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Unusual features in the nonlinear microwave surface impedance of Y-Ba-Cu-O thin films
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Striking features have been found in the nonlinear microwé@ GH2 surface impedanc&,=R,
+j - X4 of high-quality YBaCuO thin films with comparable low power characterigtiRgs~35—60u () and
A (15 K)~130-260 nm]. The surface resistariRgis found to increase, decrease, or remain independent of
the microwave fielH,; (up to 60 mT at different temperatures and for different samples. However, the surface
reactanceX always follows the same functional form. Mechanisms which may be responsible for the observed
variations inRg and X, are briefly discussedS0163-182€08)03242-1

Measurements of the nonlinear microwave surface imped- Changes inRg and Xg with H;, AR;=Rs(H,;) —Rs(0)
anceZs, of high-temperature superconduct@rTS’s) is @  and AXs=Xg(Hs) — Xs(0), areplotted in Figs. 1 and 2 for
powerful tool for studying nonequilibrium processes in theseg|| three samples. For sample TF1 for @land in the whole

materials. Nonlinear impedance measurements allow one g, 4 rangeARy~H?, whereas for samples TF2 and TF3 the

investigate peculiarities of the rf-vortex nucleation, and to . . -
study the vortex dynamics at elevated microwave fields.behav'or Of ARs(Hy) changes dramatically witfi. For

Such measurements may also discriminate between d-wa@é‘mple TFER changes_ from decreasing at 15 K j[o almqst
and s-wave mechanisms of pairing symmetry in HTS's, andi-independent behavior at 35 K, and to a rapidly increasing
indicate the presence of magnetic impurities in thefunction of H between 40-75 K. At 15 K\Rs diminishes
materials'? noticeably only atH;>10 kA/m showing no features of
In the present paper, we report observations of nhonmosaturation up to the highest availabig; of ~40 kA/m. At
notonous behavior oRg and the penetration depth (or,  higherT (70 K) a transition to a characteristic sublinear field
equivalently, the surface reactandg=wpuo)), of high-  gependence¢H", n<1) occurs. A similar behavior is also

quality epitaxial YBaCuO thin films, in microwave fields up ,hqerved for sample TF3 at 15 and 35 K over the whole field
to 60 kA/m (~700Oe) using the coplanar resonator ..o \hereas af>70 K [see Fig. ic)] a minimum in

techniqué at 8 GHz. For all samples, depending on tempera-AR H  low field ft ' hich th | subli
ture T, R, demonstrates completely different behavior, s(Hr) at low fields appears, after which the usual sublin-

whereas\ always preserves the sarik dependence, irre- €arHir dependence is recovered. As regarddXy(Hy), it
spective of sample an@l. Measurements are presented foriS @ways a sublinear function dfi; at low fields with a
very high-quality samples over a wide temperature rangé&haracteristic kink and superlinett;; dependence<Hyg,
(12-75 K which at first time reveahonmonotonousnd N>1) at higher fieldgsee Fig. 2 This dependence af X
uncorrelated behavioin Ry and X as a function ofH,,. ~ On Hy persists for all samples and for almost all tempera-
Such a behavior does not agree with any of the existingures, and in generato correlation is observedetween
models for the nonlinear microwave impedaficgln the = AX¢(Hy) andARy(H). The only exception is sample TF3
following we discuss several mechanisms relevant to thestor which AX (H) qualitatively correlates with Ry(H ;) at
observations. all T, and even the minimum at low fields is reproduced in

The films are deposited bg-beam coevaporation onto both dependences at 75[Kee Figs. (c) and Zc)]. In Figs.
polished (001)-orientated MgO single crystal substrates 101 and 2 some oAR; andA X, data are fitted to the function
X 10 mn?. The films are 350 nm thick. The-axis misalign- ~Hp; which is predicted by Halbritter's model of Josephson
ment of the films are typically less than 1%, and the dcvortex motion in weak link§WL's)® (0.5<n<2) and the
critical current densityl, at 77 K is around X 10° A/cm?. Ginzburg-Landau theory for the pair breaking mechanism
More detailed information on the growth technique can bg(n=2).

found in Ref. 10. The values & and\ at 15 K are 60, 35, In Fig. 3, we plot the temperature dependence ofrthe
50 w2 and 260, 210, 135 nm for samples TF1, TF2, andparameter(=ARs/AX,) for all the samples at three micro-
TF3, respectively. wave power levels. These data are often used to distinguish
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FIG. 1. Microwave fieldH; dependences of the change in the
surface resistancARg for three samples TF1, TF2, and TF3 at
different temperature$. The dashed lines are fitting curves using a
function ~H[, which is discussed in the text. andn values are
given in the figure. The solid line ife) is a fit using the modified
model of Gallopet al. Ref. 14. The parameters of the fit are as
follows: normal resistanc®,=1.83(), zero field critical current
density J o= 10" Alc?, grain sizea=6.4x10"" m, grain pen-
etration depth\ 5p0=2.51x 10"’ m. The inset shows the data at 75 0.3 TF1 1500 A/m a)
K on an expanded scale.

FIG. 2. The change in the surface reactafég as a function of
H for three samples TF1, TF2, and TF3 at different temperatures.
The fits are the same as those plotted in Fig. 1. The inset shows the
data at 75 K on an expanded scale.
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between various nonlinear mechanistishe general trend “~01-%4 A,

A 4 ‘
of r(T) for all the samples is a decrease in the absolute value _D Cf8f8go o f gv

of r with increasingT, gradually saturating at higii. For 00

samples TF2 and TF3 the most pronounced changeoic+ 0.1

curs at lowT, where it has a large negative value of about 0.0 _TFZQ sappsgamas D
—1 and rapidly levels off with temperature approaching a 02 | A

value of 0.01-0.06see Figs. @), 3(c)]. One can see that ’ . L4

the initial negative value of is reduced with enhanced =041 ® e [ TTEm
power. Unlike other samples, TF1 in the high field regime 06 ® O 3600 A/m
(H~7600 A/m) displays an increase in theparameter at 08 |-e A 14000 A/m
high temperaturesT(>45 K) and reaches a value f0.15. 1.0

TF

it initi 3 ©)
In addition, the initial lowT r value for sample TF1 depends ool apdes s34 - 3 g

nonmonotonously on the microwave fidlsee Fig. 8)].

For explanation of the observed nonmonotonous field de- 0.4 LA
pendences ofAR; and AX; we involve three different = 08 L ® 1700 A/m
mechanisms. Each mechanism is capable of describing only e o 3800 A/m
particular features irH,; dependences oAR; and AX;. 12 A 8300 A/m
First, the modified weakly coupled grain mod&lproposed L1 1 T
by Gallopet al,'? assumes that for high-quality HTS films a 1020 30 4%(1(5)0 60 70

WL between two superconducting grains is shunted by an-
other third grain, which serves as an additional path for both FIG. 3. Temperature dependences of te parameter

dc and rf currents. This model presents a highly simplified(AR/AX,) for samples TF1, TF2, and TF3 at differeti; (speci-
picture (not least, because it makes no distinction betweeriied in the figurg.
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the Meissner and the mixed stateBlevertheless it enables 0.24

one to reproduce a reduction &;, such as we observe,

given a certain set of the material parameters. However, it is 0-20 7

unable to describe two important features observed by us; 0.16 A O M
sublinearAX,(H,;) dependence at low fields with a charac- .

teristic change in curvature at highéf;, and the decrease of &€ 012400 01 02 030

AXg with H s [see Fig. Zc)]. We have managed to overcome g a0 o[® TFLISK
in part the first drawback of the model by introducing an 0.08 o|4 TFL3K
effective local flux densityB.«, which interacts with the rf 0.04 - © o g géggﬁ
current. When both the junction and grains are in the Meiss- ' A ®  TE375K
ner or mixed state, the magnetic flux is quasihomogeneously 0.00 o 4 | - .
distributed throughout the region to which it penetrates, and 00 02 04 06 08 10
B.#=B. However, in the mixed state of the WL only, the flux AX /R,

will be concentrated inside the junctions due to screening

currents in the grains, and hence, in the \BLz>B. The FIG. 4. Parametric plot oARs/R. vs AX /R, for various

ratio Bo/B should increase witB and reach a maximum at samples at different temperatur@pecified in the figune The solid
Ber=moHe (Hey is the lower critical field of the grainsfter line is a fit to the two-fluid model discussed in the text. The inset
which it should decrease rapidly. Adopting a simple functionsShows the low power data on an expanded scale.
for Bo#/B(B) which possesses the properties specified above
(we took the Gaussian functibwe have managed to get an YBaCuO.' Magnetic impurities are a source of Cooper pair
excellent fit to ourAX,(H,) data[see Fig. 2a)], but we breaking due to the spin-flip scattering process. However, at
failed to reproduce thAR field dependencksee Fig. 13)]. low temperatures the decrease in thermal motion leads to the
Moreover, such a model cannot reproduce the decrease #Ppearance of spin-spin correlation of the impurity atoms
AX, with H, observed for TF3 sample at high temperaturesvhich becomes strong and may frustrate the spin-flip scatter-
[see Fig. 2o)]. ing. An external magnetic field also leads to ordering via
Another model applicable to our results is the model ofalignment of the magnetic impurity spins and hence, can also
Eliashberd?® for superconductivity stimulated by high power lead to a reduction of pair breaking.
microwave irradiation. As shown by Eliashbérgn a super- Recently Heinet al? observed a correlated reduction of
conductor with a homogeneous order parameter distributiorRs @nd A in both dc and rf fields of the same order of mag-
microwave radiation of a certain power can induce a newnitude (<20 mT). They performed an analysis of the func-
quasiparticle distribution function with an increased gaption ARs/R.(AX¢/R;) (Where R.=wuo/20,, and o, is
which in turns leads to an enhancement in superconductintne normal electron conductivityin terms of the two-fluid
properties. A similar effect is predicted by the Aslamazov-model (TFM) and found that their data collapsed onto a
Larkin (AL) theory** for inhomogeneous WL, due to the single TFM curve. In addition, the conductivity ratip
radiation-induced diffusion of quasiparticles out of the junc-=0/0, (Whereo; and o, are quasiparticle and superfluid
tion region which occurs for a certain level of microwave conductivities, respectivelywas found to decrease with in-
power. Since the AL theory, contrary to the Eliashbergcreased magnetic field, which was attributed to the field-
model, predicts a suppression of the order parameter at lownduced reduction of pair breaking. The major difference be-
rf fields, we can exclude this mechanism immediately, sincéween our results and those of Heihal? is that they did not
we observe aeductionof R, at the lowest field§see Figs. observe a reduction &, with H,; without an accompanying
1(b), 1(c)]. With regards to the Eliashberg theory, it predictsreduction of\; but at the same time they observed a reduc-
a decrease of the stimulation effect with lowered temperation of A with Rg being almost independent &f. In con-
ture, and a suppression of superconductivity by a static magrast, we observed a reduction 8 for a monotonously
netic field®® In fact, for sample TF2 we see that the decreaséncreasing\, and moreover, only in rare cases did we ob-
in Rg with H is reduced with increasing temperature andserve a decrease R correlated with a decrease M[see
completely disappears at high whereas for sample TF3 the Figs. 1c) and Zc)]. In addition, a similar analysis based on
decrease iR is observed only at higiH [see Fig. {c)]. the TFM was performed by us which showed rather poor
Moreover, additional experiments performed by us in low dcscaling of ourARs/R.(AXs/R;) data, as plotted in Fig. 4.
magnetic fieldsHy<12 mT (to be published elsewhere One further distinctive feature of our data compared to those
showed that while for sample TH2,, causes an even more of Hein et al? is the significant discrepandyp to several
pronounced decrease Ry, for sample TF3 the dc fieldl-  times in theR; values extracted from th&R; andA X, data
ways leads to an enhanced, B® However, in accordance (see Table)l In addition, our conductivity ratiy=o1 /0>,
with Ref. 13, stimulation of superconductivity is expected extracted from the fitting to the TFM curve, was found to
only in highly uniform narrow and thin superconducting increase withH, rather than decrease, as expected for the
channels with a homogeneous order parameter and micrerechanism of the impurity spins alignménklevertheless,
wave field distribution, which is hardly the case for our wide our preliminary measurements in weak dc magnetic fields
and “quasibulk” samples. (=12 mT) in field cooled regime at constaid{; showed a
Finally, the third mechanism which may account for ourdecrease oRg and\ with Hy. for samples TF1 and TF@o
results is the recovery of superconductivity due to the fieldbe published elsewhereThis suggests that magnetic impu-
induced spin alignment of magnetic impurities which arerities may play a significant role in our samples and might
likely to be present in most HTS's(particularly in  also affect our nonlinear measurements.
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TABLE I. Two fluid model fitting parameters oARs/R. vs  ing andA X, oscillating withH ;). A value of ther parameter
AXs/R. dependences for various samples at different temperature%.Onsistent with our data could follow from either uniform

Here y(H;=0) and y(HY) are the conductivity ratios y( : o i . ;
= ,/0,) at low and high microwave powers, aRi(AR,) and heating or intrinsic Ginzburg-Landau nonlineatitjor both

. 2 2
Ry(AXq) are theR, values extracted fromRy(H,) andAX (H,)  Mechanisms<107%), but the rf dependence Hy is gen-
data, respectively. erally not observed for our samplgsxcept sample TF1, for

whichARs~H3, butAX is not~H?2, see Fig. 2a)]. More-
Sample y(Hs=0) y(HF) R:(AR), mQ R (AXy), mQ  over, ther value should increase with for the above two
mechanisms, while we see almdstndependent behavior at

TFL 15K 0.183 0.173 0.103 0.046 high temperatures[Figs. 3b), 3(c)]. Thus, our high-
TF1, 35 K 0.028 0.123 0.215 0.084 . .

TFL 60 K 0.050 0111 0.700 0352 te_mperature data which shows an increasA Ry, and A X,
TF2, 70K 0.008 0012 0021 0.004 with H,f are apparently not explained by any of the known
TF3, 75K 0010  0.022  0.0008 0.0003 theoretical models.

In conclusion, in our experiments we appear to observe a
complicated interplay of several nonlinear mechanisms. At
) ) ) low temperatures, the observed reductionRgn may arise

We proceed with an analysis of our high-temperature datgye to the effect of the magnetic impurity spins alignment by
for increasingAR(Hyy) and AX(Hy) in terms of ther  ihe rf field, while at highefl stimulation of superconductiv-
parameteP:® It is essential to con3|der.not only thevalue, ity by microwave irradiation and vortex mechanisms may
but also the power dependence of the mpedéﬁ@emecha- “also come into play. However, universal temperature- and
nism, such as the response of Josephson .vortlces, fo_r Wh'%mple-independelh{rf dependence of the penetration depth
ARg,AXs~Hp (0.5<n<2) and ther value is about unity, ) (or, equivalently, the surface reactanke) and similar
can be excluded immediately, since for our experiments yalues ofr ~0.01—0.06 for all the samples over a broad tem-
never exceeds 0.15. Moreover, the fit of our rf field depenperature range (35T<75 K) do not rule out the possibility
dences with a function-H; [see Figs. (b), 1(c), 2(b), 2(c)]  that all the observed features may arise due to one and the
has revealed uncorrelated valuesndfor ARs andAXg data  same mechanism, the origin of which is not known at the
(while from the theor§ they should be the samesaying moment. At the same time, absence of correlation between
nothing about an apparent departure of #Hg fit from  AR((H,) and AX((H,), for some of the samples particu-
AX (Hy) data at high fielddFigs. 2b), 2(c)]. The same larly TF1, implies that the microstructure of the samples may
conclusion is valid for the heating of weak linksye<<1, interfere with the intrinsic behavior in the nonlinear re-
ARg, AX~H?) and the RSJ mod&(rgss<1, AR, increas-  sponse.
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