , where it drops much more rapidly. Figure
showsQ versusT, where again most of the change occu
near Tc , althoughQ continues to rise as the temperatu
drops.

The two microwave signals required to produce int
modulation products were symmetrically placed 15 k
above and belowf 0 , for a signal separation of 30 kHz. Con
tinuous wave signals were produced using HP8341B
HP83640A synthesized sweepers, and the signals dete
using a Tektronix 2784 spectrum analyzer. The output po
of the two sources was measured using an HP 437B po
meter, and adjusted so that the two signals arrived at
sample with the same magnitude.

We then measured the absolute magnitude of the th
order intermodulation products, PIMD(5P2v12v2

5P2v22v1
) , as a function of PIN(5Pv1

5Pv2
) , input

FIG. 2. Measured temperature dependence of the fundame
resonance frequencyf 0 .

FIG. 3. Measured temperature dependence of the unloaded
ity factor QU in the fundamental resonance. Note thatQU is power
independent up to the highest power level studied here.
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6652 PRB 58BALAM A. WILLEMSEN et al.
power provided to the device and temperature~again from 23
K to nearTc). For the 30 kHz signal separation we are usi
here, these signals are generated atf 0645 kHz. The results
for the lower side band are shown in Figure 4. Below 70
there is not much change, but again as the temperature
proachesTc , there is some degradation. The results for
upper side band were very similar. Below 60 K the measu
values fall below our2110 dBm noise floor for the lowes
input power,220 dBm.

IV. EXTRACTION OF SURFACE IMPEDANCE
AND PENETRATION DEPTH

We can use our numerical calculations to convert
measuredf 0(T) andQU(T) into Rs(T) andDl(T). We fol-
low the method of Oates, Anderson, and Mankiewich,10,14

but include the effects of coupling between the two legs
the hairpin resonator in our calculations of the inductan
L(l) as indicated above~see also Ref. 11!. For a given value
of l(0), we canthen findl(T) by comparing the numerica
L(l)/L@l(0)# with the experimentally determined

f 0
2~T50!

f 0
2~T!

5
L~T!

L~T50!
. ~1!

FIG. 5. The extracted temperature dependence of the penetr
depthl(T) for various values ofl(0).

FIG. 4. The intermodulation powerPIMD(T) presented for vari-
ous input power levels. Note the relatively flat temperature dep
dence at lowT.
p-
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In Fig. 5 we present the extractedl(T) for three different
values ofl(0).

In order to estimatel(0), we compare our penetration
depth results with those from YBCO single crystals at UB
Figure 6 shows@l(0)/l(T)#2 for three different values of
l(0) along with the YBCOa-axis data.15,16 We find that
l~0!50.26mm gives the best agreement. Note that this va
is slightly bigger than our previous estimate of 0.3mm at 77
K, which corresponds tol~0!50.22mm.8

The values ofl thus generated are then used to conv
our measuredQU into a surface resistanceRs . Comparing
the measuredQU(T) with the calculatedQ@l(T),s1# yields
the real part of the conductivitys1(T). From this, we findRs
from

Rs~T!52p2m0
2f 0

2l3~T!s1~T!. ~2!

In Fig. 7 we showRs(T) thus obtained for the same value
of l(0) as above.

The agreement between the 4.2 GHz microstrip data
the 3.7 GHz split-ring measurements is excellent below
K, providing a high degree of confidence in the geomet
factors calculated to convert our microstripQs to Rs . The

ion

FIG. 6. @l(0)/l(T)#2 for various values ofl(0) as a function
of T/Tc . The solid line is single-crystal YBCO data from Refs. 1
and 16.

n-

FIG. 7. The extracted surface resistanceRs(T) for various val-
ues of l(0). The dashed line is data obtained using the cav
perturbation method and has been scaled from 3.7 to 4.2 GHz
comparison.
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deviation between the two data sets would seem to indi
that theTc of the 4 mm disc is reduced by up to 10 K. Th
disc was patterned from a region of the film that is roughl
mm from the edge of the wafer to the center of the disc, fi
quality is typically lower here than in the bulk of the film du
to variations in composition and oxygenation.

V. MICROWAVE INTERMODULATION CRITICAL
CURRENT, J IMD

In Refs. 7 and 8 we introduced the intermodulation cr
cal currentJIMD as a material parameter to characterize
nonlinear intermodulation response at low power levels fo
uniform superconductor.JIMD serves as an expansion para
eter for the lowest-order dependence of the penetration d
l on the current densityJ:

S l~0!

l~T,J! D
2

5S l~0!

l~T,J50! D
2F12S J

JIMD~T! D
2G . ~3!

From this we were able to calculate the intermodulat
power for different microstrip geometries.7,8,11~Note that we
changed the notation slightly compared to Refs. 7 and 1!.

We extract JIMD from the measured intermodulatio
powerPIMD by comparing it with the calculated intermodu
lation power at a given power level andJIMD , using the fact
thatPIMD scales asJIMD

24 . JIMD(T) is shown in Fig. 8. At low
temperaturesJIMD shows a very flat temperature dependen

It is instructive to compare these results with differe
models for the microscopic origin of the nonlinear behavi
In Ref. 7 the intrinsic nonlinearities ofs- andd-wave super-
conductors were discussed. In Fig. 9 the temperature de
dences ofJIMD for these cases are shown as the dashed
dotted lines, respectively. For a pures-wave superconductor
nonlinear behavior disappears exponentially at low temp
tures and thusJIMD(T) diverges. For ad-wave supercon-
ductor, on the other hand, nonlinear behavior should
through a minimum and become stronger at lower temp
tures due to the nodes in the gap function, as has been
cussed by Xu, Yip, and Sauls17 and in Ref. 7. ThusJIMD
should become smaller. As a simple model for weak lin
we show the behavior one would expect for a series of

FIG. 8. The extracted intermodulation critical currentJIMD(T).
Note the relatively flat temperature dependence at lowT. The
dashed line shows the measured dc critical currentJc(T).
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sephson junctions~JJ! in the legs of the resonator. In thi
case,JIMD follows the Ambegaokar-Baratoff form18,19

JIMD~T!

JIMD~0!
5

D~T!

D~0!
tanhS D~T!

2kBTD . ~4!

Here we took the BCS temperature dependence forD(T)
with 2D(0)/kBTc56, a typical value for high-Tc supercon-
ductors. Clearly, our results are closer to the JJ model, wh
is reasonable since the magnitude ofJIMD for pure s- and
d-wave superconductors has been estimated to be of the
der of 3•108 A/cm2 ~see Ref. 7! and thus much higher tha
our experimentally determined values. This suggests
weak links might dominate the nonlinear behavior at leas
low power levels, but does not exclude the possibility th
flux penetration might play an important role as well, on
the magnetic fields at the edges of the legs reach the lo
critical field Hc1 .

Note that since the intermodulation products for TBCC
films do not usually scale like the third power of the inp
power, that the extractedJIMD is power dependent. The low
power limit of this quantity can serve as a material parame
and gives us a characteristic current density for the in
modulation distortion. Our data clearly shows thatJIMD be-
comes smaller with decreasing input power. We theref
estimate this low-power limit to be of the order o
107 A/cm2 at low temperatures.PIMD appears to have a
;3:1 slope at the lowest available powers above 60 K, wh
we still were able to detectPIMD at PIN5220 dBm. This
means that, in this region, the values ofJIMD for the two
lowest powers agree, lending further weight to our argum
that the low-power limit is a close upper bound to the ze
power limit.

In Fig. 8 we also show measurements of the dc criti
currentJc(T) on the same wafer. The superconducting m
terial was patterned into a configuration for four-point res
tance measurements. The width of the measured section
mm and its length is 600mm. Temperature control was pro
vided using the same system described above for the res
tor measurements. We use both a leader LFG-1300S func
generator~currents of up to roughly 100 mA! and an HP
6294A dc power supply~currents from 100 mA up to 800

FIG. 9. The temperature dependence ofJIMD for the three dif-
ferent models described in Sec. V~solid line: JJ model, dotted line
intrinsic d wave, dashed line: intrinsics wave!. The current density
is normalized to the value atT/Tc50.2 in each case.
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6654 PRB 58BALAM A. WILLEMSEN et al.
mA! to provide current for the measurements. A 49.9V
sensing resistor was used to measure the current accura
Both the junction voltage and sensing voltage were displa
on a Tektronix 7603 oscilloscope. The critical current is d
termined by increasing the current to the sample until
onset of junction voltage~typically detectable at about
mV). Dividing this current by the cross-sectional area giv
Jc . Four distinctJc bridges were available close to the p
sition of the resonator on the wafer, theJc variation over
these 4 samples was of the order of 10%.20

As can immediately be seen from Fig. 8,Jc andJIMD have
significantly different temperature dependences although
two quantities are similar in magnitude. While the dc critic
current increases fromJc52.43106 A/cm2 at T577 K to
Jc54.83106 A/cm2 at T560 K, JIMD has only increased by
33% from 8.8 to 11.73106 A/cm2. These two different char
acteristic current densities are not necessarily connected
each other. WhileJIMD describes the low-power, microwav
behavior of the material,Jc characterizes the high-power, d
behavior.

Recently, Takken, Beasley, and Pease21 measured the rf
breakdown critical current densityJc,RF for YBCO and com-
pared this to the DC transport critical currentJc . It was
found thatJc,RF is usually much smaller thanJc . It was also
suggested thatJc,RF might be improved by better edge qua
ity of the film, and that the rf power handling capability o
the films would then also improve. We want to emphas
that this would not necessarily lead to an improvement
intermodulation products,PIMD . Particularly, certain types
of edge defect~Ref. 11! lead to a dramatic suppressionQ
~and thus power handling!, while having limited impact on
PIMD . The effects that are discussed in this paper occu
power levels that are many orders of magnitude below
sort of rf breakdown effects discussed by Takken can
observed, and thus it should not be surprising that they
governed by different physical parameters. Thus, if one se
th
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a reduction of nonlinear response in this low-power regim
JIMD is the more appropriate parameter for optimization a
discussion.

VI. CONCLUSIONS

Measuring the device properties of a high-Tc supercon-
ducting microstrip hairpin resonator, we were able to extr
the temperature dependence of the surface resistance
penetration depth, and the intermodulation critical curren
Tl2Ba2CaCu2Oy thin films. For a penetration depth ofl~0!
50.26 mm the temperature dependence of@l(0)/l(T)#2 is
in good agreement with previous YBCO single-crystal da
as has been found earlier.22 The intermodulation critical cur-
rentJIMD has a relatively flat temperature dependence at
temperatures similar to what one would expect from we
links and unlike the behavior expected for the intrinsic no
linear response ofs- or d-wave superconductors. This tem
perature dependence is different than the one for the dc c
cal currentJc and shows that these two quantities descr
different regimes of the nonlinear behavior,JIMD character-
izing the low-power, microwave response andJc the high-
power, dc response. For a characterization of the intermo
lation distortion from a high-Tc film below rf breakdown,
JIMD is the more appropriate material parameter.
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