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Effect of flux flow on microwave losses in YBaCu3;0,_, superconducting films
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Microwave losses in YBZu;0,_, (YBCO) films carrying overcritical currents were measured at several
temperatures between 74 and 85 K, and found to be in good agreement with the predictions of the vortex
dynamics model for the magnetic flux flow. For the measurements a 2.3-GHz microstrip resonator made of an
epitaxial double-sided YBCO film on CeMuffered sapphire was equipped with a Cu coil, which is usually
used for ad1.1 kH2 inductive measurements of the critical current dendity The ac current density induced
in the film, J;,4 controlled the vortex flow, while the microwave surface impedaZee=(Rs+iXg) of the film
was measured as a function ify. Both Rg andXg remained fairly constant fal;,,g<Jc, indicating a weak
contribution of the thermally activated flux flow to the microwave loss. The loss revealed a sharp increase at
Jine=Jc - In the flux flow regime J;,4=2Jc, bothARg and AXg were linear withJ;,q. This behavior of the
microwave losses agrees well with the dependexife= p(/2\ predicted by the vortex dynamics modal, (
is the London penetration depth apgdis the complex flux flow resistivity of type-Il superconductorshe
ratio AXg/ARg in the flux flow regime was independent &f4 and increased with decreasing temperature
from 2.7 at 85 K to 7.9 at 74 K, in agreement with the model.
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The treatment of the current-voltage /) characteristics the framework of the vortex dynamics model. For the mea-
of type-Il superconductors in terms of the vortex dynamicssurements we used microstrip resonators prepared of double-
belongs to the well-established physical fundamentals fosided YBgCu;,O,;_, (YBCO) films. In contrast to former
both low-temperature and high-temperature superconductoexperiments;**~*® we controlled the vortex motion in the
(HTSCy; see Refs. 1-3 for review. It considers the dissipa-films not by increasing the microwave current in the resona-
tion resulting from the motion of the magnetic flux carried tor, but by inducing an external ac currehfy in the films,
by the vortices and driven by the Lorentz force exerted orwhich is a technique similar to the inductivelc
the vortices by the transport curredt, The balance between measurements. The contribution of the moving vortices to
the Lorentz force and the pinning force determines the critithe surface resistance and surface reactance of the YBCO
cal current density . The relation between these two forces films was evaluated from the decrease of the quality factor of
also determines the mechanism of the flux motion, whictthe resonator and the shift of its resonance frequency, respec-
varies from the thermally activatdtlix creepat undercritical ~ tively. The microwave current was kept constant and low in
J to the flux flow at overcriticalJ. This approach was ex- order to avoid its contribution to vortex depinning. The sur-
tended to microwave frequencies in order to explain the efface impedance of the flmZg, was measured as a function
fect of the vortex motion on the hf surface impedangg ( of J,q which was varied from zero up to several times the
=Rg+iXg) of type-ll superconductors; for reviews, see critical current densityc. This allowed us to probe different
Refs. 3—5. However, an application of the developed modetegimes of the vortex motion from the thermal activation to
for the interpretation of the microwave measurements orthe flux flow.

HTSC thin films was mostly limited to low-hf power mea-  Double-sided 400-nm-thick YBCO films on Ce@uff-
surements in dc magnetic fielésl%i.e., to the case of small ered sapphire substrates were prepared using the ASIDOD
undercritical currents and thermally activated vortex motiontechnique® In the ASIDOD system a three-inch diameter
The case of the flux flow sustained by overcritical currentssapphire wafer is simultaneously coated on both sides by
turned out to be difficult for experimental verification. In using two face-to-face inverted cylindrical sputter guns at-
particular, the increase afg of HTSC films with increasing tached to a cavitylike heater. The Ce@rgets are rf sput-

hf power in zero dc fields could not be explained quantitatered, and the YBCO targets are dc sputtered. The homoge-
tively in terms of the vortex dynamics model! The dis-  neity of the coating over large areas is attained by a rotation
agreement was attributed to the effect of other hf loss mechand linear motion of the wafer inside the heater during the
nisms, like losses in Josephson-like grain bound¥riasd  sputtering. The films exhibited a high transition temperature,
weak links'3* hysteretic losses treated within the frame- Tc=90-90.5 K, and good superconducting and microwave
work of the Bean modéf'® local heating, etc., which  properties, which were reported in detail elsewH&r to-
should overshadow the flux flow losses. But a significangether with details of the patterning and contacting pro-
deviation in the hf response of the vortices flowing in HTSCcesses. Microstrip half-wavelength resonators were prepared
films from the basic predictions of the vortex dynamicsusing the hairpinlike layout shown in Fig. 1. The width of the
model could not be ruled out, either. microstrip lines of 0.41 mm corresponded to the(®Wvave

The aim of the present work is to propose a direct experiimpedance on the 0.43-mm-thick sapphire substrate. The dis-
ment for measuring the hf losses in HTSC films due to vortance between the hairpin lines was 0.3 mm. The length of
tices flowing under the influence of an overcritical transportthe resonator of 27.2 mm yielded a fundamental frequency of
current, and to verify the treatment of such hf losses withinfy~2.3 GHz. The geometry factor of the resonator, G
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(a) Cu housi mance was linear, with both the quality factor and the reso-
4 heusing nance frequency independent of the hf power. Under these
T T ET T, conditions the “linear” microwave surface resistance of the

YBCO films was determined &8s=G/Qg, whereQy is its
unloaded quality factor. The absolute values of the micro-
wave surface reactanckg, were estimated from our mea-
surements of the absolute London penetration depth,in

the YBCO films on sapphiré® Here the standard relation
Xs=wouo\ Was used, withw, the circular resonance fre-
quency anduy=4mx 10"’ H/m the magnetic permeability

of the vacuum.

p-Smm 4 An increase ofl;,4 led to a decrease of botB, and w.

The change of these quantities was transformed into a
change of the microwave surface impedance using the stan-
dard formul&®
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In this way ARg and AXg, and their ratioAXs/ARg, were
measured as a function df,y at various temperatures be-
tween 85 and 74 K. Below 74 K of the films became too
high for our measurement apparatus, so that a sufficient ex-
cess ofJ;,q overJc could not be supplied. Typical examples
of the obtained curves are displayed in Fig. 2. For the sake of
easier comparison the data are plotted veygJc. The
temperature dependencesRE, Xg, andJc are shown in
the insets of Fig. 2 as a reference.

The obtained dependences dRg and AXg Vs Jing/Jdc

/ reproduce the well-known shape &fV characteristics in
Coil location type-ll superconductors. There is a clear turning point in
these dependences 3t4/Jc=1. Below this point the pin-
ning force prevails over the Lorentz force, the vortex motion
occurs only due to thermal fluctuations and the losses are
=1.810, was calculated using Sonnet softwateyhich au-  relatively low. In our experiment fod;,q/Jc<1 both,ARg
tomatically took into account the coupling between the twoand AXg, remained under the resolution limit ef1 u().
lines of the hairpin. The resonator was fixed in a Cu housingConsequently, their ratidd Xs/ARg could not be defined.
as shown in Fig. 1. At the bottom of the housing a Cu coil of The onset iARg andAXg appeared al;,q/Jc~1, and was
6-mm diameter was mounted under the hairpin’s bendinggharacterized by relatively highXs/ARg values of 30-50;
see Fig. 1. It is known that the sinelike hf current distributionsee Fig. 2c). A further increase od;,4/J¢ resulted in a rapid
along a half-wavelength resonator is maximal at the centeincrease of bothA X5 and ARg and a decrease of their ratio
and almost zero at the ends of the resonator¥righus, the  to values of about 3—10 depending on the measurement tem-
coil was capable to induce the ac currents in the resonatqrerature. AtJ;,q/Jc>2 both AXg and ARg grew linearly
area, which carried the maximum hf currents. Initially suchwith J;,4/Jc, while their ratior was J;,4 independent.
coils were developed for inductivk: measurements. They The analysis of the experimental data was performed in
had two windings of a 5@sm-thick wire: a driving one with  terms of the vortex dynamics model. The application of this
1100 turns and a pickup one with 110 turns. The drivingmodel for predicting hf losses in type-Il superconductors in
winding operating at 1.1 kHz was capable of producing ahe mixed state has been subject of many publications,
magnetic field of up to several 100 Oe at the film surfacethat developed an extensive formalism usually accomplished
This was enough to induce current densitigg of up to~8 by considering various approximations in high and low field
MA/cm? in the YBCO film, whereas the onset of the third and frequency limits. Therefore, we found it reasonable to
harmonic signal in the pickup winding indicated that the  review the established basics of the model and to obtain con-
of the film was reached. The measurements at highgr cise relations directly applicable for the evaluation of our
were hampered by the coil heating, which limited the mea-experimental results.
surement range to moderalg values, i.e., to temperatures  The core mechanism in the model is the interaction be-
not too far belowT . For our YBCO filmsJ: measurements tween the harmonic sinusoidal hf electric current and the
down to temperatures of60 K were possible. vortices, each carrying a magnetic flux quantdrg. If the

The microwave measurements on the resonators were perortices are able to follow the resulting Lorentz force, they
formed using an HP8720C network analyzer. At low hf inputstart moving, or vibrating, with the hf frequency. Such a
power (P;,<—5dBm) andJ,,4=0 the resonator perfor- motion of the magnetic flux induces a hf electric field oppos-
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FIG. 1. Schematic arrangement of the measurement sys&m:
cross section(b) top view.
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FIG. 2. Dependences &Rg (a), andAXg (b), and their ratio
AXg/ARg (c), on theJ;q/Jc ratio measured at the following tem-
peratures(A), 85.1 K;(V), 79 K; (@), 77.4 K; and(W), 74 K. The
lines show the best fits of Eq®) and(10) to the experimental data:
solid lines 85.1 K; dotted lines 79 K; dashed lines 77.4 K; and
dot-dashed line 74 K. Measured temperature dependenétsavfd
Jc are shown in the insets ¢8) and(c), respectively. The inset of
(b) shows theXg(T) data obtained from th&, measurements on
our double-sided YBCO films on buffered sapphiRef. 20.

ing the hf current. Consequently, a complex electric resistiv-

ity ps arises, that is called the flux flow resistivity. The real
part of p; is controlled by the viscous drag force, whereas its
imaginary part is controlled by the vortex elasticity and in-

PHYSICAL REVIEW B8, 104502 (2003

stant, often named the pinning constant, ants the radial
frequency of the hf current. One may see that @gis valid
only at nonzero frequencies. In faet/27 should be higher
than the reciprocal value of the vortex relaxation time, 1/
which is well fulfilled at microwave frequenciés.The ratio
x/n represents a crossover frequengy, discriminating be-
tween low frequenciesp<w., at which the flux motion is
mainly reactive (Imp¢>Rep;), and high frequenciesw
>w., at which the flux motion is mainly dissipative (ge
>Im py). In the literaturew,. is often called a “depinning” or
“pinning” frequency.

Taking p; into account, one accomplishes the conven-
tional two-fluid model for the superconductors by rewriting
Ohm’s law as follows:

OTF

—  Er=ouEur, 3
1+0,_|_pr HF MSY=HF

Jnr= ore(BEpr—prdup) =
whereJy is the hf current densityg ¢ is the related electric
field, org=on— i/(w,uo)\f) is the complex conductivity of a
superconductor without vortex motiomsy is the normal
fluid conductivity, andrys= o1/ (1+ o1eps) represents the
complex conductivity in the mixed state.

Equation(3) leads to a general expression for the hf sur-
face impedance of type-ll superconductors in the mixed
state:

foug

112
ZMS:( pn s) =ZsV1+ orepy

whereZs= \ioug/ o1 is the conventional relation for the

hf surface impedance in terms of the two-fluid model.
Within the framework of the two-fluid modelfw,uooN

<1, which means that the superconducting fluid carries

much higher hf current than the normal one, and mdkes

<Xs.*® This approximation allows us to combine the rela-

tions for ot and p¢ into the following one:

4

—ips _ —ips
)\E(,U,LLO )\LXS.

©)

OTFPf =

Here we limit our treatment to the case of a weak nonlin-
earity, i.e., orpp;<<1, and express Eq4) as Zys~Zg(1
+ o1epi/2). Again usingRg<Xg, we obtain a compact gen-
eral relation for the excess hf losses produced in a type-II
superconductor by the moving vortices:

P

AZg= ZMS_ZSZZ_)\L- (6)

Substituting Eq.(2) into Eqg. (6) we obtain the well-known

ertia. Considering the related equation of motion and nerelations, which are usually derived applying a more compli-

glecting the inertia at frequencies belowl00 GHz, the
model yields

)

with r = xy/ w 5. Hereny is the density of the moving vortices,
7 is the vortex viscosityy is the vortex restoring force con-

cated formalisnf:®

AR ‘bgnf

2
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Quantitatively, the vortex dynamics model for YBCO pre- 40 - - T -
dictsr =1, or somewhat higher, which agrees with the results ~ |------=-----_.
of hf measurements in applied dc magnetic fieles:2* 30} .
Using Eqgs.(5)—(7) we specify the criterion for the weak ~
non-linearities as follows: The conditiot;eps<<1 is satis- % 20} “a. ]
fied, if both,ARg andAXg, are small compared t&s. The = "
relation of ARg and A Xg to Rg is not decisive. In our mea- = 10} o
surements the YBCO films exhibitedg values of several *
m{(), which is much higher than the observé&s andARg; 0 L . v —
: ; - e 20 40 60 80
see Fig. 2. Thus, we consider the measured nonlinearities as T K]

weak and apply Eq¥6) and (7) for their analysis.

In our experiment the density of the moving vortices is  FiG. 3. Temperature dependence of the crossover frequency.
controlled by the induced curremd,y. For Ji,¢>Jc it iS  The circles mark the experimental data, the dashed curve is calcu-

expected to behave like lated using Eq(14) andf.(0)=35 GHz as a fitting parameter.
2792 \1/2
;e (1= 36/ Jing) " H, ®) ticular, a good fit of Eqs(9) and (10) to the experimental
where H is the amplitude of the ac magnetic field at the data implies, that the vortex parameteysand x do not de-
YBCO film surface, which is directly proportional ). pend on.Jind,.Le_., they are mdepgndent of the magnetic field
According to Eq.(7) ARs and AXg exhibit a linear depen- @nd the depinning current density. .
dence omy, provided the vortex parametersand y remain The ratioA Xs/ARg provides, according to Ed7), a di-
constant. Thus, we obtain the following fitting relations for 'éCt measure of the crossover frequency, one of the key pa-
the measured hf losses in the flux flow regime: rameters in the vortex dynamics model, which is defined on
the basis of Eq(2):
ARs=cy(T)(J5f - 1)*? 9
f=Xsy 11
AXg=Co(T) (I 32 1) 12 10 “"ARs ' 0

wherec,(T) andc,(T) are the fitting parameters, dependent
on temperature and independent df,;. The ratio
Co(T)/c4(T) should fit the measured Xg/ARg data at a
given temperature.

The obtained . values are plotted in Fig. 3. They increase
with decreasing temperature from 6.5 GHz at 85.1 K to 18
GHz at 74 K. Comparing these data with results of micro-
! _ _ wave measurements in dc magnetic fiéid® one should

One may notice that Eq¢9) and(10) are directly appli-  take into account a considerable scatter in theT) data
cable only for a ddj,g. For an acliyg, which is the case in enqrted by different groups, which likely results from the
the present experiment, the losses in the resonator should By sensitivity of the vortex parameters to sample quality. In
modulated with the ac frequency. Indeed, using a SpeCtruaticylar,f, increasing from 3 GHz at 85 K to 15 GHz at 80
analyzer we observed this expectgd mixing of the(hB was reported by Owliaekt al® Golosovskyet al® re-
GHz) and the aq1.1 kH2) frequencies aling>Jc. HOW-  noreqdf values increasing from 4 to 6 GHz at temperatures

ever, since thé\Xs andARs values obtained in the present gecreasing from 85 to 70 K. These results provide a broad
experiment are time qveraged, we <_jo not focus more closelytarence range of absolute values, which is met by our
on the frequency mixing, and consider E¢3) and (10) as

valid forthe_rms values. The difference between the d_c to the Regarding thef(T) dependence, we found our data in
rms values in Eqs(9) and(10) should be encountered in the 44 agreement with the basic predictions of the vortex dy-

constantsc, andc,. However, we are not interested in the 5 mics model. In particular, the Bardeen-Stephen expression

absolute values of these constants. Our further interest IS usually accepted as a good approximation for the vortex
mostly devoted to their ratia@,/c,, which is not affected by viscosity>®

averaging.

It is shown in Fig. 2, that the r_neasured dependencgs of n=®oHe0, (12)
AXg and ARg on J;,4/Jc behave in good agreement with
Egs. (9) and (10) for J;,q/Jc=1.1, indicating that the flux whereH,, is the upper critical field. In accordance with Eq.
flow is responsible for the observed excess hf loss. In th€12) the vortex viscosity does not depend on the amplitude of
small range of ¥ J;,q/Jc<1.1 the highAXs/ARg values of the applied magnetic field, which is in agreement with our
30-50 suggest an additional effect of another hf lossesults. The related temperature dependence is given by
mechanism;** probably losses in weakly coupled grains, 7(t)= 7(0)(1—t?)/(1+1t%), wheret=T/T. is the reduced
which compete with the flux flow effect. The rise &§f4/Jc  temperature. According to the literature, the effect of the
above 1.1 and the enhancement of the flux flow increas@eld and temperature on the vortex pinning constgnt
substantially the density of the moving vortices in the YBCOshould be determined by the range of the applied magnetic
film; see Eq(7). This results in a rapid increase of batiXg  field*~%2°In the low-field range foH<1 T), which is the
andARg and a decrease of their ratio to the values of aboutase for our measuremenjgjs expected to be proportional
3-10 consistent with the vortex dynamics mot#&lin par-  to the square of the thermodynamic critical fiéfe?:
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X= WBgl,uo- (13 In summary, we have measured the microwave losses pro-
duced in epitaxial YBCO films by the vortices flowing under
Equation (13) predicts a field-independeny, which is in  the influence of overcritical currents. The results were found

agreement with our findings. The temperature dependend® be in good agreement with the vortex dynamics model.
resulting from Eq.(13) is X(t)=X(O)«(1—t2)2. Conse- 1he observed behavior of the microwave losses is adequately

quently, for the crossover frequency one obtains described by the relatloﬁzs= p_f/2)\L, derlved_ in terms of

the model. The vortex viscosity and restoring force con-
stants, which determine thg value under given conditions,
were confirmed to be independent of the magnetic field and
. . the depinning current density. The temperature dependence
where fc(0)=x(0)/2m7(0). Equation (14) predicts a o the vortex constants in the examined range between 74
strongly decreasind (T) in the higher temperature range, and 85 K is characterized by a strong increase of their ratio,
which agrees well with our experimental results; see Fig. 3the crossover frequency, with decreasing temperature. This
Using Eq.(14) we extrapolated ouf(T) data to lower tem-  result is also in agreement with the model. The meastged
peratures and obtaindd(0)=35 GHz. This value is in rea- values and thef(0) value obtained by extrapolating the
sonable agreement with the data of Ref. 7, which estimatetheasurement results to zero temperature agree reasonably
f. to be somewhat higher than 40 GHzTat 40 K for epi-  well with the results of the hf measurements in the applied dc
taxial YBCO films. magnetic fields available in the literature.

fo(T)=F(0)[1—(T/T)*], (14)
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