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Nonlinear Microwave Properties of
HTS Thin Film Coplanar Devices

P. Lahl and R. Wérdenweber

Abstract—t is demonstrated that the combination of vortex — —W et

properties of superconducting thin film devices, both in small
magnetic fields and zero field. The comparison of field-cooled
and different types of field sweep experiments on coplanar
high-T thin film resonators shows that the microwave properties
strongly depend on magnetization and vortex distribution in the
superconducting film as well as on the way, the magnetic field
is approached. Thus, using vortices as a kind of local probe for
the microwave properties leads to a consistent explanation of the
microwave power handling in nonzero and zero magnetic field.
In a model that is derived from the experiments, the nonlinear
microwave behavior is explained by the limitation of the total
current density in the device considering contributions of the rf
field and the screening of the magnetic field and vortices to the
current. The limiting current value seems to be related to the dc
critical current of the superconductor.

matter and rf measurements yields new insight into the microwave

Fig. 1. Schematic sketch of the design and microwave current distribution of
a superconducting thin-film coplanar resonator.

: . . tral conductor isv = 100 gm and the distance of the ground-
Index Terms—Nonlinear microwave properties, supercon- . L L o
ducting films, vortex matter. planes iss = 182 pm yielding a transmission line impedance
Z; = 50 Q. The 1D current density distribution across the
center conductor of coplanar microwave devices can be approx-
[. INTRODUCTION imated by [6]

HE use of superconducting thin films in microwave de- T
vices allows a dramatic reduction of the device dimensio#: () TwK (y)
at comparable or higher performance with respect to conven- “

tional nonsuperconducting devices [1]. As a consequence, larger [(1— (%“”)2) - (1— (%)2)} 1/zfor lz] < % — A
power densities are encountered in these devices. However, in ) —1/2

contrast to their normal-conducting competitors, the power han- [(1— (2) )%] forg —A<|z[ < 3
dling capability of superconducting microwave devices is lim- (1)

ited by the onset of nonlinear effects in form of a strong in-

crease of the dissipation or intermodulation products at largeHere, A is the London penetration depth ahf(w/a) the

rf power. Although various physical origins are discussed (e.§oMplete elliptic integral which for our geometryAS ~ 1.72.
weak links in granular superconductors [2], pair breaking [3],h€ maximum current density in the groundplane is at least by
thermal effects [4]1 magnetic effects [5])’ the physica| mec@.factor Of(U}/CL)l/2 smaller than in the central conductor. Thus
anism, that is responsible for the nonlinear surface resista@@ nonlinear rf properties are considered to be dominated by
and that represents a serious restriction for a number of rf appiie central conductor.

cations, is not fu”y understood. In this paper, we demonstrateDue to this characteristic current distribution (See Flg l), first
that the combination of vortex matter and microwave properti€€ power handling capability is relatively small so that thermal

leads to new insight into the nature of the nonlinear microwa@dfects are limited to a temperature increasadf < 15 K for
properties of superconducting material. the highest occuring rf powers in the experiments and thus can

be neglected[7], [12]. Second, it allows to locally investigate the
microwave properties by applying small magnetic fields. Since
the rf current is strongly peaked at the edge of the central con-
Coplanar thin film resonators (resonant frequencyfof=  gyctor (see Fig. 1), these devices turn out to be highly sensitive
1.4 GHz) are patterned from epitaxial YBCO films (thicknesg, magnetization or vortex penetration. Furthermore, by estab-
d =~ 300 nm) on sapphire substrates. The width of the cefishing different vortex distributions in the resonator, the impact
of vortices on the microwave properties can be analyzed locally.
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Fig. 2. Field dependence of the power handling capability of a coplanafg. 3. Magnetic field cycles with different amplitudes in fcs experiments
YBCO resonator for field-cooled (fc, solid circles), zero-field cooled (zfcyeveal the underlying mechanism of magnetization (reversible behavior in (a))
open triangles) and field-cooled sweep (fcs, solid lines) experiments. The inggl vortex or antivortex penetration (irreversible behavior in (b)). The gray

shows _the fcs measurement starting a different fidgdgdson an enlarged and |ine represents the single scan (see inset Fig. 2) startiy.at= 2 mT (open
normalized scale. circle).

of coplanar microwave devices (i.e., small power handling ceive power-handling capability seriously. This is consistent with
pability and extremely inhomogeneous current distribution) aggher observations of flux penetration at small fields, where an
ideal for the investigation ofthe mechanism that limits the pPow@icrease of the magnetic field first leads 0n|y to a shift of the
handling capability. flux front into the superconductor [8]. Since the interior of the
The power handling capability is characterized by the osclyperconductor does not carry large rf currents, this shift does
lating rf power Pax at which the unloaded quality fact6lo  not affect the power handling capability seriously. Furthermore,
is degraded to 80% of its low-power value, i.Qs(Pmax) = the fc and zfc values of,,., seem to merge at large fields.
0.8 - Qo(P — 0) andQo ~ 20.000-30.000 for P — 0 and This is expected for the field, for which the zfc flux front
T — 0. In field cooled (fc) and zero field cooled (zfc) experapproaches the center of the sample. For these fields similar
iments the resonator is cooled to the superconducting state,gitex densities are expected at the edge of the superconductor
an applied magnetic field or in zero field, respectively. In fielghr the fc and zfc case.
cooled sweep (fcs) experiments, the sample is first cooled to therpe most interesting features, that also confirm the interpreta-
superconducting state in an applied fidig. (where the field {jon of the fc and zfc data given above, are observed for fcs mea-
qooled state is established) and subsequently the field is magdivements (inset of Fig. 2 and for field cycles Fig. 3). Starting
fied by AB. with the fc value, fcs experiments show a characteristic variation
of P.x With increasing and decreasing field, which provides an
ideal fingerprint of magnetization and vortex penetration. For
finite starting fieldsBs., @ nonsymmetrical\ B-dependence of
Fig. 2 represents an overview of the field dependence B£f,.« is obtained. FoBs. > 0, first Py, increases for de-
the power handling capability of a typical coplanar resonatareasing field and decreases for increasing field, then for larger
The power handling capability’,,.x depends strongly upon field changes’,,.. decreases for decreasing field and shows a
the way the magnetic field is established. Whereas fc measurkaracteristic small peak for increasing field. The position of the
ments show a gradual decreaseRf.., in zfc experiments maximum ofP,,..(AB) for AB < 0 decreases with increasing
a strong decrease of the power handling capability withinfeld By..
few uT is followed by an almost constait, .. The different Field cycles with different amplitude (Fig. 3) prove the dif-
behavior seems to be a consequence of the vortex distributferent underlying mechanisms. For small field amplitudés,
in the resonator. A homogeneous vortex distribution in treereversible magnetization is observed. The magnetization leads
superconductor is expected for fc experiments. The linearadecrease df,,., for AB > 0. ForAB < 0 acompensation
increase of the vortex density with increasing field seems &6 B¢ causes an increase Bf, ... Modification of P, by up
lead to the gradual decrease Bf,... In contrast to the fc to 50% take place within a fewT. Only for larger amplitudes
experiments, an inhomogeneous vortex distribution is expectedB| > 10 T vortices AB > 0) or antivortices A B < 0)
for the zfc case. Due to the vortex penetration into the field-frestart to nucleate and penetrate the resonator structure. This leads
superconductor in the zfc case, the position of the largastan irreversible modification aP,,.x (see Fig. 3(b)). The pen-
vortex density coincides with the maximum of the rf currengtration of the first vortices is accompanied by a small increase
at the edge of the central conductor. This explains the stroafithe P,,.x for the positive branch, that can be interpreted by
reduction of P, already at extremely small fields of a fewa relaxation of the magnetization at the edge of the supercon-
wT. Afurther increase of the field in the zfc case does not affedticting central conductor. Obviously this effect is not possible

I1l. DISCUSSION OF THERESULTS
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for the negative branch, hefg,.. decreases when the first anti-
vortices penetrate.

[ (a) |

IV. MODELLING OF THE RESULTS

In the following, the field-dependence &f,,. will be dis-
cussed in terms of a new model that considers (i) a superpo ~—
tion and (ii) limitation of current density in the superconductor
Ambient magnetic fields lead to screening currents in the si
perconductor. The resulting screening current densifigue
to a magnetization angh, due to vortices) superimpose the
rf current densityj,¢, yielding a total current density;.; =
vt + jm + jv in the coplanar resonator. The nonlinearity im-
plies that the total current density is limited by a critical value
i.e., Jiot < Jmax @and thus the linear behavior is restricted to the
regimej.s < jmax. Assuming afield dependence of the limiting
current [12]

jmax(B;:E) = jmax,B:O(x) _JM(B'T) - jV(Bvx) (2)

this model automatically yields a power handling capability the
strongly depends on the kind of experiment.

A. Field Cooled Experiments

In fc experiments a homogeneous distribution of vortices i
the superconductor can be assumed and magnetization effe
can be neglected for not too small fields, i.Ret =~ jit + jv-
Assuming an ideal vortex lattice, the positions of the vortice
in the central conductor of the resonator is given in coordi .
nates of Fig. 1 byjz,,| = [w — (2-v - n + 1) - ag]/2 with 0 20 40
n=0,1,2,...,a = (¢,/yB)/?> andy = 1 or 0.866 for T [K]
a quadratic or hexagonal vortex lattice, respectively. Since the
screening current drops exponentially with the characteristig. 4. (a) Field dependence of the calculated total current ((4)) for a

Iength)\ (London penetration Iength) we assume. that the tofépical resonator. The values for the rf self-field and the onset of overlap and
! ’ compensation of vortex screening currents are marked and restrict the validity

curre_nt density in the r?gimﬁn + a) of the cross-sgction IS of (4) and, thus, regime of constant total current. ... as function of
dominated by the contribution of the vortex screening curreeftective magnetic field for zfc and fcs experiments for different values of the

with o &~ 0.5—1. Thus, the maximum total currefif,; . Can field cooled magnetic fieldBs... (c) Temperature dependence pf the mgximum
. . . ’ rf current density for two resonators patterned of YBCO films of different
be obtained by summation of the maximum rf current and tRgaiity (solid symbols: optimized film quality; open symbol: oxygen depleted

redistributed current due to the screening current of vorticesY&co film).
positionsz,,:

Tiot max = Lefmax + Z Go(xn) - 2Xe - . (3) The deviation from the field independence at small and large
Vortices n fields can be explained by the effect of magnetization due to the
The maximum rf current can be derived from the rneasurg_field and the overlap of vortices, respectively. Both effects
ment of P,y according tal,¢ — (2 Puae/Z1) 12 with the are not accounted for in (4). Fd&® < 0.5 mT the calculated

line impedanceZ;, = 50 ©2. Using (1) yields the maximum total tota_ll curr_ent decreases sli_ghtly with decreasing field. S_ince
current: residual fields (e.g., earth field) have been compensated in the

experimental setup, we consider the rf field to be responsible for
Liot,max = Irf. max the deviation. The rf magnetic fiel®.; can be approximated
by Ampere’s law yieldingB,s ~ pol/2w ~ 0.88 mT using

Aot - @ 2 the experimental valué;s ~ 0.14 A. This is of the order of
1+w K (w) Z o N2 N 5 - the field up to which the deviation froMy,¢,max = constant
@7 Vortices n \/[1—(%) }[1—(%) } is experimentally observed in the small field regime. For

4) fields B > 3 mT I max iNCreases with increasing field.
In (3) vortices are assumed to be independent. However, for
Fig. 4(a) shows the field dependence of the maximum totaj) < 2\.g vortices start to overlap and, thus, the screening
current for a set of fc experiments on a typical resonator. Tlearrents of adjacent vortices start to partially cancel each other.
transformation of the rf current via (4) to the total curreninserting reasonable values for the effective penetration depth
demonstrates the expected field independende,of..x ((2)) yields field valuesB > 3 mT for which the overlap of vortices
for a large magnetic field range, i.e., between 0.5 mT and 3 n&ads to an overestimation of the total current in (4).
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B. Zero Field Cooled and Field Cooled Sweep Experiments shows the resulting temperature dependencg:Qf.. for two
In contrast to fc experiments, in zfc and fcs experimenfgsonators patterned from YBCO films of different quality.

field changes introduce a magnetization of the supercoR¥O interesting aspects should be noticed, igsmax in-
ductor and, subsequently, gradients in the vortex densif/eaS€s linear with temperature and the order of magnitude is
' ' o ~ 1010 Am—2 : o anll A—2

However, restricting our consideration to small field changeksmax(77 K) ~ 10" Am™? andjit max(10 K)~ 10" Am==.
penetration of vortices (additional to those that are froz&tPth: temperature dependence and magnitude of the maximum
in during cooling in the fieldB;) can be neglected and rf current density agree with the dc critical current for typical
thus, Ajior &~ Ajus + Ay = 0 is expected. Let us con- YBCO thin films [10]. This suggests, that the nonlinear mi-
sider the case of zfc and fes experiments for increasi§iPWVave behavior is strongly related to the dc critical current
field. The effective field drops exponentially at the supe! the superconductor. A relations between microwave power

conductor surface, i.eB(z') = Beg - exp(—a’/)) with handling and pair-breaking mechanisms [11] could not be

o = |z + w/2|. The resulting screening current density€'ified by our experiments.

is given by ja(2') = (Bes/Ano)exp(—2'/A), the total
screening current can be approximated in analogy to the V. CONCLUSIONS
description of the skin effect by, (0) - A - ¢ < Be.g Wheret _
represents the film thickness. Thus, the change of the powetn conclusion, we have demonstrated that the use of vortex
handling capability can be approximated by: matter in microwave experiments yields new insight into the
microwave properties of superconducting thin films. The com-
APpax = Pax (Bet) = Pax (Bte) parison of the microwave power handling capability of coplanar
x (jar(0) - Aegg - £)* o< B%. (5) HTS thin film resonators in fc, zfc and fcs experiments shows,
Furthermore, the effective field at the superconductor surfat&e""t () the microwave prqpertles depenq on magnetl_zatlon and
is given by B.g — Bi + 5 - AB, wheres — (1 — D)= is vortex distribution, that (ii) power handling and quality factor
N y X of the devices are strongly affected by the way the magnetic

the field enhancement due to the demagnetizing fabtob = " " ) .
0.994 56 is derived from the fcs experiments for the geometr ield is approached, and that (iii) the microwave power handling
) n be understood in terms of a simple model, that considers all

of our samples by assuming, that the maximum power handli S : )
P y g b ntributions to the current in the superconductor (i.e., rf and

capability is achieved for field compensation at the edge of i . . L o
superconductor, i.eBr. +5- AB = 0 at the maximum oP,.. screening currents) which seems to be limited by the dc critical

in fcs experiments (inset of Fig. 2) [12] current. The model explains the microwave behavior in nonzero
The double-logarithmic plot (.Fig 4(b.)) kP - as afunc- and zero magnetic field. Thus, magnetization and vortex pene-

tion of effective magnetic field3.s for a typical set of zfc tration can be used to probe the local microwave properties, and

. | the mechanism of nonlinear microwave properties. How-
and fcs experiments demonstrates the excellent agreemenEeXFa the mechanism of nonlinear microwave properties. Ho

the data with the prediction in (5)A Py, increases quadrati- ever, it also bears new and interesting aspects of vortex physics

cally with B.g and, even more, all data (zfc and fcs for different’ patterned superconducting thin film devices.
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