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The surface resistance Rs; of NbN and Nb thin films with particular reference to nonlinear effects is
reported at high values of the microwave magnetic field H;s < 500 Oe using a stripline resonator in the
frequency range 0.6 < f < 12 GHz. In the stripline geometry, the microwave current is concentrated
on the narrow center conductor. Thus a high microwave current density and, therefore, a high Hy¢
can be achieved with moderate power. For Nb thin films, R, does not increase with Hy¢ for low H¢
values, as expected from weak-link theory. However, for the NbN thin films, R, at temperature T
follows a R.(T, f) = R« (T, f)+S(T, f)H:s dependence, for f < 6 GHz where Ry (T, f) is the surface
resistance at zero H,¢, and the slope S(T, f) is proportional to f2-. This nonlinear effect is consistent
with Halbritter’s weak-link theory. For f > 6 GHz, R, shows a plateau in the dependence on Hys the
magnitude of which varies as f3->, which is not predicted theoretically. When H,f increases above
a critical value HS, the resonance curves for the stripline resonator become asymmetrical and the
intermodulation products saturate, indicating strong nonlinearities. The temperature dependence
of H5(T) for Nb, in contrast to NbN, thin films follows that of the dc Hc. Information on the
granularity of NbN, derived from the present study, provides insights into the surface impedance of
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the granular high-T. copper oxide thin films.

I. INTRODUCTION

The measurement of nonlinear electrodynamic effects
in superconductors is of interest both for practical appli-
cations and for the study of the fundamental properties
of the materials. In any practical electronic application,
the designer must know how much power the conduc-
tors can handle and at which power level nonlinear ef-
fects such as harmonic generation and intermodulation
(IM) distortion become appreciable. Therefore the mag-
nitude and the detailed nature of the nonlinear effects
must be measured and understood in order to facilitate
widespread application of superconductors in microwave
frequency electronics. Until recently, the principal appli-
cation of superconductors at microwave frequencies was
for particle accelerators,? and it is in this context that
most of the previous work studying nonlinear effects was
done. Our main interest is in the application of super-
conductors to analog microwave-frequency electronic de-
vices, and therefore we have undertaken this study of
nonlinear effects using thin films of Nb and NbN in the
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form of stripline resonators.

The nonlinear effects can also be used to study the
fundamental properties of the superconducting materials.
One of the sources of nonlinear electrodynamics in type-
II superconductors can be vortex formation and motion,
and thus measurements at microwave frequencies should
yield information about the nature of pinning forces and
the nucleation time of the vortices.

All materials show nonlinear effects in transport prop-
erties. In single crystals, the magnitude of the nonlinear
effect is intimately associated with the crystal symme-
try so that for materials with inversion symmetry, only
odd harmonics would occur in the nonlinear excitations.
For example, the first nonvanishing term in the nonlinear
susceptibility for a material with inversion symmetry is
x®, since x(?) vanishes by symmetry.

The superconductors studied here show intrinsic non-
linear effects in the microwave region such as IM phe-
nomena, where, for example, two frequencies f; and fo
can be combined to give sum and difference frequencies.
In addition to intrinsic effects, extrinsic nonlinear effects
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associated with the sample morphology are sometimes
observed. These are effects such as second harmonic gen-
eration or the other effects reported in this paper associ-
ated with the sample granularity.

Nonlinear effects in superconductors at microwave fre-
quencies such as IM products,*%19 power dependence of
the surface impedance Z,,3* and a microwave critical
field HG < H., the lower critical field,35"8 have been
observed by many workers in a variety of materials. Al-
though these investigations extend over many years, new
interest in these nonlinear effects has been kindled since
the discovery of the high-7, oxide materials. Early ex-
periments on the Z; of the high-T, materials also show a
dependence on the incident microwave power,!! and this
work is currently being pursued.!?

In previous papers we reported measurements of Z,
for NbN (Ref. 13) and Nb (Ref. 14) thin films by use of
a stripline resonator at low H.. We found in Ref. 13
that the weak-coupling Mattis-Bardeen theory could be
used to fit the temperature dependence of the surface
impedance for a strong-coupling superconductor in the
local and dirty limit as in the case of films of NbN. Ta-
ble I summarizes the properties of the films reported in
Refs. 13 and 14. In Table I, A is the magnetic penetration
depth, A is the energy gap, &g is the coherence length, £
is the electron mean free path, and 7, is determined at
microwave frequencies.

In this work, we present results for Z, of thin super-
conducting films of NbN and Nb at high values of the
microwave magnetic field Hys using a stripline resonator.
From our measurements we find that the nonlinearity of
Zs has different character in two regions of H: one of
weak nonlinearity and one of strong nonlinearity. The
region of weak nonlinearity is characterized by an in-
crease in the surface resistance and the generation of
IM products. In this region the resonance curves remain
Lorentzian and symmetric about the center frequency. In
the region of strong nonlinearity the resonance curves be-
come asymmetric and show hysteresis and R, increases
sharply. Also the insertion loss increases and the IM
products saturate. Often the strongly nonlinear regions
exhibit a thermal instability.

NbN is of great interest because of its similarities to
the high-T; materials; for example, NbN is composed of
oriented grains connected by weak links. Furthermore,
NbN is strongly type II with a large upper critical field
and a high critical current density. Also, the mechanism
of superconductivity in NbN is well understood and all
of the relevant BCS parameters have been measured. We
also included Nb in the study because of the availability
of high quality and well-characterized Nb films. Further-

TABLE I. Film properties measured at microwave fre-
quency and weak H;¢ (Refs. 13 and 14).
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more, the values of the Ginzburg-Landau constant « are
extremely different in NbN (x > 1) and Nb («k = 2).
It is important to investigate how x affects the nonlin-
ear properties of type-II superconductors, especially the
critical microwave magnetic field Hg.

The surface resistance R, of NbN increases on increas-
ing the magnitude of H. This effect is believed to be
due to the granularity of the samples. Halbritter'® has
calculated the change of Z, as a function of Hys due to
the high-frequency vortex penetration into the intergran-
ular weak links. Comparison of the Z, vs H,r data of the
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FIG. 1. (a) Line shape of the transmitted-power reso-
nance curves of NbN at strong microwave magnetic field H,.
Each curve is labeled by the power level. The asymmetry
of the resonance curves at high power is shown, and these
curves show hysteresis at an input power greater than -2 dBm.
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granular NbN films with Halbritter’s theory is of great in-
terest and may provide important insights for the high-T,
data which also show a power dependence of Z,.!2 In con-
trast, our Nb sample shows no power dependence of Zj,
perhaps because of different degrees of granularity and a
low value of the nucleation frequency of the intergranular
vortices. We will discuss the Nb data in more detail in
Sec. IIIC 3.

When Hs reaches a critical value H%, the resonance
curves for the NbN and Nb resonators become asymmet-
ric about the resonant frequency, with the peak reso-
nant frequency shifted to lower frequency, as shown in
Fig. 1(a) for NbN and 1(b) for Nb. HS will be defined
more precisely in Sec. IIIC2 where Fig. 1 is discussed
further. The asymmetrical resonance curve has been
observed by Hahn and Halama!? on superconducting
Nb using cavity measurements. Recent studies on high
quality YBayCuzO7_, films by the stripline-resonator
method show similar phenomena, and the data will be
reported elsewhere.l® Halbritter!” has argued that the
asymmetry of the resonance curve is caused by the power
dependence of the surface reactance of the superconduc-
tor, which may be due to pair breaking, nucleation of
high-frequency vortices, or other nonlinear effects. By
measuring the temperature and frequency dependence of

5 for both NbN and Nb, we are able to infer the phys-
ical reasons for the asymmetry of the resonance curves.

The outline of this paper is as follows: Section II
discusses the sample preparation and stripline-resonator
fabrication; Sec. III discusses the nonlinear surface
impedance and gives results; Sec. IV discusses the inter-
modulation measurements and results; Sec. V discusses
heating effects; and finally Sec. VI presents the conclu-
sions.

II. SAMPLE PREPARATION AND STRIPLINE-
RESONATOR FABRICATION

A. NbN and Nb film deposition

The NbN thin films used in this study were deposited
on sapphire substrates by dc magnetron sputtering of
a pure Nb target in an argon and nitrogen sputtering
gas. The preparation method has been described in detail
previously.!® A film thickness of about 8000 A was used

TABLE II.
and weak H.s.

Film properties measured at low frequency

T‘t’:a Jcb }Iclc

(X) (A/cm?) (Oe)
NbN 15.8 2.5 x 10° 350
Nb 9.2 1.3 x 10° 1500

*Transition temperature as determined by dc transport mea-
surements.

®Critical current as determined by dc transport measurements
at 4.2 K.

“Lower critical field as determined by SQUID measurements
at 4.2 K.
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in the stripline.

The Nb films were deposited on sapphire substrates by
dc magnetron sputtering in an argon atmosphere. Im-
mediately following the Nb deposition, ~30 1{) of Al was
deposited in the same system by dc magnetron sputter-
ing and the system was back filled with O, to oxidize the
Al film. The Al;Og3 layer serves to passivate the Nb sur-
face and prevents weak links from forming as the result
of Nb oxidation.!®2° The Nb film used in the stripline
is 4000 A thick. Our measurements of the dc properties
of the NbN film are summarized in Table II. The re-
sults for the lower critical field H.; were obtained using
a superconducting quantum interference device (SQUID)
magnetometer. The films of both materials are polycrys-
talline. The grain size was measured by transmission
electron microscopy and in NbN is about 50 A and in Nb
about 1000 A.

B. Stripline resonator

The stripline resonator is shown in Fig. 2. The stripline
geometry is defined as having a center conductor sym-
metrically located between an upper and lower ground
plane. The remaining space between the ground planes
is filled with a dielectric. The resonator, seen most clearly
in the top view of Fig. 2(b), consists of an isolated length
of transmission line one-half wavelength long at the fun-
damental frequency. Overtone resonances occur at all
multiples of the fundamental frequency. The resonator
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FIG. 2. Schematic diagram of the stripline resonator
showing (a) the cross section and (b) the top view of the
transmission line.
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is capacitively coupled to the external circuit by gaps
at the two ends of the stripline [see Fig. 2(b)]. In our
case the length of line was chosen to yield a fundamen-
tal frequency of approximately 0.6 GHz. The conductor
linewidth of 150 pm, fabricated on a 0.5-mm-thick sap-
phire dielectric substrate (e = 10), gives about 50 €2 for
the transmission line impedance. The stripline was fabri-
cated using standard photolithography and the NbN and
Nb films were etched in a CF4 plasma-etching system.
The patterned transmission line with two ground planes
of the same material is mounted in a gold-plated cop-
per package with rf connectors mounted on the package.
The stripline technique is ideal for carrying out surface
impedance measurements in a strong H field. Because
the center conductor of the stripline resonator is very
narrow and the resonator @ is high, a very low incident
microwave power (of the order of 0.01 mW) can generate
a strong H ¢ field with a magnitude as high as ~300 Oe.

ITII. NONLINEAR SURFACE IMPEDANCE Z,

A. Measurements of Z,

The complex surface impedance Z,(T, f) can be writ-
ten as

Zs(T!f) =R3(T)f)+iXs(Taf)¢ (1)

where R,(T, f) and X,(T, f) are the surface resistance
and the surface reactance, respectively. X,(7, f) can be
written in terms of the magnetic penetration depth A(T')
as X,(T, f) = wpoA(T). The stripline-resonator method
of determining R,(7") and A(T) has been described in
detail elsewhere,!!!3 and we give only a brief summary
here.

To determine A(T") we measured the center frequency
fo of the fundamental resonance as a function of tem-
perature from low temperature (4.2 K) to T, (or as close
to T, as possible). We then fitted fo(7T') to a two-fluid
or Mattis-Bardeen model expression for A(7) by using
the calculated current distributions!4 to model the de-
pendence of the stripline inductance on A(T').

To determine R,, we find the Q of the resonator by
measuring the 3-dB points of the transmitted-power-
versus-frequency curve. The capacitive coupling gaps at
the ends of the stripline are adjusted to yield a slightly
under-coupled condition at resonance so that the mea-
sured @ and the unloaded Qg are almost equal. The @ is
measured as a function of temperature and input power
at the fundamental frequency of 0.6 GHz and at all of
the overtone frequencies up to 12 GHz. The calculated
current distribution, which depends on ¢/A(T) where ¢ is
the thickness of the film, is used to extract the surface
resistance values from the measured Q. The details of
this procedure are given in Ref. 14.

B. Determination of microwave magnetic field H,¢

The high @ values of the stripline resonator translate
into very high current densities for the conductors. The
method for calculating the rf current I+ has been de-
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scribed in detail in Ref. 11. The total microwave current
I;r at the peaks of the standing waves at resonance is
given by

_ ’7'0(1 — rv)SQOP
Irf - n7l'Z() ) (2)

where r, is related to the insertion loss L; measured in
dB by

LI =-20 loglo Ty, (3)

where Qg is the unloaded quality factor of the stripline
resonator, P is the available incident power in units of
W, n is the mode number of the resonance measured, and
Zo (~50 € in this case) is the characteristic impedance
of the transmission line.

The @ of the fundamental mode of the NbN and Nb
resonators is high and is approximately equal to 2 x
108. Hence, input microwave power as low as —40 dBm
can introduce a microwave current of the order of 3 X
10~2 A. Equation (2) gives the total rf current, but the
distribution of current is not uniform. Sheen et all?
have calculated the microwave current density distribu-
tion Jir(z,y) for the geometry of the stripline as a func-
tion of A. Jie(z,y), and therefore also Hy, is found to be
strongly peaked at the edges of the patterned stripline. In
this paper, we use the results from Sheen et al.'? to find
the peak Hyr from the calculated I¢ peak in Eq. (2). In
the following presentation of the data, H,s always refers
to the peak value at the edges of the stripline and at the
peaks of the rf-standing-wave maxima.

C. Results for Z,

1. Z, vs H.¢ for NbN

Figure 3 shows examples of the H, s dependence of R,
of NbN for several low-order modes up to 6 GHz mea-
sured at 4.2 K, i.e., we plot R, vs the peak H at the
edges of the transmission line. A few of the overtone res-
onance modes have low @ values and show a very weak
dependence on temperature and power. The lowering of
the @ results from coupling to low Q package resonances
and these @ values therefore do not reflect the supercon-
ducting properties of the NbN and Nb. For this reason,
as in a previous publication,!® we have omitted these
modes from the data presented and discussed. At low
H (< 30 Oe), the resonance curve is a Lorentzian and
thus is symmetrical about the resonant frequency. When
the incident power is increased to produce Hy¢ larger than
about 30 Oe in NbN, the resonance curves become asym-
metric and much wider, indicating a larger increase in R,
than that observed below 30 Oe. Figure 3 shows that, at
low fields, R, increases linearly with H,¢ (or Ir) and is
given by

Rs(T, f) = Rso(T, f) + S(T, f)Hus, (4)

where S(T, f) is the slope of the linear increase and
R,o(T, f) is the surface resistance at zero H,. Both S
and R, are functions of frequency and temperature as
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shown explicitly in Eq. (4). Figure 3 also shows that R,
vs Hy¢ 1s divided into two regions: one of weak nonlin-
earity at low fields, showing a linear increase in R, and
one of strong nonlinearity at high fields in which R, in-
creases more sharply. The region of strong nonlinearity
is discussed further in Sec. III C 2.

For f < 6 GHz all the modes show a similar linear
dependence of R, with Hy at 4.2 K. We can get the
value of R;0(4.2 K, f) by extrapolating the linear least-
squares fit to Hyy = 0 for each of the f values measured.
It was found that R,0(4.2 K, f) is proportional to f2, the
expected result.13

Above 6 GHz, a different feature appears. When H¢
reaches a certain value, a plateau in R, (a region of
nearly zero slope) is observed at all frequencies above
6 GHz and up to 10 GHz. Below the onset of the plateau
Rs(Hyt) shows a linear increase with Hy¢, as is also found
in the lower-frequency modes. The resonance curve is
still a Lorentzian both for H,s values corresponding to
the plateau region and below. Figure 4 shows an exam-
ple of Ry vs H.s measured at 6.89 GHz and 4.2 K, where
the plateau can be clearly seen.

The modes exhibiting the plateau also enter a region
of strong nonlinearity when Hy¢ is increased beyond the
values shown in Fig. 4. The behavior is the same as for
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FIG. 3. Surface resistance R, of NbN vs H; or I;; mea-

sured at 4.2 K for different frequencies up to 6 GHz. Note the
change of the R, scale for the different frequencies.
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FIG. 4. Plot of R; vs H;s for NbN at 6.89 GHz and at

4.2 K. A plateau in R, is observed for H;s values above the
regime of the linear increase of R, with H,s. Note the change
of R, scale from Fig. 3.

the lower-frequency modes, with asymmetric resonance
curves and sharp increases in R, with increasing Hys.
This is discussed further in Sec. IITC 2.

Figure 5 shows the data for the slope S(4.2 K, f) vs f
on a log-log scale obtained by a least-squares fit of Eq. (4)
to the R, data for 0.5< f < 10 GHz. Only the low-field,
linear regions of Figs. 3 and 4 were included in the fit.
By performing a least-squares fit to

S(42K,f) = Af” (5)

the slope S(4.2 K, f) was found to be proportional to
f23£0.3 55 shown by the line in Fig. 5. Halbritter’s weak-
link theory!® predicts an f? dependence of S(7T', f). Thus
our result is consistent with Halbritter’s theory (within
experimental error) and with R,(Hyr) resulting from flux
penetration into the weak links between the grains.

[ I I 1 1 i 1
1x10% | °_
NbN
<
& 1x10° |
e
»
1x10® |
11 1 | | | |
04 06 08 1 2 4 6 8
FREQUENCY (GHz)
FIG. 5. Plot of the slope S(T, f) of Eq. (4) vs f at T =

4.2 K. The points are experimental data and the line is a
least-squares fit of the data yielding an f>* dependence.
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The value of the surface resistance of the plateau, R,
at 4.2 K, for 6 < f < 10 GHz was found to vary as
f3:5%£05 by a least-squares fit of f¥ as is shown in Fig. 6.
We have no explanation of either the existence of these
plateaus or their frequency dependence shown in Fig. 6.

The temperature dependence of S(T', f) was measured
at 1.14 GHz, and the data are shown in Fig. 7. Also
shown are two calculated curves derived from the fol-
lowing arguments. Halbritter’s weak-link theory!® shows
that

2s(T)

S(T, f) ooy (1)’

(6)
where Aj(T") is the Josephson weak-link penetration
depth, and Hc, s(T) is the upper critical field of the
Josephson weak-link array formed by the grains of the

sample. The weak-link penetration depth A;(T) is given
by

h
2poege(TY2M(T) + d)’

where j.(T') is the critical current density, and d is the
width of the Josephson junction of the weak link.

To fit the S(T, f) data, we take A(0) = 3700 A > d,3
where d < 10 A. We also assume a two-fluid model tem-
perature dependence expression for A(T). The macro-
scopic critical current measured by transport, J.(7'), was
found to vary as 1/[1 — (T/T.)?]. We assume that j.(T)
has the same dependence on temperature as J.(7T'). Tin-
kham and Lobb?! have modeled the upper critical field
H.3 j of an array of Josephson junction weak links. Their
model predicts no temperature dependence of H., ;. Fig-
ure 7 shows the comparison of the experimental data with
Eq. (6) (dashed line) assuming that H.s s is independent
of temperature. There is a large discrepancy between
the Tinkham and Lobb model and the experimental data
in Fig. 7. A much better fit is obtained between the
experimental data and Eq. (6) (solid line) by assuming

2T =

(7)

1x10™
S
)
oc

1x10° [__1 ] I

6 8 10
FREQUENCY (GHz)
FIG. 6. Plot of surface resistance of the plateau R,,: vs f

for NbN at 4.2 K. The solid line is a least-squares fit to the
data yielding an f*° dependence.
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FIG. 7. Plot of the slope S(T,1.14 GHz) vs T compared
with Halbritter’s theory assuming a temperature dependence
of (1 — T/T.) for Hez,s (solid line) and of Tinkham’s model
(dashed line) for Hz,s, independent of temperature.

Hey o (1 T/T.).

In contrast to the behavior for R,, we observe no
change of A(4.2 K) for NbN on increasing Hyr. Halbrit-
ter’s theory!® predicts

Ax dwpo R?
AR, = 3x%

(8)

where A is the weak-link penetration depth, and is given
by Eq. (7). By taking R, ~ 5 x 10~7 Q at 1.14 GHz,
Je~25x10° A/m?, and A = 3700 A at 4.2 K, we get
AX =~ 1 x 10=7 A, which is too small to be observed.
Thus our experimental observations on X, (i.e., A)) are
also consistent with Halbritter’s weak-link theory.

2. Strong nonlinear effects and rf critical fields in
NbN

As mentioned above, when Hiy is increased beyond the
linear R, vs Hf region, shown in Figs. 3 and 4, the reso-
nance curve deviates from the Lorentzian shape observed
at lower power and the line shape becomes asymmetric
about the frequency of the maximum transmitted power
fpeak- Figure 1 shows examples of resonance curves in
this regime, such as for mode 2 at 1.14 GHz. Shown in
Fig. 1(a) are a series of curves of transmitted power ver-
sus frequency for NbN where the input power is increased
in 2-dB steps from -14 to 0 dBm. When the input power
is greater than —4 dBm, the curves also exhibit hystere-
sis as shown. The shape of the curves resembles that
calculated for a nonlinear harmonic oscillator.!7:22 The
modeling of these curves will be published later.¢

In order to quantify the transition from the symmetri-
cal Lorentzian line shape to an asymmetrical line shape,
we define the asymmetry parameter v of the resonance
curve as
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Y = fpeak — (f1 + £2)/2, ) 016
" °

where foeax is the frequency at the peak of the resonance 012} voo—a : by .l i
curve, and f; and f, are the frequencies at the —3-dB ’
points on either side of the peak of the resonance curves. 20T
Figure 8 shows the plot of v vs input power for the NbN < 0.08 1
resonator measured at 1.14 GHz and 4.2 K. or 0515 I

At low input power, v is independent of input power 0.04 °DATA " 1
and has a value of v = 70 Hz, but at power levels greater =c< (1=(T7Te))
than -16.5 dBm, v is found to increase linearly with input ol ok R . 3

power. The nonzero value of 4 at low input power is due
to a very small amount of rf coupling between the input
and output ports of the resonator. The values of vy at
high input power extrapolate to ¥ = 0 at —18 dBm. We
define the critical rf magnetic field HS as that value of
Hs where v extrapolates to zero on the linear plot (see
Fig. 8). This definition of HS is somewhat arbitrary but
gives a reasonable criterion for obtaining H.

Although the resonance curve is no longer a Lorentzian
when Hy > HS, we find the Q of the cavity experimen-
tally by measuring the 3-dB bandwidth of the curve. One
must bear in mind that the surface resistance deduced by
this method is only an approximate value. R, thus de-
fined increases rapidly when Hy > HS.

It is interesting to note that HS can be defined alterna-
tively by the H,s field at which R, increases and deviates
from the linear fit to the low H. data. The correspond-
ing critical input microwave power determined by such
a criterion is —20 dBm compared with -18 dBm deter-
mined by the asymmetry criterion for NbN at 1.14 GHz.
The values of HS and hence IS are independent of fre-
quencies for 0.5 < f < 6 GHz as indicated in Fig. 3 and
borne out by the more precise v = 0 criterion. At fre-
quencies above 6 GHz, the value of Hj is almost four
times its value below 6 GHz. The increase in HS with
frequency is associated with the observation of a plateau

300 T T
DATA
LINEAR FIT
200 -1
N
£3
?~
O NbNat42K
100 [ -
€ (-1.14GH:
o
0 |
22 -18 -14 -10
INPUT POWER (dBm)
FIG. 8. Plot of the asymmetry parameter ¥ vs input

power (see text). The small nonvanishing value of the residual
v at low input power is due to a very small amount of rf cou-
pling between the input and output ports of the resonator.
The value of 4 at high input power extrapolates to zero at
-18 dBm, which defines Hj.

0 2 4 6 8 10 1‘2 1.4 16
TEMPERATURE (K)

FIG. 9. The temperature dependence of H7(T) and
I5(T) of NbN. The solid curve denotes a dependence pro-
portional to [1 — (T"/T¢)*] for reference.

in the surface resistance as a function of Hy (see Fig. 4).

The temperature dependence of H for NbN was mea-
sured at 1.14 GHz. The result is shown in Fig. 9. On
the same graph, we plot (solid curve) the temperature
dependence of the dc lower critical field H.;(T) given by
the formula?3

Dq

H,(T) = —47”10/\2(71) Ink,

(10)
where ®; is the magnetic flux quantum and & is the
Ginzburg-Landau parameter. Here A(T) is assumed to
have a two-fluid model temperature dependence. H.,(T)
is essentially proportional to [1 — (T'/T%)*], which is plot-
ted in Fig. 9 and is shown just to illustrate its tempera-
ture dependence. A large discrepancy is found between
the temperature dependence of HS(T') and H.;(T') for
NbN.

In order to see whether such a discrepancy is due to
strong fluxoid pinning sites, the temperature dependence
of the dc critical current J. was measured and was found
to vary as 1—(T/T:)?, which rules out flux pinning as the
explanation of the HS vs T curve. H.; of the NbN thin
film was measured by a SQUID at 4.8 K and was found to
be in the range 350-500 Oe, which should be compared
to the HS value of 40 Oe. Such a low HS may be due to
the presence of weak links as well as regions of weakened
superconducting properties in our NbN films. The weak
regions allow enough flux penetration to increase the rf
losses but not enough to influence the H.; inferred from
the magnetization curves measured in the SQUID.

3. Z, vs Hy¢ for Nb

The R, of Nb at 4.2 K does not depend on H, up to

&. Figure 10 shows R, vs Hys for several modes. For
all points shown, the resonator curves are Lorentzian.
Beyond the H. s values shown in Fig. 10, Hs exceeds
Hg, the resonance curve becomes asymmetric, and R,
increases rapidly. H§ is found not to increase with fre-
quency, as shown in Fig. 10. However, for f > 6.3 GHz,
a substantial amount of power (> 1 W) is needed to ex-
ceed HS because of the lower Q values of the resonator
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(Qo « 1/f for a superconductor). The higher dissipated
power implies that we are observing some heating effects
for f > 6.3 GHz as evidenced by a dependence of the
resonance curves on the frequency sweep rate of the net-
work analyzer at strong H,r. Hence, we omit here the
data on Nb for f > 6.3 GHz.

Similar to the measurements for NbN, the resonance
curves of Nb become asymmetrical when Hy > HS. In
this connection, Fig. 1(b) shows examples of the reso-
nance curves for mode 2 at 1.14 GHz for Nb. Shown are
a series of curves of transmitted power versus frequency
where the input power is increased in 2-dB steps from
—24 to 0 dBm. The resonance curves start to become
asymmetrical at -8 dBm. The curves for Nb are simi-
lar but not identical to those of NbN. Again, we observe
hysteresis, which resembles that calculated for a nonlin-
earharmonic oscillator.??

The HS(T) data for Nb are shown in Fig. 11. These
results are found to follow the temperature dependence
of He1(T) of Eq. (10), which is also shown as the solid
curve in Fig. 11. These results seem to indicate that
we are measuring a critical-field quantity in Nb. How-
ever, H%(4.8 K) ~ 300 Oe is smaller than H,(4.8 K) =
1500 Oe. Halama? estimated 550 Oe for HS from cav-
ity measurements on a large-grain-Nb cavity at 2.4 GHz

T T T T T T
T=42K
5x105 -
| 6.30 GHz
_ QR0 O O O O o O O
S 3x105F s
Im 573 GHz
Mmoo o o o a o aa
@EIMIT000000 00 0 0 0 o o298 GHz
5| MMMWAAAAMAAA A AA A A A A A A |
1x10 5.16 GHz
9 o1 1 1 L 1 1
T T T T T T
T=42K
2.87 GHz
3x106 [ A A A A 4
S 2x10¢ | .
e 2.29 GHz
@O o o 4
1x10® | .
1.15 GHz
©OO 0000000000 O 00
0 J:l:l:l o nnll:u:n o F o nnJO.573 Gle \
0 100 200 300 400 500
H, (Oe)
| 1 o | 1 1 1
(0] 0.2 0.4 0.6 0.8 1
¢ (A)
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shown, R, increases sharply. These data points are not shown
in the figure.
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and 1.4 K. Cavity measurements on differently prepared
surfaces ranged from ~250 to 550 Oe. The difference
between H., and HS is similar to that found for NbN.
The reason for the difference between H., and HJ is not
known. The difference may arise from flux penetration in
uniformly distributed, localized defects in the films which
have lowered J.. Further investigation of this difference
is necessary to clarify the issue.

IV. INTERMODULATION PRODUCTS

A. Measurements

Nonlinear effects in superconducting materials lead to
harmonic generation. Direct observation of harmonic
generation in a stripline resonator is not possible be-
cause the resonant frequencies of the overtone modes
are not exactly integer multiples of the fundamental fre-
quency owing to a small amount of dispersion of the
line. The nonlinearity responsible for harmonic genera-
tion can, however, be observed by intermodulation (IM)
product measurements. In these measurements two sig-
nals of frequencies fi = fo + Af and f, = fo — Af
from two synthesizers are combined and applied to the
stripline resonator. Af is chosen to be less than half
of the 3-dB bandwidth. The IM products of frequencies
2f1 = f2, 2f2 — f1 (third-order IM), 3f, — 2f1, 3f1 - 2f»
(fifth-order IM), etc., can be observed within the band-
width of the mode by a spectrum analyzer. The mea-
surements of the IM product were done at 4.2 K by
immersing the stripline resonator into liquid helium to
minimize heating effects. IM products are important in
practical devices such as filters, but we have included
IM measurements here because IM generation can only
occur if the nonlinear effects are fast, i.e., a nonlinear
response follows the microwave frequency with time con-
stant 7 < 10710 s. Thermally generated nonlinear ef-
fects, for instance, will not produce IM products because
of the much lower speed associated with thermal time
constants (7 > 10~* s). Thus our observation of IM gen-
eration confirms that the observed nonlinear Z, behavior
1s due to true microwave-frequency nonlinearities and is
not simply the result of heating even on a local scale.
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B. IM results

The output power of the fundamental as well as that of
the IM products versus the input power of the stripline
resonator measured at 4.2 K and 1.14 GHz are shown in
Fig. 12 (for NbN) and Fig. 13 (for Nb). Figures 12(b)
and 13(b) also show for reference R, vs power on the
same scale. As expected, straight lines of slope 1, 3, and
5 can be fitted to the fundamental, third-, and fifth-order
IM products, respectively. For both materials, the out-
put power of the fundamental and IM signals saturates
when the input power reaches a value which we call Ps,;.
At Py, the line shape of the resonance curves becomes
asymmetrical, and thus Py, corresponds (to within ap-
proximately +1 dB) to the power needed to produce HS.
It is found that the IM behavior is correlated with the
behavior of Z,(H¢). The saturation of the IM products
i1s consistent with the sharp rise in R,, which causes a
large increase in the losses in the stripline thereby atten-
uating all signals, including the IM products. It should
be noted that the third-order intercept, defined as the
input power level at which the extrapolated third-order
line intersects the first-order signal, is 20 dB lower for
NbN than for Nb. Since the @ and insertion losses are
similar, this indicates larger nonlinear effects occur in the
IM products for NbN than for Nb, as is expected from
the behavior of R,(H¢) at low fields.
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T = 4.2 K. Note that the power scales are identical.
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V. INVESTIGATION OF HEATING EFFECTS

In the above, a number of nonlinear effects were re-
ported as a function of Hyr. As discussed in the previ-
ous section, the observed IM behavior rules out simple
thermal effects as causing the nonlinear dependence of
R, (Hyr) at low field. To investigate further the possibility
of a thermal origin for the observation of these nonlinear
effects, one mode of NbN was measured at high H¢ (i.e.,
the region of strong nonlinearity) and the measurement
was then repeated with the input microwave power to the
stripline resonator chopped by a rectangular amplitude
modulation at 100%. In such an experiment we can in-
troduce high H¢ fields but for a short time only, so that
the amount of heat associated with the rf power could be
controlled by the pulse length and repetition rate. The
length of the microwave pulse was ~10 ms, and the rep-
etition rate of the pulse was 1 Hz. The effective input
power was thus reduced by a factor of 100. The length of
the microwave pulse was chosen to be just long enough
to build up steady-state microwave current in the high
Q resonator. We find that the @ of the stripline res-
onator and the value of the microwave critical field H5
remain unchanged with the chopped input signal. Even
these measurements, however, do not completely rule out
thermal effects with time constants less than 1 ms.
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Further testing for heating effects was done by mea-
suring HS and R, while increasing Hy for both NbN
and Nb with the stripline resonator immersed first in the
liquid helium and then in helium gas at 4.4 K. We could
not measure any change in H5 nor in the slope S(T', f) of
Eq. (4). These observations indicate that heating effects
do not influence R, at strong H¢ and are not responsible
for transforming the resonance curve into an asymmetri-
cal line shape.

VI. DISCUSSION AND CONCLUSIONS

We conclude from our measurements of the R (H.r)
that the nonlinearities may be divided into weak and
strong regions. The weak nonlinear regimes in NbN show
a linear increase in Ry with Hy. In Nb, no increase in
R, is observed. The strong nonlinear regimes in both
NbN and Nb are characterized by asymmetric resonance
curves and sharp increases in R,(H,¢), resembling critical
behavior.

The linear increase of the R, of NbN with H is con-
sistent with the granularity of the NbN films. The linear
rise is associated with flux penetration in the intergran-
ular material. The slope S(T, f) varies as f23%03 at
T = 4.2 K, and this agrees within experimental error
with the prediction of Halbritter’s granularity theory!®
that S(T, f) o< f2. The R, of the plateau (denoted by
Rsat) varies as f2-5. The physical reasons for the exis-
tence of the plateau and its variation with frequency are
unknown. IM products were measured on the plateau
region, and they followed the same slopes as in the non-
plateau region. Thus, changes in the nature of the har-
monic generation are not the cause of the plateau.

On the other hand, no increase of the R, of Nb with
H.t is observed. The weak links of Nb are attributed to
oxide-filled fissures caused by oxidation.?® For niobium,
R, & H was obtained at 0.1 GHz by Piosczyk et al.?*
However, for f > 0.5 GHz, the increase of R, was found
to disappear with increasing Hy¢.!®> This shows that the
nucleation frequency of the vortices in Nb is ~ 0.5 GHz.1®
The Nb films are also granular, but the behavior of the
links between the grains is different from that of NbN.
Thus the intergranular material in Nb is not as weakened
as that in NbN.

An important finding is that in both Nb and NbN HY,
as mec-ured and defined in this work, is significantly
smaller than the d¢ H.; that we have measured on sam-
ples fabricated by the same methods as those films used in
the resonators. It is possible that HS is the field value at
which flux penetration into the grains occurs. A detailed
theoretical explanation of the lowered field HS does not
exist yet. Halbritter has suggested?® that the flux pen-
etration takes place at microscopic defects and regions
of “weakened superconductivity.” This theory does not,
however, explain why the dc H,; is higher than the HS,
nor does the theory explain the effects of the defects. If
flux is penetrating into the grains, the effects should be
seen in the magnetization curve. Perhaps the explanation
lies in the fact that R, measurements are more sensitive
to the flux penetration at the defects than the dc mea-
surements. R, is very small to begin with; thus, changes
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in R, are easily observed, while the dc measurements are
Jjust not sensitive enough. These questions are a matter
that should be investigated further. An interesting ob-
servation here is that in Nb the HS can be related to
the dc J. we have measured. Using the Iy value where
HY is reached for Nb, we compute an average current
density J3'¢ & 1.1 x 10%/cm? which is very close to the
dc J. in Table I measured using the same stripline ge-
ometry as was used for the rf measurements. We have
verified this relationship for two different widths of the
stripline. For NbN, however, J, = 2.5 x 106 A/cm? and
Is = 1.0 x 10° A/cm?. This difference in rf and dc J,
is consistent with the measurements of H5(T'), which in-
dicates that in NbN the HS is not directly related to
Je.

When Hy; > HS, the resonance curves become asym-
metrical. Figure 1 shows the resonance curves for NbN
and Nb. These curves bear a close resemblance to those
of a nonlinear oscillator, which can also show the hys-
teresis effects we have observed. We believe that a thor-
ough analysis of the resonance curves using the concept
of a nonlinear oscillator with nonlinear resistance and
reactance can yield valuable information on the param-
eters of the superconducting thin films. For example, a
fit to the data would possibly be capable of giving both
R,(Hyt) and X,(Hyr) directly. Such an analysis is beyond
the scope of this paper but will be presented in a future
publication.!®

For both NbN and Nb, H is independent of frequency
for f < 6 GHz. The antinodes of the resonant standing
waves are at different positions on the center conductor
for different modes. Hence, Hf is not the consequence of
the inhomogeneity of the sample.

The temperature dependence of H5(T) or IG(T) for
NbN does not follow that of the dc H.;1(T') (see Fig. 9).
A similar effect was observed by Campisi® for Nb3Sn us-
ing the cavity method. The temperature dependence
of H5(T) for Nb follows that of dc H.1(T). Recently,
Shiren et al.?® measured the temperature dependence of
MT)J5(T), the product of the penetration depth A(T")
and the microwave critical current density J§ of Nb at
16.5 GHz using a cavity method. The temperature de-
pendence of JS(ox HY), deduced by Shiren et al. from
the A(T")J5 data by assuming a two-fluid model for the
penetration depth A(T'), also follows the dc H.;(T) for
Nb. This result is consistent with our measurements on
Nb.

In summary, we have shown that the nonlinear behav-
ior of R, of NbN at high power is consistent with Halbrit-
ter’s weak-link model. Increases in R, result from flux
penetration at weak links which occur at grain bound-
aries. This nonlinear behavior has also been seen in gran-
ular films of the high-T, oxide superconductors.!® These
results thus imply that it is necessary to employ single-
crystal films which minimize grain boundaries and hence
minimize R, for high-power device applications.
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