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Third-order intermodulation distortion in YBa ,Cu3;05_ s grain boundaries
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Results are presented on the microwave intermodulation distdifidD ) measured in high-temperature-
superconducting YBZ£u;0;_ 5 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.
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I. INTRODUCTION Il. EXPERIMENTAL METHOD

Nonlinearities in  high-temperature  superconducting;. The _third-or_der IMD generated in YBCO plain films and
) films with engineered grain boundaries was measured in a

(HTS) materials not only lead to power-dependent |°§Ses'_burtnicrostrip resonator setup as described in Ref. 11. In the
also generate two-frequency  intermodulation  distortionye 4y rements, each engineered bicrystal grain boundary was
(IMD).> When two microwave signals with frequencies  positioned at the midpoint of the microstrip resonator so that
andf, are applied to a nonlinear device, the output spectrunghe microwave properties of the grain boundary could be
will contain, in addition to signals at the origin] andf,  characterized by measuring the fundamental mode of the
frequencies, higher-order intermodulation products of thesgesonator! This method has been used extensively in previ-
two signals. The strongest IMD ne&t and f, will be the  ous reports. The standard two-tone method was used to mea-
third-order products, at frequencied2-f, and 2f,—f, sure the IMD. The experimental schematic is shown in Fig.
and these IMD signals are undesirable in almost alll. Two frequencies; and f, with equal amplitudes were
applications’ For HTS components in wireless communica- generated by two phase-locked synthesizers. The combined
tion applications, the IMD signals are often a limiting factor signals were then applied to the resonator. The frequencies
in device performance. Similar to harmonic generafion, were separated symmetrically about the center frequency of
IMD is a direct consequence of nonlinearity. Thus measurethe resonatof4.4 GH2 by an amountAf, such that both
ment of IMD generation in HTS films provides a useful and frequencies were well within the 3-dB bandwidthi)(of the
sensitive probe for the origins of nonlinear effects in HTSesonator. In all of our measurements, was 2 kHz, and’
materials. was on the order of MHz, so thatf<I", and the measured

Because of its practical importance, IMD generation inIMD was not influenced by the possible drifting of the reso-

HTS films has been the subject of much experimental and

theoretical work:>*~1°Although grain boundaries represent Synthesizer 1

one of the possible origins of nonlinearity in HTS films, no Isolator Device Spectrum Analyzer
systematic study of the IMD generation in grain boundaries under test

has yet been reported in the literature. In this paper, we in-
vestigate the third-order IMD generation in grain boundaries
in order to further explore the grain-boundary contribution to
the nonlinearity of HTS films. Measurements of the IMD in
YBCO plain films without grain boundaries and in films con-
taining engineered bicrystal grain boundaries with misorien-
ta_tlon_anglgsa from 2° to 24° are here presented., an.d th_e FIG. 1. Schematic of the IMD measurements. Two phase-locked
misorientation-angle dependence of IMD generation is diSgynthesizers generate the input two-tone signals with equal ampli-
cussed. The measured IMD data are also compared with thge to the microwave resonator under test. The two frequencies
microwave surface impedané(l) wherel is the rf cur-  \ere separated symmetrically about the center frequency of the
rent, results from a related workA transmission-line-  resonator. The output IMD signals were measured using a spectrum
resonator model is employed to evaluate the correlation beanalyzer. A low-noise amplifieLNA) was used before the spec-
tweenZg(l) and the IMD signal. trum analyzer for low power levels.

Isolator
Synthesizer 2
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L A — no sign of nonlinearity up to about —30 dBm. The measured
35'("(‘/1% Pvp at 75 K has the expected slope of 3 when plotted on a
5 K, IMD 1" log scale because it is a third-order product. Fet5 K,
75K, IMD ] there is a barely observable feature in the microwave resis-

1 tance data when the applied rf power is about —50 dBm and
the amplitude of the feature is only about two percent of the
baseline value. However, the measuRgp at 5 K shows a
large increasé€about 30 dB around —50 dBm. Therefore, a
] small amount of nonlinearity measured in the microwave
4.150 resistance may manifest itself dramatically in the IMD mea-
surements. This is understandable since the IMD amplitude
is directly related to the first derivative of the microwave
impedance with respect to the current but not to its absolute
value.

4010

0.0005

1/Q
1
2
o

P, (dBM)

0.0002

FIG. 2. Measured G (left scale, open symbadlsndP,,,5 (right
scale, filled symbolsof a YBCO microstrip resonator as a function
of the input poweiP; at 5 K (circles and 75 K(inverted triangles
Notice that the marginally observable anomalous behavior of the Results of the IMD measurements of the fundamental
1/Q at 5 K has a large impact on thig,p , while the linear behav- mode of the resonator, 4.4 GHz, are shown in Fig. 3 for the
ior of the 1Q at 75 K corresponds to the simple slope of 3 behaviorvarious samples at temperatures of 30, 55, and 75 K. The
of the Pyp . measuredP,,p of samples with various misorientation

angles# are plotted versus the output fundamental power
nator center frequency. The output signals of the resonatogp ) at zero dc magnetic field. We choose to pRyp
including the signals at the two original frequencigsand  versusP,, instead ofP;,, becauseP, is directly propor-
f,, and at the two third-order IMD's atf2—f, and X, tional to the circulating power in the resonator, without the
—f, were measured as a function of the input power using &eed to take into account input coupling or the reson@tor
spectrum analyzer, as indicated in Fig. 1. For small signals &uch a plot makes the comparison of different devices sim-
low-noise amplifier(LNA) was used before the spectrum pler, than when the conventionB|y, vs Pj, plots are used,
analyzer to improve the signal-to-noise ratio. We verified thats in Fig. 2.
the IMD generation of the LNA and of the spectrum analyzer At 30 K, Fig. 3a) shows that the 24° grain boundary is
was less than that of the device in all cases. The two meahe only one that exhibits a marked increase in the third-
sured third-order IMDs show the same dependence on inp@rder IMD. The relation betwee®,,, and P,, does not

B. Angular dependence(0—24°)

power, as expected. have a simple slope of 3, but rather shows more complicated
structures, due to the Josephson-vortex dynamics in the 24°
Ill. EXPERIMENTAL RESULTS grain boundary:***? This behavior classifies the 24° grain

boundary as a weak-coupled resistively shunted Josephson
junction (RSJ. The measure®,p versusP,, for the 24°
Although the IMD generation in a HTS resonator is grain boundary bears some resemblance to the modeled IMD
caused by the power-dependent impedance of the HTS filnin short Josephson junctioAsithough in the case of the 24°
it may be more sensitive in probing nonlinear effects than theyrain boundary we have a long Josephson junction, and vor-
direct measurements of the power dependence of the micreex dynamics contributes to the observed nonlinearities. A
wave impedance. Figure 2 compares the IMD to the poweshort junction is one with all dimensions smaller than the
dependent impedance. For reasons of clarity in this and suldosephson penetration depth, while a long junction has at
sequent figures we show the signal at only one of the twdeast one dimension greater than the Josephson penetration
IMD frequencies (2, —f, and 2f,—f,) since the behaviors depth. The measured IMD signals of grain boundaries with
of both are essentially the same. In Fig. 2, the measui@d 1/ =2°, 5°, 7.5°, and 10° are basically indistinguishable from
(proportional to the microwave resistancand the IMD that of a plain film(6=0) in Fig. 3@. This indicates that
power denoted byP,yp of a HTS film on a single-crystal those junctions have a strong-coupled single-crystal behav-
sapphire substrat@o engineered grain boundagre plotted ior. That grain boundaries with misorientation anglés
as a function of the incident rf power at 5 and 75 K. The<10° do not cause significant IMD at 30 K is consistent
incident rf power is used for the abscissa so th& ahd  with the microwave resistance measurements presented in
IMD can be directly compared. Note that the upturn @1/ Refs. 3 and 13. The power dependence of the microwave
at 5 K occurs at a lower power than that for 75 K. This doesresistance at 30 K does not seem to be influenced very much
not mean that the HTS film measured has a better powdsy the low-angle grain boundaries either.
handling ability at higher temperature, but is a result ofGhe At 55 K, as shown in Fig. ®), the 24° grain boundary
and hence the current in the film being much higher for the Soehaves the same as for the 30 K measurement, as expected.
K data. If 1Q were plotted as a function of rf current in the The sharp onset feature of the IMD measured at 55 K occurs
film, the upturn &5 K would be at highet than for 75 K.  at a lower powelP,, (—80 dBmn) than that of the IMD mea-
Also note that at 75 K, the microwave resistance data showsured at 30 K—70 dBm) because the critical current density

A. Sensitivity of the IMD for probing nonlinearities
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o 2 the first derivative of 1 (solid line) with respect toP; as a func-
-150 - LB v 0 tion of input powerP; for a 10° grain boundary at 4.4 GHz and 55
) . ) . ) ) ) ) K. Notice that the structure seen in the IMD power corresponds to
some of the features in the magnitudedgfl/Q)/d P .
-50 .
for 55 and 75 K, respectively, are also similar to that of the
24° grain boundary, indicating a possible role of Josephson-
-100 | 1 vortex dynamics in contributing t®,yp. From the IMD
measurements of the 10° grain boundary at 55 and 75 K, the
transition between the strong-coupled single-crystal and
-150 1 / i weak-coupled RSJ behavior is confirmed. This transition of
. . ' : ' : ' : the 10° grain boundary occurs between 55 and 75 K, and this
-100 -80 -60 -40 20

result is consistent with the microwave resistance
measurementsand has also been reported in dc transport

FIG. 3. Results of the measurement of the third-order IMDmegsurelr:nenf' that th lati betw
power P,yp as a function of the fundamental output povigy;, at rom Fig. 5, oné can see that (ne relations betwegi

4.4 GHz and three different temperatufas30 K, (b) 55 K, and(c) a}nd Pou for Iow-a}ngle grain boundar!es a”‘?' for the plain
75 K for devices with the various grain-boundary angles. The dif-flm always exhibit the slope-3 behavior, unlike the slope-2
ferent angles are given by the following symbols: open inverted?€havior reported by Willemseat al. in Tl;Ba,CaCy0,
triangles 0° (plain YBCO film on a single crystal sapphire sub- (TBCCO) films.*® It will be interesting to understand the
strate, open squares, 2°, filled circle, 5°, filled squares, 7.5° operf€asons behind these two different behaviors of IMD.
triangle, 10°, open circle, 247a) At 30 K, the 24° grain boundary
shows a marked increase By,p, while the data for the other
angles cannot be distinguished from that for the plain filohAt 55
K, in addition to the 24° grain boundary, the 10° grain boundary IMD generation in HTS films has its root in the power
also shows strongeP,yp at certain output power leveR,, than  dependence of the surface impedance. It is useful to establish
the lower-angle grain boundaries and the plain fil®).At 75 K, a quantitative connection between the measured power de-
both the 24° and the 10° grain boundaries show a marked increaﬁndence oZg and IMD. TheP,p (filled circles and the
in their Pyyp levels. first derivative of 10 (solid line) are both plotted in Fig. 4
versus the input rf powdP s for a 10° grain boundary at 4.4

of the Josephson junction decreases as the temperature BHz and 55 K. It can be seen that the changes in the IMD
creases. For grain boundaries witk=7.5°, the results at 55 power can be associated with features in the magnitude of
K are also similar to the measurements at 30 K. But for thed(1/Q)/dPy.
10° grain boundary, the measured IMD at 55 K is signifi-  Scalapino and Dah?t® have calculated the IMD in a
cantly stronger at certain output power levels than for theHTS microstrip cavity based on the nonlinear microwave
lower-angle grain boundaries and for the plain film. response from thel,._,» wave theory. In their work, the

At 75 K, as shown in Fig. @), for the 24° grain bound- nonlinear resistance and reactance of the HTS microstrip
ary, the sharp rise feature occurs aPg, of —100 dBm, were found to be quadratic functions of current according to
indicating a further decrease of junction critical current den-the d,2_,2 wave theory, and for a resonator with a large
sity. The increased IMD of the 10° grain boundary is moreunloadedQ, the IMD is predominantly from the nonlinear
obvious at 75 K than at 55 K. ThB,p of the 10° grain reactance of the HTS filfhiFor the grain boundaries studied
boundary is about 20 to 30 dB higher than for the lower-in this work, the nonlinearity in the microwave impedance is
angle grain boundaries over almost the whole power rangmore complicated than the quadratic current-dependence as-
Pout- The observed structures, Bt of —55 and —60 dBm sumption, and it is not clear whether the resistive or the

P__ in Fundamental (dBm)
out

IV. CONNECTION BETWEEN NONLINEAR ZgAND IMD
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reactive part makes the dominant contribution to the IMD. -50
To evaluate the correspondence between the measured r

crowave impedance and the IMD of the grain boundaries, we -
generalize below the transmission-line model for the micros-

trip cavity developed by Scalapino and Dafo include all

possible current dependencesZgf. In this model, we com-

pute the IMD from the measured microwave impedance as
function of rf current. The computed IMD behavior is then g
compared with experimental data. We found that this gener® 150 e qﬁ Measured IMD ]
alized model is able to reproduce some of the important fea-

tures in the measurements.

A. Transmission-line model

The transmission-line equation for a microstrip can be

written as
A Lca2| Cal aL Rcal CaRl L
—=LC—+C——+RC—+C—
972 gtz at ot ot ot @
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FIG. 5. Measured®,,,p (open squargsand the compute® o
(open circleg based on the microwave impedance measurement for
a 10° grain boundary at 4.4 GHz and 75 K. The general behaviors

. for both the measured and the computed IMD are similar.

whereC, L, andR are the capacitance, inductance, and resis-

tance per unit length of the stripline. For HTS microstrips,

both R and L are power(current dependent and are related and computed IMD results for the 10° grain boundary device
to the surface resistance and rf reactance of the HTS filmat 75 K are compared in Fig. 5. The IMD currén, was
while C is a constant parameter depending on the geometrgomputed by the model described above and converted to
only. Now consider the case of a microstrip cavity of lengthpower P,yp for direct comparison with the experimental

[ in which there are two signals, one at frequeagyand one

data. The measured and calculaBglp are plotted versus rf

at frequencyw,. Assume botho; andw, are near the lowest current amplitudd =1, in the resonatofsee Eq.2)]. The

cavity resonance, and are phased such that

I(t)=Iosin<77|—z)(005wlt+c03w2t). (2

We also know that for a microstrip transmission-line resona

tor, the quality factolQ and center frequency, are related
toR L, andC as

wol
Q=& 3

_ 1 =
wo_\/T_CT' (4)

To the lowest order, by substitutiigt) in terms of Eq.(2),
the experimentally measureg(l) and wq(l) and their first
derivatives with respect to current into Ed), we can cal-
culate the third-order IMD spectra atw@— w, and 2w,
— w4 by Fourier transforming the obtained curréft). Us-

calculated results have characteristics similar to the mea-
sured results, such as the decrease at an intermediate rf cur-
rent level, the minimum near;=1.7 mA, the sharp in-
crease above 1.7 mA, and the saturation at high rf current
levels. Although the calculated and measured results agree
qualitatively, differences in the IMD magnitudes can be seen.
For example, in Fig. 5, the wiggles in the high current range
for the calculated IMD are probably not real and are likely
due to uncertainties in the measured impedance Q&t3,
wo(l), and their first derivatives with respect to current.

As Fig. 5 shows, the transmission-line model described
above can be used to evaluate the correspondence between
the power dependence of the microwave impedance and the
third-order IMD in HTS resonators. As discussed in Ref. 3,
the power dependence of the microwave impedance mea-
sured for the 10° grain boundaries at 75 K is due to
Josephson-vortex effects in the grain boundaries. Some of
the agreement between the calculated and measured IMD
implies that Josephson-vortex-induced microwave nonlinear-
ity is also responsible for the IMD generated in the 10° grain

ing the measured microwave impedance data for a 24° graifoundaries. Nevertheless, there are some accuracy limita-
boundary devicé,we estimate that the nonlinear resistive tions in this model for computing the third-order IMD from
contributions to the IMD generation are a few times greatethe measured power dependence of the microwave imped-

than the reactive contributions.

B. Comparison to experiment

ance. First, the uncertainties in the measured quality fagtor
and center frequency, as a function of power, especially
dQldl anddwgy/dl at low power levels, can affect the accu-
racy of the computed IMD dramatically. Second, the model

The IMD of both the 24° and 10° grain boundary devicesdoes not include any dynamic effects, such as hysteresis,
have been computed using the above model. The model ishich may be important. This model also neglects higher-
able to reproduce some of the important features in the mearder terms. Therefore it is possible that the third-order IMD
surements for both grain boundary devices. The measurezbuld be somewhat overestimated in the model calculation.
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V. CONCLUSION tribution. The qualitative agreement between the computed
. . . nd measured IMD also implies that Josephson-vortex ef-
ain boundanies i YECO fims fabricated on sapphire b1CCIS P&y & f0le in the IND for large-angle HTS grain
9 tals with misorientati ek of 2° 5° 750pp10° boundaries. Although it would be interesting to calculate the
cryds ('214S°W'I|'h m;ltzrleng%n ané:_; % . h o 'k IMD directly using the long-junction model presented
an - 1he grain boundary device Shows a Markefo,io,s)y311 such a calculation is too computationally in-

mcre(;e\ste in IM? over thajc of :rhernpga'P fg? Et ;:” \t?evn:e?r; tensive, because the calculation would have to be carried out
sured temperaiures ranging o ° - TIOWEVET, e, ver the largest time period involved, 1{¢f,)~10"2 s,

measurements indicate that low-angle grain boundaries withror . :
0=<7.5° do not generate IMD behavior that is distinguishableWhICh is about 10times the rf period.
from that of the plain film.

For the #=10° grain boundary, when the temperature is
higher than 55 K, we measured significantly higher IMD  This work was supported by the Air Force Office of Sci-
than for the lower-angle grain boundaries and the plain filmentific Research under the Department of the Air Force con-
This is consistent with the transition from strong-coupledtract No. F49620-98-1-0021. Opinions, interpretations, con-
single-crystal-like to weak-coupled Josephson-junction-likeclusions, and recommendations are those of the author and
behavior that is observed in the microwave resistance and dare not necessarily endorsed by the Air Force. The authors
transport measurements in similar temperature rahffes.  wish to thank L. R. Vale and the late R. H. Ono at NIST

The connection between the power-dependent microwavBoulder, CO for providing the samples used in this study,
impedance and the third-order IMD was investigated byand R. Konieczka, E. Macedo, and D. Baker for the prepa-
comparing the experimental impedance and IMD results. Weation of the devices used in this study. We would like to
used a transmission-line model to compute the IMD from thehank J. Derov, G. Roberts, R. Webster, and J. Moulton at
measured power dependence of a 10° grain boundary jun&FRL for their hospitality. We also wish to thank Dr. B. A.
tion. The modeled results reveal that the resistive contribuWillemsen for providing an rf probe that was used in carry-
tion to the third-order IMD is greater than the reactive con-ing out this project.
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