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Third-order intermodulation distortion in YBa 2Cu3O7Àd grain boundaries
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Results are presented on the microwave intermodulation distortion~IMD ! measured in high-temperature-
superconducting YBa2Cu3O72d engineered grain boundaries fabricated on bicrystal substrates. The two-tone
IMD at 4.4 GHz of thin YBCO plain films without engineered grain boundaries and films with engineered
bicrystal grain boundaries of misorientation angles from 2° to 24° was measured as a function of microwave
power and temperature in a suspended microstrip resonator configuration. The microwave power dependence
of the IMD of the plain films and the films with grain boundaries is compared. The long Josephson-junction
effects of high-angle grain boundaries were studied. The connection between the results for the microwave
impedance of YBCO grain boundaries and for the IMD has been modeled. We find that for grain boundaries of
less than 7.5°, the IMD is indistinguishable from that of the plain film.

DOI: 10.1103/PhysRevB.65.214533 PACS number~s!: 74.76.Bz, 74.25.Nf, 74.80.Bj, 74.80.Fp
ing
b

io

u

es

a
a-
or
n,
re

nd
S

in
an
nt
o
ie
in

ie
to
in
n-
en
he
is
t

b

d
in a
the
was

hat
be
the
vi-
ea-

ig.

ined
cies
y of

o-

ked
pli-

cies
the

trum
-

I. INTRODUCTION

Nonlinearities in high-temperature superconduct
~HTS! materials not only lead to power-dependent losses,
also generate two-frequency intermodulation distort
~IMD !.1 When two microwave signals with frequenciesf 1

and f 2 are applied to a nonlinear device, the output spectr
will contain, in addition to signals at the originalf 1 and f 2

frequencies, higher-order intermodulation products of th
two signals. The strongest IMD nearf 1 and f 2 will be the
third-order products, at frequencies 2f 12 f 2 and 2f 22 f 1,
and these IMD signals are undesirable in almost
applications.2 For HTS components in wireless communic
tion applications, the IMD signals are often a limiting fact
in device performance. Similar to harmonic generatio3

IMD is a direct consequence of nonlinearity. Thus measu
ment of IMD generation in HTS films provides a useful a
sensitive probe for the origins of nonlinear effects in HT
materials.

Because of its practical importance, IMD generation
HTS films has been the subject of much experimental
theoretical work.1,2,4–10Although grain boundaries represe
one of the possible origins of nonlinearity in HTS films, n
systematic study of the IMD generation in grain boundar
has yet been reported in the literature. In this paper, we
vestigate the third-order IMD generation in grain boundar
in order to further explore the grain-boundary contribution
the nonlinearity of HTS films. Measurements of the IMD
YBCO plain films without grain boundaries and in films co
taining engineered bicrystal grain boundaries with misori
tation anglesu from 2° to 24° are here presented, and t
misorientation-angle dependence of IMD generation is d
cussed. The measured IMD data are also compared with
microwave surface impedanceZS(I ) where I is the rf cur-
rent, results from a related work.3 A transmission-line-
resonator model is employed to evaluate the correlation
tweenZS(I ) and the IMD signal.
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II. EXPERIMENTAL METHOD

The third-order IMD generated in YBCO plain films an
films with engineered grain boundaries was measured
microstrip resonator setup as described in Ref. 11. In
measurements, each engineered bicrystal grain boundary
positioned at the midpoint of the microstrip resonator so t
the microwave properties of the grain boundary could
characterized by measuring the fundamental mode of
resonator.11 This method has been used extensively in pre
ous reports. The standard two-tone method was used to m
sure the IMD. The experimental schematic is shown in F
1. Two frequenciesf 1 and f 2 with equal amplitudes were
generated by two phase-locked synthesizers. The comb
signals were then applied to the resonator. The frequen
were separated symmetrically about the center frequenc
the resonator~4.4 GHz! by an amountD f , such that both
frequencies were well within the 3-dB bandwidth (G) of the
resonator. In all of our measurements,D f was 2 kHz, andG
was on the order of MHz, so thatD f !G, and the measured
IMD was not influenced by the possible drifting of the res

FIG. 1. Schematic of the IMD measurements. Two phase-loc
synthesizers generate the input two-tone signals with equal am
tude to the microwave resonator under test. The two frequen
were separated symmetrically about the center frequency of
resonator. The output IMD signals were measured using a spec
analyzer. A low-noise amplifier~LNA ! was used before the spec
trum analyzer for low power levels.
©2002 The American Physical Society33-1
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nator center frequency. The output signals of the resona
including the signals at the two original frequenciesf 1 and
f 2, and at the two third-order IMD’s at 2f 12 f 2 and 2f 2
2 f 1 were measured as a function of the input power usin
spectrum analyzer, as indicated in Fig. 1. For small signa
low-noise amplifier~LNA ! was used before the spectru
analyzer to improve the signal-to-noise ratio. We verified t
the IMD generation of the LNA and of the spectrum analyz
was less than that of the device in all cases. The two m
sured third-order IMDs show the same dependence on in
power, as expected.

III. EXPERIMENTAL RESULTS

A. Sensitivity of the IMD for probing nonlinearities

Although the IMD generation in a HTS resonator
caused by the power-dependent impedance of the HTS
it may be more sensitive in probing nonlinear effects than
direct measurements of the power dependence of the m
wave impedance. Figure 2 compares the IMD to the po
dependent impedance. For reasons of clarity in this and
sequent figures we show the signal at only one of the
IMD frequencies (2f 12 f 2 and 2f 22 f 1) since the behaviors
of both are essentially the same. In Fig. 2, the measuredQ
~proportional to the microwave resistance! and the IMD
power denoted byPIMD of a HTS film on a single-crysta
sapphire substrate~no engineered grain boundary! are plotted
as a function of the incident rf power at 5 and 75 K. T
incident rf power is used for the abscissa so that 1/Q and
IMD can be directly compared. Note that the upturn of 1Q
at 5 K occurs at a lower power than that for 75 K. This do
not mean that the HTS film measured has a better po
handling ability at higher temperature, but is a result of theQ
and hence the current in the film being much higher for th
K data. If 1/Q were plotted as a function of rf current in th
film, the upturn at 5 K would be at higherI rf than for 75 K.
Also note that at 75 K, the microwave resistance data sh

FIG. 2. Measured 1/Q ~left scale, open symbols! andPIMD ~right
scale, filled symbols! of a YBCO microstrip resonator as a functio
of the input powerPrf at 5 K ~circles! and 75 K~inverted triangles!.
Notice that the marginally observable anomalous behavior of
1/Q at 5 K has a large impact on thePIMD , while the linear behav-
ior of the 1/Q at 75 K corresponds to the simple slope of 3 behav
of the PIMD .
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no sign of nonlinearity up to about –30 dBm. The measu
PIMD at 75 K has the expected slope of 3 when plotted o
log scale because it is a third-order product. ForT55 K,
there is a barely observable feature in the microwave re
tance data when the applied rf power is about –50 dBm
the amplitude of the feature is only about two percent of
baseline value. However, the measuredPIMD at 5 K shows a
large increase~about 30 dB! around –50 dBm. Therefore,
small amount of nonlinearity measured in the microwa
resistance may manifest itself dramatically in the IMD me
surements. This is understandable since the IMD amplit
is directly related to the first derivative of the microwav
impedance with respect to the current but not to its abso
value.

B. Angular dependence„0À24°…

Results of the IMD measurements of the fundamen
mode of the resonator, 4.4 GHz, are shown in Fig. 3 for
various samples at temperatures of 30, 55, and 75 K.
measuredPIMD of samples with various misorientatio
anglesu are plotted versus the output fundamental pow
(Pout) at zero dc magnetic field. We choose to plotPIMD
versusPout instead ofPin , becausePout is directly propor-
tional to the circulating power in the resonator, without t
need to take into account input coupling or the resonatorQ.
Such a plot makes the comparison of different devices s
pler, than when the conventionalPIMD vs Pin plots are used,
as in Fig. 2.

At 30 K, Fig. 3~a! shows that the 24° grain boundary
the only one that exhibits a marked increase in the th
order IMD. The relation betweenPIMD and Pout does not
have a simple slope of 3, but rather shows more complica
structures, due to the Josephson-vortex dynamics in the
grain boundary.3,11,12 This behavior classifies the 24° gra
boundary as a weak-coupled resistively shunted Josep
junction ~RSJ!. The measuredPIMD versusPout for the 24°
grain boundary bears some resemblance to the modeled
in short Josephson junctions,2 although in the case of the 24
grain boundary we have a long Josephson junction, and
tex dynamics contributes to the observed nonlinearities
short junction is one with all dimensions smaller than t
Josephson penetration depth, while a long junction ha
least one dimension greater than the Josephson penetr
depth. The measured IMD signals of grain boundaries w
u52°, 5°, 7.5°, and 10° are basically indistinguishable fro
that of a plain film~u50! in Fig. 3~a!. This indicates that
those junctions have a strong-coupled single-crystal beh
ior. That grain boundaries with misorientation anglesu
<10° do not cause significant IMD at 30 K is consiste
with the microwave resistance measurements presente
Refs. 3 and 13. The power dependence of the microw
resistance at 30 K does not seem to be influenced very m
by the low-angle grain boundaries either.

At 55 K, as shown in Fig. 3~b!, the 24° grain boundary
behaves the same as for the 30 K measurement, as expe
The sharp onset feature of the IMD measured at 55 K occ
at a lower powerPout ~–80 dBm! than that of the IMD mea-
sured at 30 K~–70 dBm! because the critical current densi
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THIRD-ORDER INTERMODULATION DISTORTION IN . . . PHYSICAL REVIEW B65 214533
of the Josephson junction decreases as the temperatur
creases. For grain boundaries withu<7.5°, the results at 55
K are also similar to the measurements at 30 K. But for
10° grain boundary, the measured IMD at 55 K is sign
cantly stronger at certain output power levels than for
lower-angle grain boundaries and for the plain film.

At 75 K, as shown in Fig. 3~c!, for the 24° grain bound-
ary, the sharp rise feature occurs at aPout of 2100 dBm,
indicating a further decrease of junction critical current de
sity. The increased IMD of the 10° grain boundary is mo
obvious at 75 K than at 55 K. ThePIMD of the 10° grain
boundary is about 20 to 30 dB higher than for the low
angle grain boundaries over almost the whole power ra
Pout. The observed structures, atPout of –55 and –60 dBm

FIG. 3. Results of the measurement of the third-order IM
power PIMD as a function of the fundamental output powerPout at
4.4 GHz and three different temperatures~a! 30 K, ~b! 55 K, and~c!
75 K for devices with the various grain-boundary angles. The
ferent angles are given by the following symbols: open inver
triangles 0° ~plain YBCO film on a single crystal sapphire su
strate!, open squares, 2°, filled circle, 5°, filled squares, 7.5° op
triangle, 10°, open circle, 24°.~a! At 30 K, the 24° grain boundary
shows a marked increase inPIMD , while the data for the othe
angles cannot be distinguished from that for the plain film.~b! At 55
K, in addition to the 24° grain boundary, the 10° grain bound
also shows strongerPIMD at certain output power levelsPout than
the lower-angle grain boundaries and the plain film.~c! At 75 K,
both the 24° and the 10° grain boundaries show a marked incr
in their PIMD levels.
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for 55 and 75 K, respectively, are also similar to that of t
24° grain boundary, indicating a possible role of Josephs
vortex dynamics in contributing toPIMD . From the IMD
measurements of the 10° grain boundary at 55 and 75 K,
transition between the strong-coupled single-crystal a
weak-coupled RSJ behavior is confirmed. This transition
the 10° grain boundary occurs between 55 and 75 K, and
result is consistent with the microwave resistan
measurements3 and has also been reported in dc transp
measurements.14

From Fig. 3, one can see that the relations betweenPIMD
and Pout for low-angle grain boundaries and for the pla
film always exhibit the slope-3 behavior, unlike the slope
behavior reported by Willemsenet al. in Tl2Ba2CaCu2Oy
~TBCCO! films.15 It will be interesting to understand th
reasons behind these two different behaviors of IMD.

IV. CONNECTION BETWEEN NONLINEAR ZS AND IMD

IMD generation in HTS films has its root in the powe
dependence of the surface impedance. It is useful to esta
a quantitative connection between the measured power
pendence ofZS and IMD. ThePIMD ~filled circles! and the
first derivative of 1/Q ~solid line! are both plotted in Fig. 4
versus the input rf powerPrf for a 10° grain boundary at 4.4
GHz and 55 K. It can be seen that the changes in the IM
power can be associated with features in the magnitude
d(1/Q)/dPrf .

Scalapino and Dahm6,16 have calculated the IMD in a
HTS microstrip cavity based on the nonlinear microwa
response from thedx22y2 wave theory. In their work, the
nonlinear resistance and reactance of the HTS micros
were found to be quadratic functions of current according
the dx22y2 wave theory, and for a resonator with a larg
unloadedQ, the IMD is predominantly from the nonlinea
reactance of the HTS film.6 For the grain boundaries studie
in this work, the nonlinearity in the microwave impedance
more complicated than the quadratic current-dependence
sumption, and it is not clear whether the resistive or

-
d

n

y
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FIG. 4. Comparison of the measuredPIMD ~filled circles! and
the first derivative of 1/Q ~solid line! with respect toPrf as a func-
tion of input powerPrf for a 10° grain boundary at 4.4 GHz and 5
K. Notice that the structure seen in the IMD power corresponds
some of the features in the magnitude ofd(1/Q)/dPrf .
3-3
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XIN, OATES, DRESSELHAUS, AND DRESSELHAUS PHYSICAL REVIEW B65 214533
reactive part makes the dominant contribution to the IM
To evaluate the correspondence between the measured
crowave impedance and the IMD of the grain boundaries,
generalize below the transmission-line model for the micr
trip cavity developed by Scalapino and Dahm6 to include all
possible current dependences ofZS . In this model, we com-
pute the IMD from the measured microwave impedance a
function of rf current. The computed IMD behavior is the
compared with experimental data. We found that this gen
alized model is able to reproduce some of the important
tures in the measurements.

A. Transmission-line model

The transmission-line equation for a microstrip can
written as

]2I

]z2
5LC

]2I

]t2
1C

]I

]t

]L

]t
1RC

]I

]t
1C

]R

]t
I , ~1!

whereC, L, andR are the capacitance, inductance, and re
tance per unit length of the stripline. For HTS microstrip
both R andL are power~current! dependent and are relate
to the surface resistance and rf reactance of the HTS fi
while C is a constant parameter depending on the geom
only. Now consider the case of a microstrip cavity of leng
l in which there are two signals, one at frequencyv1 and one
at frequencyv2. Assume bothv1 andv2 are near the lowes
cavity resonancev0 and are phased such that

I ~ t !5I 0 sinS pz

l D ~cosv1t1cosv2t !. ~2!

We also know that for a microstrip transmission-line reso
tor, the quality factorQ and center frequencyv0 are related
to R, L, andC as

Q5
v0L

R
, ~3!

v05
1

ALC

p

l
. ~4!

To the lowest order, by substitutingI (t) in terms of Eq.~2!,
the experimentally measuredQ(I ) andv0(I ) and their first
derivatives with respect to current into Eq.~1!, we can cal-
culate the third-order IMD spectra at 2v12v2 and 2v2
2v1 by Fourier transforming the obtained currentI (t). Us-
ing the measured microwave impedance data for a 24° g
boundary device,3 we estimate that the nonlinear resisti
contributions to the IMD generation are a few times grea
than the reactive contributions.

B. Comparison to experiment

The IMD of both the 24° and 10° grain boundary devic
have been computed using the above model. The mod
able to reproduce some of the important features in the m
surements for both grain boundary devices. The meas
21453
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and computed IMD results for the 10° grain boundary dev
at 75 K are compared in Fig. 5. The IMD currentI IMD was
computed by the model described above and converte
power PIMD for direct comparison with the experiment
data. The measured and calculatedPIMD are plotted versus rf
current amplitudeI rf5I 0 in the resonator@see Eq.~2!#. The
calculated results have characteristics similar to the m
sured results, such as the decrease at an intermediate r
rent level, the minimum nearI rf51.7 mA, the sharp in-
crease above 1.7 mA, and the saturation at high rf cur
levels. Although the calculated and measured results a
qualitatively, differences in the IMD magnitudes can be se
For example, in Fig. 5, the wiggles in the high current ran
for the calculated IMD are probably not real and are like
due to uncertainties in the measured impedance dataQ(I ),
v0(I ), and their first derivatives with respect to current.

As Fig. 5 shows, the transmission-line model describ
above can be used to evaluate the correspondence bet
the power dependence of the microwave impedance and
third-order IMD in HTS resonators. As discussed in Ref.
the power dependence of the microwave impedance m
sured for the 10° grain boundaries at 75 K is due
Josephson-vortex effects in the grain boundaries. Som
the agreement between the calculated and measured
implies that Josephson-vortex-induced microwave nonline
ity is also responsible for the IMD generated in the 10° gr
boundaries. Nevertheless, there are some accuracy lim
tions in this model for computing the third-order IMD from
the measured power dependence of the microwave imp
ance. First, the uncertainties in the measured quality factoQ
and center frequencyv0 as a function of power, especiall
]Q/]I and]v0 /]I at low power levels, can affect the accu
racy of the computed IMD dramatically. Second, the mo
does not include any dynamic effects, such as hystere
which may be important. This model also neglects high
order terms. Therefore it is possible that the third-order IM
could be somewhat overestimated in the model calculati

FIG. 5. MeasuredPIMD ~open squares! and the computedPIMD

~open circles! based on the microwave impedance measuremen
a 10° grain boundary at 4.4 GHz and 75 K. The general behav
for both the measured and the computed IMD are similar.
3-4
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V. CONCLUSION

We have measured the third-order IMD in enginee
grain boundaries in YBCO films fabricated on sapphire
crystals with misorientation anglesu of 2°, 5°, 7.5°, 10°,
and 24°. The 24° grain boundary device shows a mar
increase in IMD over that of the plain film at all the me
sured temperatures ranging from 5 to 75 K. However,
measurements indicate that low-angle grain boundaries
u<7.5° do not generate IMD behavior that is distinguisha
from that of the plain film.

For theu510° grain boundary, when the temperature
higher than 55 K, we measured significantly higher IM
than for the lower-angle grain boundaries and the plain fi
This is consistent with the transition from strong-coupl
single-crystal-like to weak-coupled Josephson-junction-l
behavior that is observed in the microwave resistance an
transport measurements in similar temperature ranges.3,14

The connection between the power-dependent microw
impedance and the third-order IMD was investigated
comparing the experimental impedance and IMD results.
used a transmission-line model to compute the IMD from
measured power dependence of a 10° grain boundary j
tion. The modeled results reveal that the resistive contri
tion to the third-order IMD is greater than the reactive co
hy

e

.C
n

B
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tt
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tribution. The qualitative agreement between the compu
and measured IMD also implies that Josephson-vortex
fects play a role in the IMD for large-angle HTS gra
boundaries. Although it would be interesting to calculate
IMD directly using the long-junction model presente
previously,3,11 such a calculation is too computationally in
tensive, because the calculation would have to be carried
over the largest time period involved, 1/(f 12 f 2);1023 s,
which is about 106 times the rf period.
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