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In this paper we present an experimental investigation of the nonlinear microwave properties of
coplanar resonators patterned from epitaxiaB&Cu;0;_s thin films in zero-field-cooled,
field-cooled, and field-sweep experiments in the search for the fundamental limiting mechanism.
The impact of magnetization, vortices, intrinsic limitation, grain boundaries, and thermal effects is
evaluated. We find that the fundamental limiting mechanism in the absence of thermal and
grain-boundary effects is given by the dc critical current density of the superconducting material
which masks the intrinsic limitation expected at larger rf current densities. Demagnetizing effects,
penetration barriers, vortex penetration, pinning, and relaxation of inhomogeneous vortex
distributions are experimentally observed and in agreement with theoretical expectations. The
experimental results are modeled in terms of a simple model for the power-handling capability
which is based on a superposition of all current densities in the resonator and gives a consistent
explanation of all experiments in magnetic fields and in zero fiel®085 American Institute of
Physics [DOI: 10.1063/1.1929088

. INTRODUCTION the order or based 0B.,.%’ However, by comparing mea-

The application of superconductors in microwave de_suremen_ts_on devices with differen?-magnetic fie_ld configu-
vices of large power densitigg.g., thin-film microwave de- ratlon, it is argugd that a field-driven .mechanlsm cannot
vices is limited by the onset of nonlinear effects which de- consistently describe the onset of nonlinear effects for all
fines the power-handling capability of the devices. Naturallyield configurationg. Current-driven mechanisms are usually
intrinsic and extrinsic properties of superconductors conveyased on the onset of nonlinear effects if the rf transport
limiting mechanisms compared to normal conducting matecurrent density exceeds a certain limiting value which is
rials. Thus, it is crucial to investigate and understand thecharacteristic of the nonlinear mechanism. If several current-
fundamentalmicrowave-power-limiting mechanisms of su- driven mechanisms exist, the mechanism with the lowest
perconductors. Although considerable efforts are ongoindimiting value then naturally defines the onset of nonlinear
worldwide to uncover the fundamental nonlinear mechaeffects and, thus, the power-handling capability. The limiting
nisms responsible for the observed nonlinear effects, it is najalue for the rf current density and its dependencies on
completely understood. physical quantities, such as temperature and magnetic field,

~ The most important nonlinear effects ar@) the  hen allows the identification of the specific current-limiting
microwave-power-dependent losses, e.g., a nonlinear ohyechanism. A strong support for the idea of a current-driven
served surface resistance limitation comes from power-handling capability measure-

R(j)=Ry+ R;j2+ e (1) ments of the same thin superconducting films performed in
two separate devices of highly different field configurations

ii) the generation of harmonics, afid) the intermodu- . ) o .
(i) 9 ! ics, afid) ner 4" Which give similar results as functions of the rf current

lation distortions(IMD). Depending on the specific device, :
one of these effects might receive the most attention. Howglens'tyi'3 ) )
ever, it is clear from this simple phenomenology that as soon oM @ dc perspective, there are three main current-
as one nonlinearity is present, all these nonlinear effects willMiting mechanisms(i) grain-boundary Josephson junction
arisel™® behavior, (i) pair breaking, andii) vortex depinning and
Various physical origins are considered in the discussiorinotion.
of the fundamental mechanism that will ultimately define the ~ The effect of grain-boundary Josephson junctions on the
power-handling capability when all extrinsic mechanismspower-handling capability has been exemplary investigated
have been eliminated. Part of this discussion is whether thigsing bicrystal grain boundaries of different misorientation
mechanism is field driven or current driven. Field-drivenangles. It has been found that the microwave-power-handling
mechanisms are usually explained by a deterioration of theapability of yttrium—barium—copper oxid&BCO) films is
microwave properties due to the penetration of vortices if theeduced from the overall thin-film values for misorientation
surface magnetic rf field exceeds a certain limiting value ofgngles of§>5° (Ref. 9 in agreement with IMB’ and dd*
experiments. Since epitaxial thin films are rated to contain
¥Electronic mail: p.lahl@fz-juelich.de misorientation angles of<1°, these experiments are a
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FIG. 1. (a) Top view of a supercon-
ducting thin-film coplanar resonator
on a 12<12-mm substrate(b) Cross
section: schematic sketch of the design

cci and microwave current distribution.

center conductor

strong indication that the Josephson junction model does ndherein. The width of the resonator center conductowis
represent the fundamental nonlinear mechanism for epitaxiat100 um and the distance of the ground planes as
high-T, microwave devices. =182 um, yielding a transmission line impedancg
Various investigations show that the limiting rf current =50 () [see Figs. (a) and Xb).
density does not seem to agree with the pair-breaking mecha- One important aspect for the analysis of the rf power-
nism since, on the one hand, the observed values are mohandling capability is the rf current-density distribution in
than one order of magnitude below the pair-breaking criticathe device. For our geometfyw> X\ ,t<\,), the theoretical
current densityl; pg and, on the other hand, they do not show description of the inhomogeneous electromagnetic-field dis-
the temperature dependence expected from models based wibbution across the superconductor cross section is based on
the pair-breaking mechanistfr®® It should be noted, how- the solution of the integral equation of the rf magnetic-field
ever, that the pair-breaking mechanism seems to show exdistribution in the superconductbt.*® The resulting current
tremely sensitive IMD measurements in the low-current limitdistribution is obtained via a conformal mapping using the
due to a crossover with the vortex motion mechantém. assumption of perfect conductivity and zero thickness of the
Comparisons of the limiting rf current density with the coplanar line>*° This solution contains an unphysical sin-
dc critical current density associated to vortex motion havegularity at the edge of the superconductor. On the other hand,
often been inconclusive so fésee, e.g., Ref. 120n the one  the magnetic screening current in the dc case at the surface is
hand, such discussions are restricted to order-of-magnitudenown from Pearl’s modet: Combining this expression for
arguments since current densities are determined based tme dc current distribution and the integral equation of the rf
different criteria. On the other hand, it has to be explainednagnetic field at the edge of the superconductor, the solution
how magnetic vortices can happen to appear in the supercofor the rf current density at the edge of the superconductor of
ductor. While this is clear in the case of field-cooled experi-a coplanar resonator is given zay
ments, it has been argued that so called microwave vortices | {)\ w\2]|-v2
may be generated by the magnetic component of the rf field.  J,(x) = rf eﬁ[ - (—) ”
We further point out that vortex—antivortex pairs may be wK(V—V>
generated by fluctuations and that these pairs may be broken
up, e.g., thermally or by current densities, producing free W
vortices. for == Ner<|X =
In this paper, we will present systematic investigations 2
of the power-handling capability of YBCO coplanar resona-and
tors in magnetic fields, with the goal to investigate the im- | {)\ [< a>2 12
rf eff
]

w a

(2a)

NS

pact of magnetic fields and vortices on the microwave prop-  J,(x) =
erties and to identify the fundamental limiting mechanism WK<V_V>
for the onset of nonlinear microwave effects. The results sug- a
gest that(i) the limiting mechanism is current driven afid a a
that the dc critical current density represents the limitation for — < X/ < =+ ey (2b)
for the rf power-handling capability in these experiments. 2 2

a w

wherel; is the total rf currentK(w/a) is the complete ellip-

tic integral which for our geometry i€ = 1.72, and\ . is the

effective London penetration depth. The resulting current
All measurements presented in this paper were perdistribution is sketched in Fig.(f).

formed on coplanar thin-film\/2 resonatorgresonant fre- A number of aspects result from this current distribution

guencyfy=1.4 GH2 which were patterned photolithographi- which are important for our experiment$) The maximum

cally from epitaxial YBCO filmgthickness~ 300 nm). The  current density in the ground plane is at least by a factor of

YBCO films were deposited by magnetron sputtering on(w/a)*/? smaller than in the center conductor. Therefore, the

CeO,-bufferedr-cut sapphire substrates. For details on thedevice properties are considered to be dominated by the cen-

sputter deposition process, please see Ref. 15 and referendes conductor(ii) Due to the characteristic current distribu-

Il. EXPERIMENTAL SETUP AND TECHNIQUE
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tion the power-handling capability is relatively small so that 100
thermal effects can be neglectéske discussion belgw(iii )

[mW]

max

P
g

Since the rf current is strongly peaked at the edge of the
central conductor, these devices turn out to be highly sensi- 80
tive to magnetization or vortex penetration. Therefore the
microwave properties and the impact of vortices on the mi- : :
crowave properties can be investigated locally by establish- 60 \ ) T T
ing different vortex distributions in the resonator. Thus, the 60 40 20 0 20 40 60
specific properties of coplanar microwave devices are ideal 0 AB [uT]
for the investigation of mechanisms that limit the power-
handling capability. A_l_ e ____é _____ :&
The measurements were performed in a He flow cryostat 20 el .
and the measurement temperature could be adjusted in the 0o =y 3 4 5 6
range of 4.2 K to RT. An additional dc magnetic field of up B [mT]
to 0.6 T could be applied parallel to tleeaxis of the sample.
The loaded quality factor of the resona@y and theS pa- FIG. 2. Field dependence of the power-handling capability of a coplanar
rameters were measured in frequency domain using a nefBCO resonator for_fleld-cooled‘c, solid cwclt_es). _zero-fleld-_coolec(zfc,

. - open triangles and field-cooled-sweeffcs, solid lineg experiments. The
work analyzer(HP8720D. The power-handling capability inset shows the fcs measurement starting at different figldsn a normal-
Pmax IS defined by the oscillating microwave power ized scale as a function of field swea.

Posc= QLPina (3)
at which the unloaded quality factor

strong reduction oP,,,, already at extremely small fields of
a few microtesla. The following quite constant power-
Q=Q(1-S;-S)™ (4)  handling capability is consistent with other observations of
flux penetration at small fields, where an increase of the
magnetic field first leads only to a shift of the flux front into
Qo(Pmay =0.8Qy(P — 0), (5)  the superconducté?. Since the interior of the supercon-
ductor does not carry large rf currents, this shift does not
affect the power-handling capability seriously. At larger mag-
ir:Letic fields, the fc and zfc values Bf,,, Seem to merge. This

expected for the field, for which the zfc flux front ap-
proaches the center of the sample so that for the edge of the
superconductor similar vortex densities for the fc and zfc
cases can be expected.

In fcs experiments, the resulting field dependence of the

Power—handling capability represents a fingerprint of the pro-

9esses of magnetization and vortex penetratgme inset of

cryogenic system with computer control. Special measuregig' 2). This behavior can be understood by considering the

wereéaliﬁn n ofgjer o odptlmlzedthgﬂias\llj\;eme?t ?ﬁcgﬁ?y ‘gﬁective magnetic fieldB. at the superconductor surface,
Q and, thus, ofPma and reproducibility. We note that this which has contributions from the frozen-in magnetic fiBjg

was a prerequisite for presenting measurement curves of t%d the subsequent field chaniB in the cold state
power-handling capability in the detail shown below, espe-

is degraded to 80% of its low-power value, i.e.,

with Qp=20.000-30.000 forP—0 and T—0. In field-
cooled(fc) and zero-field-cooledzfc) experiments the reso-
nator is cooled to the superconducting state in an applie
magnetic fieldBy, or in zero field, respectively. In field-
cooled-sweefgfcs) experiments, the sample is first cooled to
the superconducting state in an applied fiBld (where the
field-cooled state is establishe@nd subsequently the field
is modified byAB.

cially in zero-field-cooled and field-cooled experiments. Befr = By + SAB, (6)
where,
Ill. RESULTS AND DISCUSSION s=(1-D)™* 7)

Figure 2 represents an overview of the dc magnetic-fields a dimensionless factor based on the demagnetizing factor
dependence of the power-handling capability of a typical coD ands>1 for our geometry. Since the frozen-in magnetic
planar resonator in fc, zfc, and fcs experiments. The powefield does not cause a magnetization, the fastbas to be
handling capabilityP,,,, depends strongly upon the way the applied to the field changAB only. The effective surface
magnetic field is established. For fc experiments, a homogenagnetic fieldB.; decays on the scale of the penetration
neous vortex distribution is frozen in and the linear increaselepth \ into the superconductor. Since this coincides with
of the vortex density in the resonator results in a graduathe peaks of the rf current density at the superconductor sur-
decrease of the power-handling capability. In contrast, in théace, it is clear that the effective surface magnetic figld
zfc case vortex penetration into the field-free superconductoand/or screening currents associated with it strongly affect
occurs primarily in regions close to the surface of the superthe power-handling capability.
conductor, where the vortices are pinned. Thus, the maxi- For small field change$|AB|<20 uT) the supercon-
mum of this extremely inhomogeneous vortex distributionductor is magnetized as demonstrated by reversible field-
coincides with the maximum of the microwave current dis-cycling experimentgsee Fig. 4. For AB>0 the effective
tribution at the edge of the central conductor, resulting in amagnetic field at the superconductor surf8ggis increased,
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and, therefore, a decrease of the power-handling capability is 0.00]>=

observed. FoAB < 0 the frozen-in magnetic fiel;, is com- 002] v

pensated bysAB. As a result,B.; is decreased so that the 0,04 \.\\
power-handling capability increases. The maximum power- = 5061 .
handling capability is reached upon total field compensation &é 0.08. \

at the edge of the superconduciy;=0. g slope: s'=1/185 .

Only for larger field changegAB|> 20 uT) could irre- 0107 S
versible behavior be observed, indicating the onset of pen- 0121 S
etration and pinning of vortices inside the superconductor. oMy T
Vortices for AB>20 uT and antivorticegopposing theB;, o 1 2 . [?’T] 4 5 8

field direction for AB<-20 uT nucleate in the supercon-
ductor, Conmbu“ng.to the asymmetry Qtﬂax asa f.unCtlon FIG. 3. Field change\B at P, as a function of frozen-in magnetic field
of AB. The small side peaks observed left and right of thes,. A linear fit to the measured data gives a slopesdf185™.
maximum in the inset of Fig. 2 can be explained by a relax-

atloq of the magnetlzatlon upon vortex and antivortex pen_field. For thin superconducting films with an external mag-
etration, respectively.

We can state that the power-handling capability in anenc field perpendicular to the surface as in our experiments,

magnetic fields is strongly affected ifi) the magnetization D is generally close to 1, what results in large field-

i, . . enhancement factos> 1.
of the superconductoxji) the vortex penetration and pin-
. L For the center conductor of our coplanar resonator ge-
ning, and(iii) the vortex density distribution. In the follow- ) :
. ) : : . . .ometry, the field-enhancement factor can be approximated
ing, this behavior will be analyzed and discussed in detai

and the impact of magnetization, penetrated vortices, therma>d an elliptic approximation for the superconductor cross-

effects, and quasiparticle scattering will be investigated anéectlon' gving a .value 0$~280 for our geometrf/? How-
discussed. ever, since the field enhancement is determined by the cur-

vature of the cross section at the sides of the superconductor

o and since this curvature is overestimated by an elliptic ap-

A. Impact of magnetic fields proximation of a rectangular cross section, a somewhat lower
In the discussion of Fig. 2, we interpret the impact of dcvalue for the field enhancement than 280 can be expétted.

magnetic fields on the power-handling capability of YBCO  We note here that such demagnetizing effects only affect
coplanar resonators. In general, small magnetic fields causefigld changes in the superconducting state. Since a frozen-in
magnetization of a superconductor. This gives rise to demaghagnetic fieldBy, penetrates the superconductor in the form

netizing effects which can alter the value of the surface mag0f @ homogeneous vortex lattice, no magnetization results

netic field. If the surface magnetic field exceeds the penetrdfom By and, thus, no demagnetizing effects are expected.
tion field, vortices start to penetrate into type-Il The value of the surface magnetic field therefore does not

superconductors. differ from B¢.. However, demagnetizing effects do occur for

In the following, we will demonstrate the impact of mag- @ subsequent field changeB. Assuming that the frozen-in
netic fields on the microwave properties by a set of experiyortices remain pinned during the field change, the effective
ments qualified to investigate the individual mechanismssurface magnetic fiel@. can be approximated by
i.e., (i) magnetization of the superconduct@r) penetration
of vortices,(iii ) vortex pinning, andiv) relaxation of vortex Beft = Byc + SAB. (10
distributions.

Based on these considerations, the fcs experiments allow the
experimental determination of the demagnetizing factor. In
Fig. 2 the maximum power-handling capability is given for

In the Meissner state, the interior of a superconductor igyi4 field compensation, i.e68.¢=0. According to Eq(5), in
field-free. An externally applied magnetic field, is ex-  ihis case

pelled from its interior due to screening currents which give
rise to the magnetizatioM of the superconductor. The mag- B, = - SAB. (11)
netization distorts the magnetic field outside of the supercon- ¢
ductor. At the superconductor surface, the effective surface Figure 3 shows a plot oAB(P=P,,,) as a function of
magnetic fieldH can be calculated according’fo B¢, for a series of experiments with different frozen-in mag-
Ho. = uHe— DM ) net.ic fields. The data can be.nicely fi_tted to linear behavior
HMoFlerf = HoTlo ’ which goes through 0 and gives a field enhancemerg of
whereD is the demagnetizing factor, which takes the geom=185 corresponding to a demagnetizing factor Df
etry of the superconductor into account. Since in the Meiss=0.9946. This result is in excellent agreement with the the-
ner state at the surfadd =—pq-Hes it follows that oretical expectations. For comparison, the expected demag-
_ _ netizing factor for the outer electrodes =0.999 76 (s
Heqr = Ho/(1 = D) = sh, © =4208 which is clearly not observed. Therefore this result
wheres is a field-enhancement factor. Sincex@ <1, the also proves that the power-handling capability is determined
effective magnetic field is generally larger than the appliedby the center conductor.

1. Magnetization
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FIG. 4. Magnetic-field cycles with different amplitudes in fcs experiments FIG. 5. Schematical fcs experiments: For smB the superconductor is
reveal the underlying mechanisms of magnetizafi@versible behavior in ~ magnetized and the associated screening currents dedrese0) or in-
(a)] and vortex or antivortex penetratiditreversible behavior irfb)]. The ~ crease(AB<0) the power-handling capability reversibly. The maximum of

gray line represents the single scan startin@@t2 mT (see inset of Fig.  Pmax @s @ function ofAB is characterized by total compensation of the
2). frozen-in magnetic field. At field changésB larger than a certain penetra-

tion field, vortices start to penetrate and nucleate in the superconductor
accompanied by a small ancillary peaks tg,,. Increasing the field fur-
2. Vortex penetration and pinning ther, more vortices penetrate the superconductor, resulting in a monotonical
decrease oP,,, as a function of field chang&B.
For infinitely extended type-Il superconductors the lower

critical magnetic fieldH;; marks the transition from the
Meissner phase to the mixed state, i.e., the penetration fiel@® small and(b) larger amplitudesABy,,, and the power-
above which vortices penetrate into the superconductor. Fdrandling capability was measurgsolid lines in Figs. 4a)
an infinitely extended superconducting surface, screeningnd 4b), respectively. In each plot, the noncycled behavior
currents at the superconducting surface give rise to thés plotted as an underlying dotted line.
Bean-Livingston barrier. For real devices, the penetration For small amplitudes in Fig.(d4), the power-handling
field depends on the geometry of the superconductor and ftapability shows a reversible behavior which can be ex-
can be significantly lower thahl.,. Furthermore, the pen- plained by a reversible magnetization of the superconductor.
etration barrier can be lowered or removed by Lorentz'sOnly for larger amplitudesAB,,5, > 20 uT irreversible be-
forces due to inhomogeneous transport current densitiekavior, resulting from penetration and pinning of vortices
which might be especially efficient in stripline structures dueinside the superconductor, is observed. Considering typical
to their peaked nature at the superconductor surface. values fof®
For a rectangular cross section of the superconductor,
like the center conductor of the coplanar structure, the pen-
etration fields have been calculated by Ze|dIIV6.1|.27 Ac- B.,= 30 mT(L-T/T.). (14
cording to their calculation, vortices are energetically stable
inside the superconductor and can therefore tunnel through a Equations(7) and (8) give for the penetration fieldB,
surface barrier into the superconductor for applied fields=25 uT andB,=900 uT for the sample from Fig. 4 at 40 K.
Ho> H, with Thus, the experimentally observed penetration field is con-
_ siderably lower tharB, and is in very good agreement with
H, = Hg t/2w, (12 . P )
the theoretical prediction for the tunneling barrigg We
while the surface barrier vanishes and collective penetrationote here that the tunneling of vortices into the supercon-
can occur forHy>H, with ductor might be efficiently facilitated by the rf current den-
H, = Hoy(t/w)°5. (13) sity, which might reduce the pepetrathn parrler on both s'ldes
p el of the superconductor due to its oscillating nature. Vortices
For the center conductor of our geometry, the values fofor AB>0 and antivorticesopposing theB;. field direction
H; andH are 0.008i;, and 0.058.,, i.e., vortex penetration for AB<0 nucleate in the superconductor contributing to the
can already occur at valuéfy<<H,,. In this calculation, de- asymmetry ofP,,, as a function ofAB. The penetration of
magnetizing effects as discussed above are already taken intortices and antivortices results in a slight relaxation of the
account® effective magnetic field at the superconductor surface. Thus,
Experimentally, the underlying mechanism can be idenit is accompanied with small ancillary peal@ relaxationy
tified by cycling the external magnetic field since a magne-of the power-handling capabilitisee Fig. 5.
tization gives a reversible behavior while the pinning of pen-  The impact of magnetization and vortex penetration on
etrated vortices inside the superconductor gives rise tthe power-handling capability is summarized schematically
irreversible behavior. In the fcs experiments shown in Figin Fig. 5. We conclude that the power-handling capability in
4(a) the magnetic field oB,,=2 mT has been frozen in. Af- magnetic fields is governed bff) a magnetization of the
ter the measurement temperatiire40 K was stabilized, the superconductor at low external fields afiid vortex penetra-
applied magnetic field was changed B, cycling it up to  tion and pinning at larger external magnetic fields.
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distribution and thereby resulting in an increase of the qual-
7 ity factor as a function of time as observed in Fig. 6.

In experiment(b) upon switching the magnetic field on,
suddenly a large vortex density at the surface of the super-
. conductor is introduced, reducing tevalue from its zero-

- field-cooled value 0f=8250 to values of=1600. The fact

that Q, is reduced to values lower than those observed for
the field-cooled state is clearly a consequence of the larger
vortex density at the edge of the superconductor, where the rf
current distribution has its maximum. This inhomogeneous
vortex distribution can again be approximated by a Bean

2600 1

0 10 20 30 40 50 profile which in this case relaxes by vortex motion into the
time [10° g] superconductor. For this experiment the demagnetizing fac-
tor (see abovehas to be taken into account, so tligtthe
FIG. 6. Relaxation of the loaded quality factor as a function of titagin ~ maximum vortex density at the edge of the superconductor
the field-cooled state at 2.6 mT and0 s, Q is ~2220. Upon suddenly yj|| be larger than the average vortex density associated with

switching the magnetic field off), relaxes to larger valuegb) In the . L. .. .
zero-field-cooled state at0 s, Q, = 8250 (not shown due to scgleUpon the applled dc magnetic field amﬂ) a relaxation of the Bean

suddenly switching the magnetic field of 2.6 mT @@, is suddenly de-  Profile into the superconductor will reduce demagnetizing
creased to values 0f1600, i.e., to lower values than in the field-cooled effects. This, in turn, leads to a decrease of the vortex density

state, and subsequently also relaxes to larger values. and screening currents at the superconductor surface. As a
consequence, the resonatQrvalue rises as a function of
3. Vortex relaxation time in this case, tod¢Fig. 6).

At zero temperature, an inhomogeneous vortex distribu- 1 N€ time dependency of both relaxation experiments can

tion in the superconductor is sustained due to pinning. HowPe fitted to the Kohlrauschbehavidine in Fig. 6

ever, at nonzero temperatures, inhomogeneous vortex distri- 0. — O WP
. . . . QL=Q1- Qe ' (15)
butions will relax as functions of time due to thermally
activated flux motion. Since the rf properties depend on thavith the same parameters~5764 s andg~0.45. These
vortex distribution in the coplanar resonator as we have demvalues are in good agreement with values found for ther-
onstrated above, vortex relaxation effects can be investigate@ally activated vortex motion using torsion magnetormétry
by rf measurements. In conclusion of this paragraph, we have confirmed that
Figure 6 shows typical relaxation measurements of the&/ortex relaxation is visible in microwave experiments. The
loaded quality facto), of a coplanar resonator as a function characteristics of the relaxation experiments confirm our in-
of time. In experimen(a) the Samp]e was field cooled in a terpretation of the interaction mechanism between external
magnetic field of 2.6 mT, and after reaching the measuredc magnetic fields and the rf properties via associated dc
ment temperature of 60 K the magnetic field was suddenlypcreening and rf transport current densities. The experimental
switched off. In experimen(b) the Samp]e was zero field data indicate that relaxation effects have to be taken into

cooled to 60 K, and at=0 s a magnetic field of 2.6 mT was account for sweep rates of the applied magnetic field
suddenly switched on. In both cases, a rising reson@or dB/dt>2.6 mT/r~450 nT/s. This has been taken into ac-
value as a function of time is observed with the same relaxcount in our zfc and fcs experiments. Magnetic-field sweep
ation parameters. The fact that in both cases a relaxation t&tes of typically 1 nT/s have been applied; i.e., our sweep
larger Q values occurs can be explained considering théneasurements are quasistatic measurements.

peaked rf current-density distribution and the effective sur-

face magnetic field. according to Eq(5). Since the region B. Thermal effects

of the peaked rf current density at the edges of the center ¢ microwave frequencies, losses in superconductors oc-

conductor determines the resona@walue, clearly the vor- ¢ even at arbitrary low microwave powers due to quasipar-
tex density and screening currents at this position govern thge scattering as described by the linear surface resistance
time dependence d, in these relaxation experiments. R ¢ g in the two-fluid model. These losses result in dissi-
In experimenta) a homogeneous distribution of vortices pation, and a temperature rises in the rf current carrying su-
according to an average field of 2.6 mT is frozen in. Uponperconducting material. The impact of such thermal effects
switching the magnetic field off a field gradient at the super-4,e getermined byi) the value of the dissipated microwave
conductor surfgce is established, caused_ by pinning WhiCBower and(ii) the thermal layout of the device. Thus, ther-
can be approximated by a Bean profileThis is accompa- g effects represent a secondary device-dependent mecha-

nied by a sudden increase of the quality factor compared tQism for possible nonlinear behavior in contrast to funda-
the frozen-in state as observed in the experiment. The posinantal nonlinear mechanisms.

tion of the field gradient coincides with the maximum of the The dissipated powePgq. in a microwave resonator
microwave current distributiofsee Fig. 1 The field gradi- \ith the unloaded quality facto®, and oscillating power
ent in the Bean profile can then relax due to thermally acti-pOSC is given by

vated flux motion out of the superconductor, reducing the

magnetic field in the maximum of the microwave current  Pdiss= Pos Qo' (16)
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TABLE |. Geometrical and thermal properties of the coplanar resonatordimensional and therefore considerably more efficient than
materials at 77 Ksee Refs. 31 and 32\ is the specific heat conductivity in assumed. Therefore, the presented evaluation of thermal ef-
¢ axis direction,t is the thickness, any, is the one-dimensional1D) . .
thermal resistance of the layer/substrate. fects represents an upper limit of the temperature effects in
the YBCO layer.
YBCO ceo Sapphire We conclude that thermal effects do not play a role in
any measurement presented in this paper. We note that this is

A [WimK] =2 ~100 =900 a direct consequence of the strongly peaked microwave cur-
t [m] 300102 100> 102 05x10° rent density and the resulting low absolute power-handlin
Ry, [MK/W] 345 0.23 126.6 Yy 9 P g

capability of coplanar structures. Thus, these properties make
coplanar structures ideal in investigating nonlinear effects in
the absence of thermal effects.

Therefore, this behavior is especially important in de-
vices which have large oscillating microwave powers, i.e.,
which have a large power-handling capability. One specific
property of coplanar devices is their low power-handling ca-C. Quasiparticle scattering
pability due to the strongly peaked current distribution. Ac-
cordingly, thermal effects are very small. However, for the
investigation of possible physical nonlinear mechanisms
thermal effects have to be considered.

The coplanar resonator measured in this paper consisig =R +iXg with Ry= %MSwZUH)@ andXs= wowh,  (19)
of a YBCO thin film deposited onto a CeMuffered sap-
phire substrate. During measurement, the sapphire substraihere o is the rf frequency,oy, is the conductivity of the
is mounted to a copper shielding which serves as heat reseftiasiparticles, and is the penetration depth. In the linear
voir. The dissipated power heats the YBCO film and estab€as€,0n and\ are constant. However, a nonlinear behavior
lishes a temperature gradieWl(r) in the device. Since no May arise whernr, and/ork depend/s on microwave power.
measurement showed a time evolution on a scale of the ord&tince botho, and depend on the quasiparticle densigy,
of the duration of the measurement, it is justified to assum@&@ny modification of it might result in a nonlinear behavior.
stationary behavior with a constant temperature gradient. Thus, nonlinear behavior might be caused, e.g., by rf current

The geometrical and thermal properties are given irdensities of the order of the pair-breaking critical current
Table I. As an approximation, we assume one-dimensiondi€nsityJc ps (Ref. 34 or by magnetic fields via an increase
heat transfer from the YBCO film through the substrate to°f the average quasiparticle density due to normal vortex
the heat reservoir, which can be described by the thermd#Ores.

At rf frequencies, microwave losses of superconductors
can be described by the two fluid models, which give the
Surface impedance

resistance As we will see belovy in the modeling of the presented
B experiments and as confirmed by other autlierg., Willem-
Rin=t/(a)), (17) senet al'?), in measurements of the rf power-handling capa-

wherea is the area covered by the YBCO central conductorility, the rf current density in thin-film superconducting mi-
of the coplanar structure of 100m width and ~44-mm  crowave devices does not reach values of the pair-breaking

length. In the stationary case, the conducted thermal enerdffitical current density. Thus, a pair-breaking-induced non-

Py, is then linearity of the quasiparticlle density does not seem to play a
o role for the observed nonlinear effects.
Paiss= Ptn = AT/R, (18) In order to evaluate the effect of the normal vortex cores

where AT is the temperature rise of the dissipating YBCO associated with applied magnetic fields in our experiments,
film above the temperature of the heat reservoir ﬁﬂ’d we consider the amount of qUﬂSipartiCles which a magnetiC
=3 Ry, is the total thermal resistance; the valuesRyy; for ~ field B introduces additionally to the intrinsic quasiparticle
the individual layers are given in Table I. Thus, clearly, thedensity nop(t), wheret is the reduced temperature. Every
total thermal resistance &~ 161 mK/W is dominated by ~normal vortex core with diameteréZontainsm¢’n, quasi-
the YBCO layer and the sapphire substrate. The heat resigarticles per unit length, wheng, is the total quasiparticle
tance for epitaxia| interfaces is typ|ca||y of the Ordeerpi d.enS|-ty- in the n-Ormal state. A quadl’atlc vortex lattice, '-for
<1mK/W for our geometry and can therefore be Simplicity, contains one vortex per elementary cell of size
neglected® ay=(¢/B)°° so that the average density of quasiparticles ad-
Using typical values for the case of the power-handlingditionally introduced by the magnetic field is
capability of Py <1 W gnd Qu(Posd =5000 gives a maxi- ng =~ mé(ny - nQp)/ag. (20)
mum value for the dissipated power Bfjss<0.2 mW. Ac-
cording to Eq.(11), this gives a temperature rise for the ~ This value has to be compared to the intrinsic quasipar-
YBCO film of AT<32 uK above the temperature of the ticle densityngg(t). Using
heat reservoir. This temperature difference is negligible in _ _ _h-a
microwave experiments. The values taken in the calculation Noe(t) =Nat,  &(1) = &(1 ~1*. @
represent maximum values and the heat conductance is ag4th y=2 anda=0.5(Refs. 35 and 36 we can estimate the
sumed one dimensional. However, since the width of theatio of the quasiparticle density additionally introduced by
center conductor is only 10@m, the cooling is quasi-two- the magnetic field to the intrinsic quasiparticle density to
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10°g . . :

-l -
W
.l"—Jv

t=T/T . 3
center conductor
FIG. 7. Ratio of the average quasiparticle density introduced by the mag- —h
netic field to the intrinsic quasiparticle density as a function of reduced ’4__‘
temperature for three values of the magnetic field. P 4

substrate =

Ng Wng T\ 2¢/( T\77 FIG. 8. Schematic of the current density distribution as a function of posi-
— = 1-— - -1]. (22 tion on the resonator center conductor width. The zero-field current density
Nop (DO Te Te it (dotted ling is effectively reduced by screening current densities due to

. . . . magnetizationj,, (dashed lingand vorticesj, (dash-dotted lineto smaller
In Fig. 7, the ratlonB/n(_DF‘ 1S plotteq a; a function of _valuesj (solid ling) representing a decrease of the power-handling capa-
reduced temperature for typical magnetic field values used isility in applied magnetic fields.

our experiments. Here, we assumed a rather large value of

§o~300 nm in order to give an upper limit of the effect. For  thj5 model is depicted schematically in Fig. 8. Assum-
the values of magnetic field and temperature used in OUfy that screening current densities effectively reduce the

experiments the average quasiparticle density introduced By5yimum transportable rf current from the zero-field value,
the magnetic field is less than102 of the intrinsic quasi- we can approximate

particle density and therefore should not have a significant ) ) )

impact on the microwave properties. Therefore, we conclude  imad{B:X) = jmaxp=0(X) = jm(B.X) = ju(B,X). (24)
that the increase of the average quasiparticle density caused s this model automatically yields a power-handling
by the normal vortex cores associated with applied mag”etiEapability that strongly depends on magnetic field. In the

fields is unlikely to be responsible for the significant de'following, we will analyze the fc, zfc, and fcs experiments in
crease of the power-handling capability observed in the €Xsarms of this model.

periments(see Fig. 2

A. Field-cooled experiments: Impact of vortices

IV. MODELING OF THE RESULTS In fc experiments a homogeneous distribution of vortices

. . . ) ) _in the superconductor can be assumed and magnetization ef-
After consideration and discussion of various possibleects can be neglected for not too small fields, i.e.

origins for the nonlinear behavior, we will finally analyze the ) o
experiments in a model that is motivated by the result that ~ Jtot = Jrt + Ju- (25)
externally applied magnetic fields seem to affect the micro-  Assuming an ideal vortex lattice, the positions of the

wave properties via a current-mediated interaction. Thereygrtices in the central conductor of the resonator is given in
fore, the model consider$) a superposition of all dc and rf qorginates of Fig. 1 by

current densities present in the superconductor @nda _
limitation of the total current density. Xl =[w = (2yn+ D)ag)/2, (26)
Ambient magnetic fields lead to screening currents in theyitn n=0,1,2...,a5=(c,/ yB)¥2 and y=1 or 0.866 for a

superconductor. The resulting screening current dengjties quadratic or hexagonal vortex lattices, respectively. Since the
due to a magnetization arj¢ due to vortices superimpose  gcreening current of individual vortices drops exponentially
the rf current densityy, yielding a total current density on the scale of, we assume that the total current density in
jiodT 6 B) = jie(r ,B) + j(r,B) +,(r,B) (23) the_regionxni ah of the cross section is given _by the contri-
bution of the vortex screening current whereis of order
in the coplanar resonator, wheBedenotes the dc magnetic unity. The best results are obtained fer=1.55. Thus, the
field applied, e.g., in a fc, zfc, or fcs approach, andndt ~ maximum total currenty, o Can be calculated from the
indicate spatial and time dependencies. The nonlinearity imexperimentally determined maximum rf currépt,,,(B) and
plies that the total current density is limited by a maximuma summation of the individual screening currents of the vor-
valuejax and the linear behavior is restricted to the regimetices at positions, within the cross section of the center
Jiot<Jmax conductor
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012} —

-rf fielit:l -
o1l | ; T=40K \ ojx T=60K

B [mT] B, [mT]

FIG. 9. Field dependence of the calculated total curféut (20)]in fc g1 10 Decrease of the power-handling capabili,., as a function of

experiments. The values for the rf self-field and the onset of overlap angective magnetic fieldB.; for field-sweep experiment&fc and fcs for

c_o_mpensation of vortex screening_currents are marked and restrict the Vjifferent values of the frozen-in magnetic fieBg.. The slope of 2 indicates

lidity of Eq. (20) and, thus, the regime of constant total current. good agreement with our model up to magnetic-field values for which vor-
tex penetration occurs.

| =1 + j (X0) 2N\ et 27
fot,max Trf max VO%eS"IJZ( V2Nt 27 B. Field-sweep experiments: Impact of the

] ] magnetization
The maximum rf current can be derived from the mea-

surement of the power-handling capabil®y,.(B) accord- In contrast to fc experiments, in zfc and fcs experiments
ing to the superconductor is magnetized and only for field changes
larger than some penetration field, vortices penetrate the su-

2P nax perconductor introducing gradients in the vortex density.

et max= Z—L (28) However, restricting our consideration to small field changes,

penetration of vortices additional to those that are frozen in
with the transmission line impedan@ =50(). Using Eq. during cooling in the field;, can be neglected. The impact
(1) yields the maximum total current which should then beof the frozen-in vortices is then approximately constant and

constant, the change in the total current density is determined by the
5 oy \2 contributions of the rf transport and the magnetization
Lot max= |t mad 1+ Phefi@ > Hl (ﬁ) } screening current densities
' Y wK V_V Vortices w NN .
a Jior=Aj +Aju=0. (31
o \2]|-12 Let us consider the case of zfc and fcs experiments for
{1 - (j‘) } . (29) increasing field. The effective fieldEq. (5)] drops exponen-

tially at the superconductor surface, i.e.,

. . . B(X') = Bege ™ with X' =[x+ w/2|. 32
Figure 9 shows the field dependence of the maximum (X) = Be with X' =[x wi2| (32)

total current for a set of fc experiments on a typical resonaThe resulting screening current density is given approxi-
tor. The appropriate treatment of the impact of vortices onmately by

the power-handling capability is demonstrated by the field
independence of may in the range of 0.5-3 mT. Devia-
tions occur at large and at small values for the frozen-in
magnetic field. At large magnetic fieldBi,>3 mT, a, . . .
<2\ SO that the frozen-in vortices start to overlap. In thisThe total screening current can be approximated in analogy
case, |y max IS Overestimated by Ed20), as can be seen in to the description of the skin effect by

Fig. 9. The deviation from the fl_eld_mdependence at small  j (0)\t < By, (34)
values for the frozen-in magnetic fieB<0.5 mT can be

explained by the rf field itself, which can be approximatedwheret represents the film thickness. Thus, the change of the

B ,
i) = =e (33)
Mo

using Ampere’s law power-handling capability can be approximated by
Mol i APmax= PrmaxBeft) = PmaxBre) (jM(O))\eﬁt)z o Bgff-
Bl’f = . (30)
2w (35
Using the experimental valug ,x=~0.14 A, the rf field Figure 10 shows a double logarithmic plotdP,,,, as a

calculates tdB,;=~0.88 mT, which is of the order of the field function of effective magnetic fiel@¢ for a typical set of
up to which the deviation fronh, na=constant is experi- zfc and fcs experiments demonstrating the excellent agree-
mentally observed in the small field regime. ment of the data with the prediction in E6). AP, in-

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



113911-10 P. Lahl and R. Wérdenweber J. Appl. Phys. 97, 113911 (2005)

creases quadratically witByt and, even more, all datafc ————— e

and fcs for different field®;,) fall in one line. 1000 [ T 1
A deviation from the quadratic dependence is observed § 8 =

at higher fields starting @&.¢~2—4 mT or, in terms of field <\"E' 100 ¢ ﬂé: E

change, anB~10-20uT. We ascribe this deviation to the Qo %26 40 60 80

geometrical barrier against vortex penetratiomhich corre- S twp-e---o___ - __ T 3

sponds to the Bean-Livingston barrier for the special case of

a rectangular superconductor cross section. Using &gs. - & i

and (8), vortices are expected to be energetically stable for Jmaxoc(1 - T/Tc)

magnetic fields larger thaB,~ 15 uT, whereas the surface 01F

barrier is expected to vanish for magnetic fields larger than L : : -
0 20 40 60 80

B,~500 uT for the sample shown in Fig. 10 at 60 K. Since
demagnetizing effects are included in Zeldov’s calculation,
the field changeAB has to be compared to the barrier di- FiG. 11. Comparison of the temperature dependence of the maximum rf
rectly. The experimental value is considerably lower tBgn  current density for a coplanar YBCO resonateplid dots with typical
and in excellent agreement with the theoretically predicted’alues for the dc critical current density expected for the depinning mecha-
lue forB.. Theref lude that b ¢ nism j. (dashed lingsand pair-braking critical current densifypg (dotted
value Or_ t erelore, we conclude that we observe vor exIine). The solid lines in the graph and inset are linear fits to the experimental
penetration into the superconductor as soon as they are effata. The inset demonstrates the linear behavior of the experimental values
ergetically stable inside the superconductor. The surface bawhich is in agreement with the temperature dependengg. of

rier, which is still present at magnetic field <B<B,,

might be overcome, e.g., due to the microwave current dergritical current of the superconductor. A relation between
sity, which imposes large Lorentz's forces on vortices espemicrowave-power-handling and pair-breaking mechanisms
cially in the surface region. Penetrated vortices lead to agould not be verified by our experiments.

additional contribution to the total current in the supercon-

ductor, and, thus, the increase aP,, as a function of

effective magnetic fieldBy; is reduced from the quadratic V- SUMMARY AND CONCLUSIONS

law for largerBes. We have presented a concise investigation of the power-

_ . handling capability of coplanar resonators made from epitax-
C. Zero-field experiments ial YBCO thin films in small magnetic fields, employing

Finally, zero-field measurements are discussed in termfeld-cooled, zero-field-cooled and field-sweep techniques.
of our model. Generally, the rf current density profile shows'Ve have shown that coplanar devices are especially useful in
a maximum at the edges of the superconducting resonatdf!€ investigation of the fundamental mechanism that limits
According to Eq.(1) the maximum of the current density is the power-handling capability of high-temperature supercon-

given by ducting (HTS) devices. Their low absolute power-handling
— capability allows to neglect thermal effects. By using epitax-
_ Vzpmax[z)\ WE(1 - (Wa)2) L2 (36) ial thin films, which do not contain large-angle grain bound-

= . .

Irf e K(w/a) aries, grain-boundary Josephson junctions should have no
impact on the microwave properties. Since coplanar devices
Exhibit a characteristic current distribution which is peaked

h th iting t { d denci f at the edges of the coplanar center conductor, they allow a
shows the resulting temperature dependence;gf, for a local investigation of the power-handling capability via a

typical r_esonator pattemed fro_m epltaX|a| YBCO films. Forcareful analysis of introduced magnetization and vortex
comparison, we also show typical linear temperature deperHistributions

dencies of the dc critical current density with valygg7 K)
between 1 and 3 MA/ci(Ref. 37 and the pair breaking peri
critical current density as predicted from the Ginzburg—
Landau theory according 16

Thus, the maximum current density in the superconducto
can be derived from experimental valuesRy,,. Figure 11

We have found and demonstrated by field-cycling ex-
ments that magnetic fields affect the microwave proper-
ties via (i) a magnetization of the superconductor &fidl
penetrated vortices. Both mechanisms result in a characteris-
S\EBC(O) T )15 tic decrease of the power-handling capability of the coplanar
= m(l B ?C (37) resonator as a functl_on of t_he applied magnetic 1_‘|elc_i.
All experiments in static and swept magnetic fields as

Two interesting aspects should be noticétlthe experi- well as in zero magnetic field could be consistently under-
mental values derived from our experiments f@r.x in-  stood and described in terms of a simple model for the
crease linearly with temperature aid the order of magni- power-handling capability based on a superposition of all
tude IS jiyma77 KI=10'°Am™2 and j;ma(10K)  current densities in the resonator and a limitation of the total
~10'' Am™2. Both the temperature dependence and thesurrent density. The model is motivated by the experimental
magnitude of the maximum rf current density are in excellenbbservation that the power-handling capability in small mag-
agreement with the dc critical current for typical YBCO thin netic fields is governed by the surface value of the magnetic
films. This suggests that the limiting current density for thefield or vortex density, since here screening currents coincide
onset of nonlinear microwave behavior is given by the dcwith the maximum of the peaked rf transport current density.

Je,PB

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



113911-11  P. Lahl and R. Wérdenweber J. Appl. Phys. 97, 113911 (2005)

Both demagnetizing effects and penetration barriers againsﬁH- Xin et al, Phys. Rev. B65, 214533(2002.
the penetration of vortices are observed in the experiments,P- Dimos. P. Chaudhari, and J. Mannhart, Phys. Rev184038(1990.
d . tal | . d t with th i B. A. Willemsenet al,, Phys. Rev. B58, 6650(1998.

f”m eXpe”m.en alvalues are in good agreement wi eore *T. Dahm, D. J. Scalapino, and B. A. Willemsen, J. Supercati).339
ical expectations. (1999.

Relaxations of inhomogeneous vortex distributions af-“D. E. Oateset al. Supercond. Sci. Technoll7, S290(2004.
fect the microwave properties. Our relaxation experimentsizR- Wérdenweber, Supercond. Sci. Technbg, R86(1999.
could be described by a Kohlrausch behavior, with params,c- H- Roderic and . M. Wilson, Natur@ondon 194 1167(196.

t i t with literature values for thermal vortex R. B Glover and H. T. Coffey, Rev. Mod. Phy86, 299(1964.

elers II_1 agre_emen - . ®T. Van Duzer and C. W. Turndtrinciples of Superconductive Devices and
relaxation. Since these relaxation time scales are about twoOcircuits (Elsevier, New York, 1981
orders of magnitude longer than what is typical for the de-'*G. H. Owyanga and T. T. Wu, IRE Trans. Antennas Propag-6, 49
termination of the power-handling capability, the vortex re-, (1958 ,
laxation does not affect our investigations of the power- ZﬁgKu[;?\?rzasnisB; ('I'§7[;)as’ J. Inst. Engndia), Electron. Tele-Commun.
handling capability. Furthermore, we have shown thatiy pean appl. phys. Letts, 65 (1964.
thermal effects and changes of the quasiparticle densit. B. Vendik, O. G. Vendik, and D. I. Kaparkouperconductor Micro-
caused by the applied magnetic fields should not play a rolewave Technology, Part Il: Superconducting Microwave Circietiited by
in our measurements. E. Kollberg (Chalmers University of Technology, Goéteborg, Sweden,

) . . 1996.
In conclusion, we have found strong experimental evi-zs, Pannetiert al, Phys. Rev. B67, 212501(2003.

dence_ that the fl_-'.nda_-memal meChanism that limits the power4y Tinkham, Introduction to SuperconductivitcGraw-Hill, New York,
handling capability in HTS in the absence of thermal and 1996.

grain-boundary effect§) is current driven andii) that the 25H." W. Weber and O. Hittmair,Supraleitung (Verlag Karl Thiemig,
limiting scale for the onset of nonlinear microwave effects is, inchen, 1972

. " . . . E. H. Brandt(private communication
given by the dc critical current densify associated with the = 272" 50140y et al, Phys. Rev. Lett.73, 1428(1994).

depinning mechanism. 2R. Woérdenweber inAnwendungen/Vakuumbeschichtung, Supraleitende
Schichtenedited by G. Kiene(Springer, Berlin, 1998 Vol. 4, p. 45; T. K.
ACKNOWLEDGMENTS Worthingtonet al, Phys. Rev. Lett.59, 1160(1987.

2%C. P Bean, Phys. Rev. Let8, 250 (1962).
We acknowledge helpful discussions with E.H. Brandt.*°C. w. Hagen, Ph.D. thesis, Vrije Universiteit Te Amsterdam, 1991; C. W.
This work has been supported by the ESF Vortex program._Hagenet al, Physica C153 322(1988.
3lphysical Properties of High Temperature Superconductecited by D.
M. Ginsberg(World Scientific, Singapore, 1989

1, .
P. Lahl and R. Woérdenweber, Appl. Phys. Lef9, 512 (2001). ) ) .
PP 4 (2000 32y, M. Touloukian and E. H. BuycoThermophysical Properties of Matter,

2J. C. Booth, L. R. Vale, and R. H. Ono, Physica357—360 1516(2001).

3A. G. Zaitsevet al. Appl. Phys. Lett. 79, 4174(2002. Specific Heat, Nonmetallic SolidEPRC Data Series Vol. @lenum, New

*W. Hu et al, Appl. Phys. Lett.75, 2824(1999. 33York, 1970.

®J. H. Claasseat al, Supercond. Sci. Technol.2, 714(1999; Appl. Phys. ~ _ C- D- Marshallet al, J. Appl. Phys.73, 850 (1993.

Lett. 74, 4023(1999. “T. Dahm and D. J. Scalapino, Appl. Phys. Lef9, 4248(1996.

®p. P, Nguyeret al, Phys. Rev. B51, 6686(1995. %p. A. Bonnet al, Phys. Rev. B47, 11314(1993.

M. A. Hein, Supercond. Sci. Technol0, 867 (1997). 33, Orbach-Werbig, Ph.D. thesis, Rheinisch Westfalische Technische Hoch-
8D. E. Oateset al, Physica C372-376 462 (2002. schule(RWTH) Aachen(2000.

%Y. M. Habib et al, Appl. Phys. Lett.73, 2200(1998. 57B. Damet al, Nature(Londor) 399, 439 (1999.

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



