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Measurements of the nonlinear surface impedance of high-quality epitaxial YBCO and granular
NbN films as a function of temperature (4.2—91 K) and frequency (1—13 GHz) are presented. The
microwave-field-dependent surface impedance Z, (H,r) for both YBCO and NbN films increases
quadratically with increasing H, & in the lo.w- and intermediate-rf-field region (H, & ( 50 Oe for
YBCO at 77 K and for NbN at 13.4 K). In the high-rf-field region, Z, (H,r) changes to a different
functional dependence on H,g. Through the use of a modified Bean critical-state model, the results
for the high-rf-field region are explained quantitatively by hysteresis losses due to penetration of
microwave vortices. The value of the microwave-vortex penetration field H„(T) for YBCO thin
films, which is nearly frequency independent, is low compared with the dc lower critical fields. The
critical-current density values obtained from fits to the hysteresis model are consistent with those
measured via dc transport.

I. INTR.GDUCTION

Microwave measurements provide a sensitive probe
of the superconducting state of high-temperature su-
perconductors. Prom the measured surface impedance
Z, = B,+jX„losses and the London penetration depth
A can be extracted directly from the surface resistance B,
and surface reactance X,. At very low microwave pow-
ers (H, t ( I Oe for YBCO superconducting films, where
H, g, the peak rf magnetic field at the edges of a stripline
resonator, is generated by the microwave current), R,
directly results from the presence of quasiparticles and
defects in the grains, and from grain boundaries between
the grains. Measurement of A can reveal the symmetry
of the superconducting condensate. The behavior of A

in an externally applied dc magnetic field also allows an
accurate determination of the lower critical Geld H, q. '

In the low- and intermediate-microwave-power regime
(where H, t ( 50 Oe at 77 K for a typical YBCO
thin film), Z, has been observed to be nonlinear; i.e. ,

Z, changes w ith the microwave power. ' The power
dependence of Z, in the low- and intermediate-field
regime has been quantitatively explained in an earlier
publication by an extended microwave-power-dependent
coupled-grain model that we developed, which treats

the superconductor as a network of superconducting
grains connected by grain boundaries acting as resis-
tively shunted Josephson junctions. The low- and
intermediate-field regime corresponds to the Meissner
state of the coupled-grain network. According to this
power-dependent coupled-grain model, the Z, of the su-
perconducting junction network is nonlinear because the
imaginary part of the junctions's impedance varies with
input power.

As the microwave power is increased into the high-
power regime (H,& ) 50 Oe at 77 K for a typical YBCO
thin film), Z, becomes more strongly nonlinear than in
the intermediate-power regime; i.e. , R, and A both in-
crease more rapidly. Such nonlinear efFects have not
been well understood in the high-power regime despite
the interesting physics involved and the obvious impor-
tance of this nonlinear behavior of Z, to Glm and de-
vice makers. ' This paper presents measurements of
the losses at high microwave powers and explains them
with a modified Bean critical-state model.

II. EXPERIMENTAL TECHNIQUES

The seven measured YBCO films were deposited in
situ onto LaA10& substrates by ofF-axis sputtering,
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TABLE I. Parameters of films.

Sample Thickness [pm] A(0) [p,m] T, [K] H„(T) [Oe] J, (T) [A/cm ]

YBCO
OK-axis
06-'axis
Off-axis
Cylindrical
Cylindrical
Pulsed laser
OfF-axis
NbN
On-axis
On-axis

NbN1
NbN2

0.30
0.30
0.30
0.80
0.20
0.10
0.20

0.80
0.80

0.17
0.22
0.27
0.23
0.22
0.16
0.17

0.39
0.39

86.4
89.5
89.6
87
88
91
90

15.3
15.9

190 (ll K)
37 (77 K)
27 (77 K)
102 (77 K)
189 (6 K)

145 (4.3 K)
17 (77 K)

1.5 x10 (11 K)
5.3 x10 (77 K)
1.0 x10 (77 K)
2.8 x10 (77 K)
1.8 x10~ (6 K)

5.5 x 10 (4.3 K)
4.8 x106 (77 K)

42 (13.4 K) 1.2 x10 (13.4 K)

Obtained by method described by Sheen et al. (Ref. 21).
Pinning critical-current density J, and vortex-penetration field H„are obtained from fits to the

fundamental modes using the modified Bean model; see text.

inverted-cylindrical-magnetron sputtering, and pulsed
laser deposition. The transition temperatures T ob-
tained via microwave Z, measurements range from 87 K
to 91 K. The dc critical-current densities that we mea-
sured for the YBCO films exceed 10 A/cm at 4.2 K.
The low-rf-field R, is comparable to that of other high-
quality films reported in the literature; e.g. , for sample
7 in Table I, R, at 1.5 GHz is 1.3 pO at 19 K and 12 pO at
77 K. Two polycrystalline NbN films (Table I) deposited
on sapphire substrates by planar on-axis dc Inagnetron
sputtering of a pure Nb target in an argon-nitrogen mix-
ture were also measured for comparison. NbN was cho-
sen because it is a conventional superconductor whose
properties are similar to high-T, materials: large T„
high upper critical field H 2, high critical-current den-
sity, strongly type II (i.e. , the Ginzburg-Landau param-
eter r. )) 1/~2), etc.

After being patterned with standard photolithography,
the YBCO and NbN films were etched with 0.25% phos-
phoric acid and reactive ions in a CFC plasma, respec-
tively, and assembled into stripline resonators. From the
measured Q and resonant frequency fp, we extract R,
and A. The details of the resonators, measurements, and
determination of Z, &om the measured quantities were
described previously. i'2 ' i At low rf currents (linear Z, ),
R„A, and H, p can be numerically calculated. At high
rf currents, as the complex resistivity of the material is
no longer uniform, R, and A are not well defined, and H, ~

has to be corrected to account for the change in the rf-
current distribution, especially if vortices are assumed to
enter the films and the current distribution is no longer
that of the Meissner state. We will continue, however,
to employ these parameters in their average forms as de-
scribed by Nguyen et al. because they are useful and
intuitive parameters. The corresponding well-defined pa-
rameters would be the unloaded quality factor Q„, the
resonant frequency fp, and the rf current on the standing-
wave peaks I,g. We define our average parameters as
follows:

1/R, oc Q„, b, A oc Afp, H, r oc I,g,

with the same proportionality constants as those in the
low-rf-current situation. The Q„, fp, and I,g are not used
in this paper because they are not fundamental parame-
ters; they depend on the geometry of the measurements.
It is important, however, to keep in mind that the quanti-
ties R„A, and H, p used in this work are meaningful only
as long as they are regarded as alternative expressions
of the Q„, fp, and I,q. These alternative expressions, of
course, revert fully to their well-defined usual meanings
at low rf powers.

III. EXPERIMENTAL RESULTS

Figure 1 shows the measured R, and A as functions
of H, g for sample 1. Similar results are obtained for the
other films. The behavior of both R, and A is qualita-
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FIG. 1. The measured B, (o) and A ( ) vs K,i. for YBCO
sample 1 at 77.4 K and 1.5 GHz. The vertical dashed line at
50 Oe marks the approximate place where R, and A deviate
noticeably from a quadratic dependence on H, &. The solid
lines are the best quadratic fits of the power-dependent cou-
pled-grain model (Ref. 1) to the low- and intermediate-field
region (( 50 Oe). The dashed lines are the best general
quadratic fits for the entire rf-field range both below and
above 50 Oe to demonstrate the nonquadratic behavior of
R, and A.
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FIG. 2. Surface resistance R, vs H, & for sample 1 at the
same temperature (77.4 K) and frequency (1.5 GHz) as in

Fig. 1. In the low- and intermediate-field region, the data
follow a straight line as the linear fit (solid line) shows.

tively different for the low- and intermediate-rf-field and
high-rf-field regions. For the low- and intermediate-field
region (H, r ( 50 Oe for sample 1), R, and A increase
quadratically in H, p, as discussed in a previous paper:

R. =R.(0)[I+6 H,',]

and

A = A(0)[I+ b&H,',j,
where bR and bg are quadratic coefIicients. In the high-
rf-field region () 50 Oe for sample 1), both R, and A

increase faster than the quadratic dependences observed
in the low- and intermediate-rf-field region. The dashed
lines in Fig. 1 are the best quadratic fits to the entire field
range of R, (H, r) and A(H, r). The noticeably large devia-
tion of the fits from the data indicates that R, and A are
not well described by the simple quadratic functions of
Eq. (1) and Eq. (2). Figure 2 plots R, vs H~& to empha-
size the quadratic behavior in the low- and intermediate-
field regime. It is more illuminating to plot AR, (H, r) vs
AA(H, r), as shown in Fig. 3 for sample 1 at the same tem-
perature and resonant frequency as in Fig. l. AR, (H, r)
and AA(H, r) are the changes in R, and A, respectively,
induced by the increasing rf magnetic field. The inset
shows the full field range. As seen in the figure, the large
difference of the slope between the low- and intermediate-
field and high-field regions suggests two different kinds of
loss mechanisms governing the two regions.

For comparison, B, and A as functions of H, g for NbN
are presented in Fig. 4 at approximately the same re-
duced temperature T/T, = 13.4/15. 3 77/87 as for
YBCO sample 1 in Fig. 1. The quadratic dependence on
II,g is again observed in the low- and intermediate-rf-field
region (( 48 Oe). In the high-rf-field region, the devi-
ation from quadratic dependence is much more drastic
than that in YBCO, making the distinction between the
two regions much more obvious. (The difFerence in the
magnitudes of the deviation in the high-rf-field regime
between YBCO and NbN can be explained by the dif-

FIG. 3. The rf-field-induced changes AR, (H, &) vs AA(H, r)
for sample 1 at the same temperature and resonant frequency
as in Fig. 1. The inset shows the entire field range whereas
the main plot magnifies the transition region (around 50
Oe) between the low- and intermediate-field regime and the
high-field regime. The slope is observed to change noticeably
upon crossing from one region to the next, signifying the ap-
pearance of new loss mechanisms.

ferent magnitudes of their critical-current densities, as
discussed later. ) Figure 5 plots the &actional change of
A, vs A as induced by the rf current. Again, as for YBCO
films, a large change in the slope is observed as the data
cross &om the low- and intermediate-Geld region to the
high-field region.

The low- and intermediate-field region has been quanti-
tatively explained by the power-dependent coupled-grain
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PIG. 4. The measured R, (o) and A ( ) vs H, r

for NbN sample 1 at similar reduced temperature
T/T = 13.4 K/15. 3 K as for YBCO sample 1 in Fig. 1 with
T/T, = 77 K/87 K. The vertical dashed line at about 49
Oe marks the place where R, and A start to deviate notice-
ably from a quadratic dependence on H, &. The solid hnes are
the best quadratic fits to the power-dependent coupled-grain
model (Ref. 1) for the low- and intermediate-field region (( 49
Oe). Note that the distinction between the low- and interme-
diate-field and the high-Geld regions is much clearer for NbN
than for YBCO films, since the slopes of R, and A for NbN
change much more rapidly upon crossing into the high-field
region.
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model in the Meissner state. It is the focus of this paper
to explore the high-rf-field region. We propose that in
the high-Geld region, above a certain vortex-penetration
field Hz, rf vortices form and enter the sample, introduc-
ing vortex-loss mechanisms. The superconducting film
is treated as an efI'ective continuous medium by averag-
ing over the grains, defects, and grain boundaries. The
field H„ is thus the microwave equivalent of the dc lower
critical field H, ~. Note that in the high-rf-field regime,
the losses described by the power-dependent coupled-
grain model are still present. These losses, referred to
hereafter as Meissner losses, exist simultaneously with
the added vortex-loss mechanisms, because the Meiss-
ner shielding surface current persists even after vortex
penetration. ' Furthermore, in the stripline geometry
with H, p not much larger than Hp, vortices enter only
the sections of the line around the peaks of the resonant
standing wave (see Fig. 6). Part (a) of Fig. 6 shows a thin
strip with microwave current I,g (x H, g Qowing along the
length. Part (b) shows the amplitude of I,r oc H, r along
the length of the strip. Recall that H, g is the peak rf
field at the edges on the maxima of the resonant stand-
ing wave and is a function only of the coordinate z along
the length of the line. The sinusoidal solid and dashed
lines represent the standing waves of the first and second
resonant modes, respectively. The positions of the inter-
section of the first-mode curve with the H„horizontal
line are also given. Prom Fig. 6, we see that for a maxi-
mum field H, g not much larger than Hz, the rf fields in
most areas of the stripline remain less than H„. These
areas hence are in the Meissner state. Thus

B, =R, +B
where B, and R, correspond to Meissner and vortex
hysteretic losses, respectively. R, can be approximated
above Hz by the power-dependent coupled-grain model.
Since hysteretic losses due to rf vortices are much larger
than Meissner losses at sufKiciently high rf fields, B, can

(b)

FIG. 6. (a) Thin-strip geometry with microwave current
I,f oc H f flowing along the length. (b) Amplitude of H, & (or
I f ) along the length of the strip. The sinusoidal solid and
dashed lines represent the first and second standing-wave res-
onant modes, respectively. The positions of the intersection
of the first-mode curve with the H„horizontal line are also
shown.

be deduced quite accurately using Eq. (3). In the next
section, we calculate the unloaded Q„of the stripline res-
onator using a critical-state model. The calculated Q„
will then be inverted to give the efFective surface resis-
tance B, to compare with the measurements.

IV. ANALYSIS

The critical-state model is used to calculate the hys-
teretic losses at high rf fields. As the model does not
distinguish between Abrikosov and Josephson vortices,
we treat the films as an efI'ective continuous medium, av-
eraging over grains, defects, and grain boundaries. Using
the Bean critical-state model in which the lower critical
field H, i is assumed to be 0, Norris calculated hysteretic
losses incurred in a thin strip of width much greater
than its thickness by a low-frequency f ( 1 kHz current
I(t) with amplitude Ip. The emf (per unit length) in-
duced in the strip is E(x) = BP(x)/Ot where x refers to
the coordinate (Fig. 6) along the width 2a of the strip,
and the Aux P(x) = yp f& H(s)ds where pp is the perme-
ability of free space. In each cycle, the energy dissipated
UcycIe equals

1/f a
U,y, i = dt g(x) E(x)dx,

0 —a
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where conformal mapping gives the sheet current
which is the current density integrated over the sample
thickness. The dissipated power per unit length 7 due
to hysteresis is found by Norris to be

I2
'P = ' [(I —F) ln(1 —F)

+(1 + E) ln(1 + E) —E j,
where F = (Io/I, ) and I, = J+A with J, the critical-
current density arising from vortex pinning (i.e. , J, is
determined by the balance between the Lorentz and pin-
ning forces: ' J cx U where U is the vortex pinning
potential) and A the cross-sectional area of the strip.
Equation (5) includes both the vortex-motion and vortex-
annihilation losses. For Io (( I„Eq. (5) reduces to

C

(6)

Because of the thin-strip geometry, the hysteretic losses
grow initially with the fourth power of the amplitude Io,
instead of the well-known third power derived for a semi-
infinite superconducting slab. From Eq. (6), as Io —i 0,
R, oc P/Io goes to 0 as Io for the thin-film geometry. In
contrast, as Io ~ 0, B, oc Io for an infinite slab.

Since there was no limit imposed on f in the deriva-
tion, Eq. (5) should apply equally well at microwave
&equencies. Similarly, because the dimension along the
film thickness does not enter Norris's conformal mapping
formalism, Eq. (5) can be used for the anisotropic high-
T superconductors. The bulk lower critical field H, i,
below which the superconductor is in the Meissner state
(no vortices), however, is assumed to be zero in both
Bean's model and Norris's calculation. The assumption
of vortex penetration at arbitrarily small magnetic fields,
whether externally applied or induced by traversing cur-
rent, is invalid for a real superconductor (see the Ap-
pendix). For a magnetic field much larger than H, i,
the assumption H, i = 0 gives a good approximation.
For fields around H, i, however, this assumption breaks
down. To account for H, i ) 0, we need to apply the mod-
ified Bean model ' to Norris's calculation. From the
modified Bean model, no hysteretic losses are present for
Ho & H, i where Ho(Io) induced by Io is the peak mag-
netic field at the edge of the strip, since there are no vor-
tices penetrating the superconductor. For Ho ) H, i, Ho
is replaced by Ho —H, i. The vortex-penetration field
H, i is included for Ho ) H, i because the equilibrium
magnetization &om the Meissner shielding surface cur-
rent continues to exist even after vortex penetration.
With the above modifications, applying Norris's calcu-
lation to the stripline geometry, we obtain hysteretic
power losses per unit length for resonant mode n, forI„(I,«& I.:

Rg &fo,mlf Po F(H )12x2ZI2CL

with

L——arcsin( ~~ )
F(H,f)—:

—arcsin( H+ )

7rZ 4
x H f sin ——H„ H, ~ —,

where H, f
——CI,&

with C a function of temperature
only, I' = 0.41 0/GHz is a geometrical factor, and
A(A(T)/thickness) is a correction factor for finite film
thickness. Note that R+ oc f, as expected for hysteretic
losses, and R, oc 1/(J, ) where J, = I,/A Recall tha. t
J or I, refers to the current density or the corresponding
total current determined by vortex pinnings as discussed
in the next section. Equation (9) can be integrated ex-
actly,

4000

X 2000—
LL

Hp ——50 Oe

0

rf field H„with vortex-penetration field H„ in place of
H, i, n is the resonant mode number, fo i the funda-
mental frequency, and L the length of the center line of
the stripline resonator. The prime restricts the integral
to the portions along the length of the stripline resonator
(Fig. 6) in which I,r sin(mz/L) is larger than I„. We ne-
glected the small contribution Rom the ground planes
((( 10%). Furthermore, the standing wave of the current
I,f(z) is assumed to remain sinusoidal along the stripline,
because the total inductance per unit length which de-
termines the current distribution along the strip length
is changed little upon flux penetration. (The kinetic in-
ductance changes upon Aux penetration, but this change
is still very small compared with the nearly unchanged
geometric inductance which is more than two orders of
magnitude larger. 2i) From the hysteretic quality factor
Q = 27r ft/'P where 8 = ZI,&

is the total stored en-

ergy per unit length and 8 the total inductance per unit
length of the stripline, the microwave surface resistance
due to hysteretic losses can be derived:

4dZ
g sin

50 100
Hrf (Oe)

150 200

where the rf current amplitude I,f replaces Io in Eq. (6),
I„ is the total peak rf current which produces a peak

FIG. 7. Function F(H,i) vs H, f with H~—:50 Oe For.
comparison, two quadratic curves oc H, f (dashed line) and
oc (H, f Hp) (dotted line) are shown to emphasize the non-
quadratic behavior of F(H, f) around H„.
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—[100+110(H,&/H„)'] (H,p/H„)' —1

—[48+ 144(H,r/Hp) + 18(H,r/Hp) ]

x arcsin( Hp/H, r) ) . (10)

a4
F(H, r) = " ([24m + 72~(H, q/H„) + 97r(H, g/H„) ]

0.20
84.3 K
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Figure 7 plots I" (H, r) with H„:—50 Oe. For compari-
son, two quadratic curves oc H, z and oc (H, q

—H„) are
shown to emphasize the nonquadratic behavior of F(H, r)
around H„.

V. COMPARISON
BETWEEN MODEL AND EXPERIMENT

At each temperature and &equency, B, is determined
&om the experimentally measured B, in the following
manner. The low-field R, (H,r) is fit to Eq. (1),

R, (H, f) —R (H f) = R, (0)[l+ b~H, q],

0.05—
41.0 K

o "--
lh 0 W, +, ~ Hp(43K}

0 100 200 300
Hri (Oe)

400 500

FIG. 9. The R, (f, J,(T), H„(T)) = R, —R, for sample
1 at several temperatures. The solid lines are fits using a
modified Bean critical-state model (see text) with two fitting
parameters: the vortex-penetration rf field H„(T) and the
pinning critical-current density J, (T). The H„(T) values are
indicated at each measurement temperature by the arrows.

in the low- and intermediate-field regime. In the high-
field regime, R, (H, r) = R, (H, q)

—R, (H, r) with
R, (H, r) the extrapolated values of R, from the low- and
intermediate-field. regime. The extracted B, , in other

04

E
0.2

RICO
K

4 8

FREQUENCY (0Hz)

FIG. 8. The frequency dependence of the surface resistance
R, :—R, —R, where R, is the measured total surface re-
sistance and R, the extrapolated value of the H,&-dependent
R, from the low- and intermediate-field region. The extracted
Rs is attributed to hysteretic losses (see text). For each
YBCO sample, the temperature and the rf-fiejd value at which
R, is extracted are given: sample 1 (o) at 79 K and 68 Oe,
sample 5 (inverted triangles) at 6.0 K and 500 Oe, sample 6

(~) at 4.3 K and 500 Oe, and sample 7 ( ) at 77 K and 120
Oe. For most of the samples, R, oc f where cr approaches
1, as expected for hysteretic losses [Eq. (8)]. The solid line
is the best least-squares linear fit to R, of sample 7. The
inset also plots R, (A) at very low field and R, ( ) at high
rf field versus f. R, for sample 7 exhibits clear f depen-
dence, as expected from the power-dependent coupled-grain
model (Ref. 1). In contrast, R, for sample 7 shows a linear
dependence on f The solid lines .in the inset are the best
least-squares linear and quadratic fits to the low-field R, and
the high-field R, data, respectively.

words, is simply the deviation from the H,&-dependent
curve.

Figure 8 plots RP vs f for several YBCO samples. For
each sample, R, is plotted vs f at some fixed tempera-
ture and rf-field value. For most of the samples, R, oc f
where o. approaches 1, as expected for hysteretic losses
[Eq. (8)]. For the other samples, no clear frequency de-
pendence is observed as the data are either lacking or
too scattered. The solid line is the best least-squares
linear fit cgy f, with the fitting parameter cia, to R,
of sample 7. The inset also plots R, vs f at very low
rf field for sample 7, which exhibits a clear f2 depen-
dence, as expected from the power-dependent coupled-
grain model. The solid lines in the inset are the best
least-squares quadratic and linear fits to the low-Geld B,
and the high-field B, data, respectively.

Figure 9 plots R, vs H, r for sample 1 at f = 1.5
GHz at several temperatures. The solid lines are 6ts us-
ing the hysteretic-loss model developed in the previous
section [Eq. (8)] with two fitting parameters: the vortex-
penetration field Hp(T) and the piniung critical-current
density J+(T). The fits are good over the whole tem-
perature range. Similarly good fits are also obtained for
other YBCO films.

A. Vortex-penetration field H„(T)

The H„(T) values for YBCO from the hysteretic model
are about 30%%uo less than the values estimated by eye
in both the AR, vs A and the AR, vs H, &

plots (e.g. ,
Figs. 3 and 2). These differences between the H„(T) val-
ues obtained &om the fits to the hysteretic model and the
eye-detected values arise probably because the method
of determining H„by detecting a slight deviation from
the straight lines has large uncertainties. In NbN films
where the initial deviation from the H, &

curve is much
larger (see Fig. 4), the H„values obtained by fitting and
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the values estimated by eye agree to better than 15%
(Fig. 4). Figure 10 shows the temperature dependence
of the fitting parameter H„(T) for YBCO sample 1 and
sample 5. For sample 5, Hz(T) is approximately the same
for both mode 1 (1.5 GHz) and mode 2 (3.0 GHz) over
the whole temperature range below T .

Figure 11 shows the frequency dependence of H„. For
most of the YBCO films, the values of H„(T) appear
to be independent of frequency for the frequency range
considered (( 14 GHz). For some of the samples, which
are not shown in Fig. 11, Hz as a function of frequency
exhibits a large amount of scatter that is probably the
result of the film's nonuniformity. For different resonant
modes, the peaks of the resonant standing waves are lo-
cated at different places along the length of the stripline.
For nonuniform films, the field values for vortex penetra-
tion may be different at different locations of the films,

180

120—
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8- - ~----8- --0

0
0

I . I

4 8
FREQUENGY (6Hz)

12

FIG. 11. The fitting parameter H~(T) vs resonant fre-
quency for several samples at various temperatures: sample
1 (Q) at 79 K, sample 3( ) at 78 K, sample 5 (~) at 56 K,
sample 6 (~ ) at 4.3 K, and sample 7 (s) at 77 K. The scat-
ter of the H~(T) values is probably the result of the films's
nonuniformity (see text).

FIG. 10. The fitting parameter H~(T), which is the
rf-vortex-penetration field, plotted vs temperature for res-
onators 1 and 5. For sample 5, results for the Grst two modes
at 1.5 GHz and 3.0 GHz are shown. The dotted line is the
best fit to the function H„(T) = H„(0)[1—(T/T, ) ] for sample
1 with H„(0) a fitting parameter.

FIG. 12. Schematic showing the current-induced rf mag-
netic Geld around the cross-sectional area of a superconduct-
ing strip in the Meissner state carrying a rf current (out of
the page). The rf magnetic field lines are strongly curved, es-
pecially around the edges. Though some field lines penetrate
the thin strip, no vortices are formed yet at sufticiently low
magnetic field. The Geld contour lines bulge at the two ends
where the current density is highest.

which would lead to different Hz values for different res-
onant modes.

The values of Hz(T) obtained here are lower than H i
which are already much lower than H, i, where H, z

( 250 Oe at 0 K) and H, i ( 850 Oe at 0 K) are
the lower critical field values measured in YBCO single
crystal and epitaxial films ' with an applied dc mag-
netic field perpendicular and parallel to the c axis, respec-
tively. Using the anisotropic Ginzburg-Landau model,
Klemmsi calculates the lower critical field H, i(0~) where
0~ is the angle between the c axis and the dc applied field.
He finds that H, i(0~) decreases rapidly for 0~ ) 10'.
The decrease of H, (0i~) with increasing 0~ for YBCO
has also been observed experimentally. ' That our H„
values reflect H, &' more than H, i can be attributed to
the high curvature of the stripline's rf-field lines, espe-
cially around the edges (Fig. 12). For a YBCO film of
thickness 0.3 pm and A(T) = 0.2 pm, the maximum mag-
netic field at the corners of the center strip with cross
section 0.2 p,m x 150 pm makes an angle 0H 20 with
the c axis.

Since the penetration field H& for a YBCO c-axis film
is suppressed towards H, &

values by the average field
curvature, H„ is expected to be higher for thicker films
which have less average curvature. The thickest YBCO
sample 4 (Table I) has an H„( 380 Oe at 36 K and

102 Oe at 77 K) about 3 times larger than those of
thinner YBCO films, in agreement with the simple pic-
ture of field curvature.

That the H„(T) values for YBCO thin films obtained
are low even when compared with the intrinsic H, i' of
YBCO single crystals can also be attributed to lower
vortex-penetration fields for the junction defects and
grain boundaries in the films where vortices first pene-
trate. Thus, in YBCO thin films, both the strong field
curvature and defects and grain boundaries may be work-
ing together to lower the H„(T) values.
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B. Pinning critical-current density J, (T)
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FIG. 13. The fitting parameter J, (T) which is the pinning
critical-current density vs temperature for resonators 1 and
5. The dashed lines are guides to the eye. The first mode for
resonator 1 is around 1.5 GHz (o). For resonator 5, the first
two modes at 1.5 GHz (~) and 3.0 GHz ( ) are shown. The
dc critical-current density (El), as obtained by dc transport
measurements on a film deposited under the same conditions
as YBCO sample 1, is also shown for comparison.

Figure 13 plots the second fitting parameter J, (T)
&om the modified Bean model for samples 1 and 5. De-
spite the simplicity of the Bean model, values of the
fitting parameter J, (T) for sample 1 are comparable
both in amplitude and temperature dependence with the
critical-current density J obtained by dc transport mea-
surement on a film deposited under exactly the same con-
ditions. (J, cannot be measured in the sample 1 used
for the resonator, but J is available for a sample de-
posited under the same conditions and this is shown in
Fig. 13.) For sample 5, the J+(T) values extracted for
two difFerent modes (mode 1 at 1.5 GHz and mode 2 at
3.0 GHz) are nearly identical.

The J, (T) values are about an order of magnitude
larger thari the fitting parameter J,(T) extracted from
the fits using the power-dependent coupled-grain model
in the low- and intermediate-field region for the same
films. This diR'erence can be explained as follows: The
J,(T) in the power-dependent coupled-grain model re-
Bects the critical-current density of a resistively shunted
Josephson junction, whose temperature dependence fol-
lows the Ambegaokar functional form. This J,(T) is di-
rectly related to the lower critical field of the junction
(i.e., the vortex-penetration field) and has nothing to
do with vortex pinning. On the other hand, J, (T) re-
flects the vortex-pinning strength s (J, oc U). Vor-
tices start to penetrate for current densities larger than
J, but the magnitude of the hysteretic losses is deter-
mined by J, , as shown in Eq. (8). The transport J+
measures the sum of the junction J and the pinning
J . In the limit of strong pinning, J )) J and hence
J J . Our result J J, )) Jc implies strong
vortex pinning for YBCO, consistent with other vortex-
pinning measurements which reveal strong pinning forces
in YBCO (see, for instance, Wu and Sridhar ). In the

o NbN¹1

s YBCO¹2
0.8 x 10 ---- COUPLED-GRAIN MODEL

HYSTERESIS

+4-%-
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FIG. 14. Comparison between YBCO (asterisks) and
NbN (o) films. The R, vs H, i are plotted for
Y'BCO sample 2 (at 1.5 GHz) and for NbN sam-
ple 1 (at 1.7 GHz) at similar reduced temperatures
T/T, 13.4 K/15. 3 K 78 K/90 K 0.87. The dotted lines
are fits to the power-dependent coupled-grain model (Ref. 1)
for the low- and intermediate-rf-field region. The dashed lines
are Bts to a modified Bean critical-state model.

VI. CONCI USION

We have measured the microwave surface impedance
as a function of the microwave magnetic field at various
temperatures and &equencies for several types of YBCO
films of diferent thicknesses and for NbN films. For both
YBCO and NbN, B,(H,r) and A(H, g) can be divided
into two regions: (1) the low- and intermediate-rf-field

limit of weak pinning, J && J and hence J J . Since
the NbN films are highly granular as observed via trans-
mission electron microscopy (with average grain size of
about 0.02 pm), we expect weak pinning for Josephson
vortices moving along each junction, because the order
parameter is suppressed there. For NbN sample 1 at
13.4 K (Fig. 14), the efFective critical-current density of
the junction is J, 5.8 x 10s A/cm, as obtained from
the fit using the power-dependent coupled-grain model
for the low- and intermediate-rf-field regime, whereas the
pinning J, is J, 1.2 x 10 A/cm, as obtained from
the fit using our hysteretic-loss model [Eq. (8)]. These
are to be compared with the measured dc transport J
values of 0.7 to 6.7 x 10s A/cm at 13.4 K for several
granular NbN films.

The fact that J, )) J for NbN compared with
J, (& J, for YBCO gives rise to the abrupt change in
the B, and A vs H, p curves for NbN films at H„, but only
a gradual change for YBCO films. To see more clearly
how the abrupt change in NbN comes about, consider the
limit of zero vortex pinning: As soon as the induced field
exceeds the vortex-penetration field Hz of the film, vor-
tices would penetrate the sample everywhere, in the ab-
sence of macroscopic shielding current arising &om pin-
ning. This sudden in8ux of vortices would produce sharp
changes in the pair density and in the losses, and hence
in A and R„respectively.
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region and (2) the high-rf-field region. The value of H, g

that separates the two regions is the vortex-penetration
field H„(T). In the low- and intermediate-field region,
the power-dependent coupled-grain model (for the Meiss-
ner state) quantitatively accounts for the power depen-
dence of both YBCO and NbN films, giving R, oc f and
AR, oc H2~.

In the high-field region, both R, (H,g) and A(H, r) devi-
ate &om the low-Beld quadratic dependence on H, &. Us-
ing a modified Bean model (H„) 0), we adapted Norris's
calculations to account quantitatively for the behavior
of R, (H,g) for most YBCO and NbN films at various
temperatures and &equencies with two Gtting parame-
ters Hz(T) and J, (T). The measured R+ is found to
be nearly proportional to &equency for several samples.
While we think we have strong evidence that R, oc f,
some samples did not show a clearly defined &equency
dependence, probably because of film nonuniformity as
discussed in Sec. VA. The frequency dependence of R,
hence requires further study to understand the efI'ect of
nonuniformity.

The values of H„(T) obtained show vortex penetration
occurring at Beld values lower than the dc H, z values

which are already much lower than the dc H, z values.
This behavior of H„(T) can be explained by the curva-
ture of the magnetic Gelds at the edge of a superconduct-
ing thin-film strip. That the H„(T) values obtained for
YBCO thin Blms are low even when compared with the
intrinsic H, z of YBCO single crystals may be attributed
to lower vortex-penetration Belds for the junction defects
and grain boundaries in the films where vortices first pen-
etrate. The Geld H„ is therefore an extrinsic quantity,
leaving room for improvement of the power-handling ca-
pability of the films through improved deposition tech-
niques.

The values of J, (T) extracted from the fits using the
hysteretic-loss model agree with the critical-current den-
sities J, (T) obtained by dc transport measurements for
YBCO but not NbN films. The disagreement for NbN
can be explained by considering the efI'ects of strong vs
weak pinning on the J values. The strong pinning in
YBCO and the weak pinning in NbN also are shown to
be responsible for the qualitatively different behavior in
R, above Hp.

B. A. Willemsen, Dr. 3. Derov, and Dr. T. C. L. G. Soll-
ner for useful technical discussions.

APPENDIX

Field at edges of normal conducting media

To address the magnetic Geld strength at the edges of
a strip, we first review the case of a nonsuperconducting
wedge surrounded by a homogeneous dielectric medium
with a common straight edge. Figure 15 shows the cross
section (perpendicular to the edge) in cylindrical coordi-
nates (p, P, z) where e, p, and o = o i + jo 2 are
the permitivity, permeability, and complex conductivity,
respectively, of the conducting wedge, while eb and pb are
the permitivity and permeability of the surrounding di-
electric medium. We consider only the lossless dielectric
medium situation with real e, eb, p, and pb.

For cr i ——oo (perfect conductivity), using the edge
condition that the electromagnetic energy density must
be integrable over any Gnite domain, Meixner studied
the singularity of the electric and magnetic fields in the
neighborhood of the common edge of angular dielectric
or conducting regions at &equencies ranging &om dc to
microwave. He found that the magnetic field components
H~ and Hy -+ oo at the edge (p -+ 0) for a sharp wedge

(Po ) 7r) or an infinitely thin film (Po ——2m).
Extending Meixner's approach to the case o q ( oo

(lossy conductivity), Geisel et al. discovered that H~
and Hy remain bounded unless the media have diferent
magnetic permeabilities (p g ps).

The Geld component parallel to the wedge H, is
bounded in all the above cases.
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FIG. 15. Cross section of an infinitely long conducting
wedge with complex conductivity cr = cr z

—jo,z sur-
rounded by a lossy dielectric medium. For a normal con-
ductor, the imaginary part a,2 is neglected at low enough
frequencies f (typically, f ( 10 Hz).
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Field at edges of supex'conducting media

Prom the two-Quid model, the complex conductivity
for the superconductor (region a in Fig. 15) is o'

o q
—jo 2 where o q ——n„e r/m for low enough &e-

quencies f (typically for f ( 10 ~ Hz) (Ref. 39) where
n and m are the density and mass of the normal carri-
ers, e the electronic charge, and v the scattering time.
An efFective complex permitivity can then be written
e = (e —0' 2) jar—q/2' f For. n„) 0 (at nonzero tem-
perature), the superconducting wedge thus behaves like a
lossy conductor of finite conductivity o ~ ( oo, assuming
pb ——p,o. Note that we have taken p = pb ——po since
we have treated the superconductor as a nonmagnetic
material, with the induced magnetization accounted for
by the shielding supercurrent. Thus the magnetic field
amplitude at the edges is bounded just as it would be
for a lossy normal conducting wedge. This is the case of

interest in this paper.
For n„= 0 (at zero temperature assuming all car-

riers become paired), the superconducting wedge can
be treated as a lossless (o q = 0) dielectric instead of
conducting wedge. For a right-angle dielectric wedge

(Po ——3m'/2), the magnetic field at the edges is also found
to be bounded.

The magnetic field at the edges of a superconducting
wedge or thin films is thus finite, at least at temperatures
greater than 0. In fact, the current and field distributions
in the Meissner state can be exactly solved using the I.on-
don and Maxwell equations numerically. Sheen et aI,.
divided the stripline cross section into Inany small grids
and numerically calculated the current and field in each
grid. By observing the saturating currents and fields in
the grids at the corners and edges as the grid size is con-
tinually decreased, they concluded that these currents
and fields remain finite at all times.
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