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Anomalies in the microwave power-dependent surface impedance of YB@u;O,_, thin films
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Nonlinear microwave properties of two high-quality YBaCuO thin films on MgO substrate have been
studied in zero and finite dc magnetic figldp to 12 mT at 8 and 16 GHz using the coplanar resonator
technique. Anomalous decrease in the surface impedage®+ j X as a function of increasing microwave
magnetic fieldH,; was found for both the samples. In one of the films anomalous behavior is only seen in
Rs(H,s) and only at low temperaturds<15 K, whereas in the other one or¥g(H,) exhibits anomalies and
mostly at intermediat& (40—45 K. Impedance plane analysis in termslofrequencyf, andH,; dependences
of ther parameter revealed that the anomalous behavior is most certainly governed by dynamics of quasipar-
ticles, rather than vortices. At highel,; (=10 kA/m), however, a noticeable deviation from the quasiparticle
scaling towards the vortex motion mechanisms was found. This indicates that in high microwave fields the
anomalous affects i@4(H,;) may be masked by or interfered with the vortex dynamics. Also some evidence
is presented that the origin of the anomalieZiH ) is seemingly related to the oxygen content of the films.
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[. INTRODUCTION opening of a superconducting subdominantave-like en-
ergy gap’?2 the constructive quasiparticle interference at
Nonlinear microwave properties of high-temperature suthe  grain-junction interface in a d-wave-like
percopductoriHTS’s) cause a great deal of interest &}mqngsuperconducto%? as well as other peculiar transport phenom-
the microwave HTS community in terms of both their sig- ena related to the spin-charge separation in quasi-one-
nificance for application and due to the rich and excitingdimensional systenfé;?® intrinsic disordef®?” the forma-
phySICS |nVO|VEd(.See, e.g., Refs. 19‘3Fr0m the classical tion of Stripesz,s or novel quasi_partide CO”CEFﬁ%HOWGVQr,
theory and experiments on both low-temperature supercofy the best of our knowledge, none of those concepts is yet
ductors(LTS's) and HTS's it is known that superconducting empodied into a theoretical model for the surface impedance,
properties usually deteriorate with elevated microwélig  \yhich makes it impossible to compare the available experi-
and dcHyc magnetic f|eld_s{see,_e.g.,.Refs. 4‘}'7|h” termﬁ Or: mental data with the theoretical predictions. Finally, there
thefsurface_n;npecéanc%?j—tﬁsﬂxfs, I mea?s that both the  oists another explanation that the anomalous microwave ef-
sgtrhaﬁe r:esu?_'antc ;a? b ethiur achr eacsné’g |tr|1crﬁase fects attributed to HTS may actually be related to low tem-
W\'/ ) (n evrve thr anr d?n orr Oh nff r";n N r(ﬁn Hﬁ'csert]hiﬁ, filcr)nw_h 1%erature peculiarities in the loss tangent of MgO substfate.
CVer, a new € a.o ary phenomeno L s ha owever, the fact that microwave anomalies are seen in HTS
been discovered: the anomalous decreasé;iwith a rela- ,
: . : 8-11 films sputtered on other substrdfe® (such as LaAlQ), as
tlye!y weak (in a few mT regiof Hy andHe. : Though ell as the fact that small dc magnetic fields can change the
similar anomalous effects has been reported in the past foY ;
@ppearance of the anomalous effects dramatitasiyongly

LTS’s subject to simultaneously applied ac and dc magneti ) ,
fields1>13a closer look at the problem reveals that most ofsuggest that there is a broad class of the microwave anoma-

the classical concepts such as field-dependent surfadlS, which are most definitely related to superconductivity.
barriet**and stimulated superconductiviare unlikely to N this paper we solely concentrate on latter category of the

be responsible for the microwave anomalies discusse@nomalies. _
herel0.16-18 In what follows we present data on two high-qualitg

On the other hand, another two recently proposed mechderms of good low poweRs, J., T, and structural homoge-
nisms, namely the nonlinear grain shunted weak link modeneity) YBaCuO thin films and analyze those data in terms of
(GSWLM) (Ref. 18 and the modified two-fluid model temperatureT, frequencyf, and H, dependences of the
(TFM) with the field-dependent quasiparticle scatteringParameter (=ARs/AXs). We show that a great variety of
rate are strong candidates for accounting for the aforementhe available experimental data"®~**%!is impossible to
tioned anomalies iZ<(H,,H4o). Both those models are ca- describe without attracting some sort of recovery effect in
pable of good description of experimental data on YBaCughe Cooper pair density with increased magnetic field. We
films, in which only R, decreases withd (H, or Hyg).181° perform theoretical analysis of the data in terms of the dif-
Here, in both the above mentioned scenakg&H) behaves ferential loss tangentr& dR,/9Xs) within the TFM and
in the normal wayi.e., rise$. Recently, however, a number modified Coffey-Clem modéf (CCM). In the TFM the qua-
of new physical mechanisms were put forward that may givesiparticle scattering is considered to be the dominant mecha-
a consistent qualitative description of the correlated anomanism of microwave dissipation, whereas in the CCM the dis-
lies in bothRg(H) and X4(H). Among those are the field- sipation primarily originates in the vortex dynamics
induced alignment of the magnetic impurity spittS,the  (including flux pinning, creep and flowThe analysis of our
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TABLE |. Electrical and microstructural properties and growth parameters of the thin films.

Sample T., K J., MA/cm? Aw, ° caxis, A Tgep °C Ry, Q) A(0), nm

TF1 83 0.5 1.04 11.757 640 35 210
TF2 88 2.2 0.55 -2 690 50 135

#The original data for this film are missing. In about 5 years after the film fabrication this parameter was
measured to be 11.699, which corresponds to the oxygen cofitefi78.

data shows that the value of theparameter, as well as it4  here, TF1 and TF2, were presented in our earlier
andf dependences fit best to a mechanism based on the qupublication!® where they were designated as films TF2 and
siparticle scattering, rather than vortex nucleation and/or moTF3, correspondingly. The data reported in the present paper
tion. In this respect, our conclusion is supported by recentvere taken in about two year intervals after those reported in
observations of Raet al.>! who found no hysteresis in the Ref. 10. Though théi,; dependences presented in these two
microwave losses in the anomalous regime, a strong indicgapers cannot be directly compared since they were taken at
tion of a dissipation mechanism not influenced by vortexdifferent temperatures, the nonlinear behavior of the films is
dynamics. essentially the same. In particular, for film TF1 the anomalies
The structure of the paper is as follows. In Sec. Il theare only seen at<20 K and only inRy(H), whereas for
fabrication method, electrical and microstructural propertiesTF2 the anomalies are observed at higlief>40 K) and
of the films studied in this work, as well as the measuremenare mostly seen X (H).
technique are described. Experimental results including It should be noted here that when calculating the power
andH dependences of the surface impedadgendr pa-  dependences af; we made no correction for the change in
rameter at two frequenci€8 and 16 GHzand in various dc  the rf field distribution with increaseH ; over the resonator
magnetic fieldgup to 12 m7T are presented in Sec. lll. The- area in the nonlinear regime. The importance of such correc-
oretical analysis in terms af within the TFM and CCM is  tion has recently been highlighted by Rezfikyho demon-
described in Sec. IV. In Sec. V the experimental results arétrated that a change in the field distribution with increased rf
discussed and analyzed within the aforementioned two modield amplitude may lead to a change in the power depen-

els, which is followed by conclusions in Sec. VI. dences ofZ;. However, the predictions of that model are
only accurate in the case of strong nonlinearities., if
Il. SAMPLES AND MEASUREMENT TECHNIQUE Rs(H)=Ry(1+bH"), e.g., therbH" has to be>1], when

exact analytical solutions for some of the model's equations

The two films studied her& TF1 and TF2, are deposited exist. Fortunately, in our case relative increas&imwith the
by thee-beam coevaporation technique onto polisk@dl)-  peak microwave fielH, is rather smalltypically ~10%),
oriented MgO single crystal substratesXI00 mnt. The  or in other wordsbH"<1, and therefore we think that the
films are 350 nm thick. The-axis misalignment of the films  correction for the change in the rf field distribution should be
is typically less than 1%. The main electrical characteristicsegligible. In addition, even in the case of strong nonlineari-
and microstructural properties, as well as the deposition conjes (see Figs. 3 and 4 in Ref. 3%he qualitative behavior of
ditions of the two films studied in this work are recapitulatedZS(H) and other parametefsuch a®, e.g) does not change
in Table I. Here, the critical temperatufg, the critical cur-  considerably when the correction is applied. Therefore, we
rent densityJ; at 77 K, the rocking curve widtAw, the  pelieve that qualitative conclusions of our paper are not af-
c-axis length, the film deposition temperatufg,,, the sur-  fected by the lack of the correction for the nonunifoZmin
face resistanc®s at 12 K, and the zerd-penetration depth  the nonlinear regime. However, we also admit that in general
A(0) for the two samples are given. The absolute values ofase such corrections must be taken into account.
N(0) were determined without resorting to any theoretical Approximately a year after all the main measurements
model by using the technique developed by Poettal®*  reported here were completed, the reference part of film TF2
The method is based on measuring the microwave respongref. 36 was x rayed to determine the oxygen cont€rhat
of two coplanar resonators patterned on the same film. Thgroved to have deteriorated from6.9 to =6.78 over the
two resonators have different ground plane-to-central striperiod specified above. As will be seen later, this change in
spacing, but the same resonant frequency. This allows us t@e oxygen content strongly affected both the frequency de-
extract the absolute value dfat a fixed temperatur€y,i, by  pendence of the surface resistamteof the film, as well as
adjusting the guess value far(T ;) in order to make the the appearance of the anomalous microwave effects which
temperature dependences )offor the two resonators coin- are the main subject of this paper.
cide over the whold range. This method gives one a way of
determining absolute values of (with an accuracy of
~10%) without assuming a particular temperature variation, Ill. EXPERIMENTAL RESULTS
provided that the film is homogeneous over its area. The
method also allows one to take into account the effect of
finite film thickness. For more details see Ref. 34. Figure 1 demonstrateld,; dependences d®g and X, of

Preliminary measurements on the two films discussedample TF1 taken at differefit (shown in the figurgat 8

A. H, dependence ofZg
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FIG. 1. H; dependence of the surface resistafzeand the

temperatureggiven in the figur¢and 16 GHz. The data at 40 K are
offset along the vertical axisR; is offset by 40}, and X, is

surface reactancé, for sample TF1 at various temperatufgs/en
in the figure and 8 GHz. The data at 40 and 60 K are offset along

the vertical axis R; is offset by 9.5 and 3@.(), andX is offset by

1.4 and 5.4 M) at 40 and 60 K, respectivelyor clarity.

GHz. At 15 K an anomalous decreaseRg(H,) accompa-
nied by the conventional behavidincrease of X (H) is
clearly seen, whereas at highEmoth Ry(H,s) and Xs(H )

offset by 2.5 nf}) for clarity.

develops inX4(H,;) [see Fig. 8)]. Finally, at even higheT

(60 K) both R(H ) and X4(H,;) become nearly flat. As in
the case of TF1, the qualitative behavior Rf(H,) and

Xs(H,) are generally not correlated. As far as 16 GHz data
for this film are concernefsee Fig. 4, the overall behavior
of Z4(Hy) is rather different from that seen at 8 GHz. Over

increase in the conventional way. The remarkable feature ahe whole temperature ranges to 60 K) neitherRg(H ;) nor

this film is that functional behavior dRs(H ) changes dra-
matically with T, whereas the shape &&(H,) remains vir-

Xs(H) exhibit any anomalies. In other words, they both
increase adH; rises. A possible reason for such dramatic

tually the same over the wholerange. Here, the functional difference of 8 and 16 GHz data may be a presence of local

forms of R(H ;) andX¢(H ) are generally not correlatdah

defects near the location &f,; maximun(s) for one of the

sense that one of them may increase, while the other deesonant modes. Such defects could well mask or even sup-
press the anomalous effects. However, since no indication of
H dependences dRs and X of the same sample TF1 such defects has been revealed by microstruct(&&M)

creasep

measured at 16 GHz and differeftare shown in Fig. 2.

Both dependences are very similar to those at 8 GHz. The
decrease ifiR4(H,;) is less pronounced at 16 GHz because of
the narrower field rangédue to lower quality factor of the

resonator at this frequency. The “threshold” field, i.e., the

B. Influence of Hy. on Z(H )

measurements of the films, this scenario remains speculative.

A dramatic effect of dc magnetic fieltapplied perpen-

field above whichR4(H ) starts to fall seems to be nearly the dicular to the film surface in the field-cooled regimas
small as a few mT on the power dependence&gbf film

same at both frequenciésee Figs. 1 and)2

Figure 3 illustratesH, dependences oRg and Xg of

TF1 at 15 K and 8 GHz is demonstrated in Fig. 5. The effect

sample TF2 measured at differéhind 8 GHz. The anoma- is especially pronounced X¢(H ), for whichH 4. as low as
lous effects in this sample are more intricate than in TF1. A6 mT virtually inverts the functional form ofs(H,) making
15 K a shallow minimum irRy(H;) is observed that is ac- it a “mirror image” of the zero-field curvgsee Fig. 5. In

companied by perfectly “normal” behavidr.e., increasgin
Xs(Hyf). With increasedT (40 K), the anomaly inRg(H )
gets washed out, whereas a profound anongadinimum)

104522-3

addition, at allH; in a finite Hy, X is lower than at zero
field. In other words, the dc field seems to stimulate super-
conductivity reducing the penetration depthand, hence,
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FIG. 3. Hy, dependence dR, and X for sample TF2 at various FIG. 4. H; dependence dRs and X for sample TF2 at various

temperatureggiven in the figureand 8 GHz. The data at 40 and 60 t€mperatureggiven in the figurgand 16 GHz. The data at 40 K are
K are offset along the vertical axiR( is offset by 7.5 and 3z.Q,  ©ffset along the vertical axisR; is offset by 60u(), and X is
andX, is offset by 1.1 and 4.8 f at 40 and 60 K, respectiveljor  Offset by 2.3 n2) for clarity.
clarity.
saturation of this “recovery” effect at 8 GHz is observed

increasing the number of Cooper pairs. The effedtigfon  (data at 10 and 12 mT almost collapse onto a single curve,
Rs(H,f) is less noticeable and mainly consists in increasingsee Fig. 6. To summarize, we can say that unlike at Idw
the low power level ofRs as well as slightly lowering the (15 K), at T=60 K H, dependences of neith&®; nor Xg
“threshold” field above whichRi(H,) decreases. Another exhibit any anomalies, wherebf,. dependences do. Another
feature to note is that aRs(H,;) curves measured at differ- common feature is tha®s is generally increased witHl 4,
entHy. tend to merge with increasdd; (=10 kA/m). Fi-  though this dependence is nonmonotonic. At the same time,
nally, at any givenH, both R; and X are nonmonotonic Hg. always reduceXg and this dependence is monotonic.
functions ofHy.. At 16 GHz and 15 KZ4(H ) curves(not Z(H) for sample TF2 at 8 GHz, and 15 and 60 K and
shown in the figurgfor film TF1 are quite similar to those various dc fields are displayed in Figs. 7 and 8. RyéH )
measured at 8 GHz. Here again, enhandggleads to low- curves at bothT are fairly flat up to ~35-70 kA/m
ering the thresholdH s, above which the anomalous behav- (~44-88 mT) at allHy. except 5 mT, at whictRs(H )
ior comes into play. starts to rise at lower fields{20-30 kA/m). Unlike 15 K

At high temperature$60 K) no anomalies ifRg(H,s) are  data, at 60 K 12 mT curve also exhibits a riseRg above
seen at either 8 GHisee Fig. 6 or 16 GHz(not shown in  ~10 kA/m. No anomalies are seen®y(H,;) at any of the
the figurg. The curves at 8 GHz are fairly flat up to some dc fields.H 4. dependence dR is again nonmonotonic at all
threshold fieldH;~10-20 kA/m (depending orHy) and  Hy, as it is for film TF1, with the in-fieldRg values in-
rise rapidly above that field. The threshold field is clearlycreased compared with the zero field ones. The most pro-
reduced in the presence of the dc field, but the exact trend isounced increase iR at bothT is caused byHy =5 mT,
not clear(e.g., the threshold field at 12 mT is higher thanwhereas higheH 4 tends to bring theR,(H) curves down
those at 5 and 10 mT, while those are lower than that at @lose to the zero-field dependence. The shap&kdH,;)
mT, see Fig. & Generally,Rs(Hy) is nonmonotonic within  curves is generally unaffected by, except 5 mT(and 12
the whole range ofH . Xi(H) has pretty much the same mT at 60 K) data. At the same time, the shapeXafH ) is
shape (Hp, wheren<1 at lowH andn>1 at higheH ;) noticeably affected by .. For instance, at 15 Kl 4. of 10
as it does at 15 Ksee Figs. 1 and)2X,(Hy) is generally and 12 mT are seen to produce a shallow minimum at inter-
monotonic within the whole range dfi,; (except forH mediate values of ; (~7-15 kA/m). At 60 K similar ef-
<0.3 kA/m andH 4. of 5 mT at 8 GHz with the main effect fect is observed at 5 mT with the minimum being at lower
of Hgyc being diminishingX (or \) values. Above 10 mT a H (~4-5 kA/m). Here, at both temperaturdg. of 5 mT
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) ) FIG. 6. H,; dependence dRs and X, for sample TF1 in various
FIG. 5. H dependence dR; andX, for sample TF1 in various ¢ magnetic fieldsy, (shown in the figurpat 60 K and 8 GHz.
dc magnetic field# 4. (shown in the figureat 15 K and 8 GHz.
The inset in the lower figure demonstratégH ) at 0 mT on an There are two important observations that follow from
expanded scale. Figs. 9a),9(b). First, the frequency scaling &, for both the
films is different from the conventiondf scaling expected
evokes a very rapid growth okKs(H,) at Hs=20 kA/m  for homogeneous superconductor<2.54 and 1.73 for TF1
[similarly to its effect onRg(H)]. Thus, similarly to film and TF2, respectively and second, the frequency scaling
TF1, certain values dfl 4. are seen to greatly affect the shape remains unchanged in both lo{iz kA/m) and high(7 kA/m)
of Xs(H ), without having much of an effect on the shape ofH,; ranges. At first glance, the difference in thi; values
Rs(Hf). Here, the main effect oH,4, is a nonmonotonic may seem to be not that significant to justify the conclusion
increase inR; at all values ofH; and a nonmonotonic be- that the frequency scaling is the same for both the linear and
havior in Xs(Hy). nonlinear regimes. However, later on it will be shown that
the same scaling holds within much broadtgf range(from
0.5 to 20 kA/m. The first fact #2) implies that local
defects may be responsible for the nefascaling[see, e.g.,
Ref. 2]. The other fact seems to imply that the dissipation
The temperature dependenceRyffor both samples, TF1  mechanism at high microwave powersonlinear regimgis
and TF2, at both resonance mod&sand 16 GHz and at  the same as that at lot (linear regimé, and is therefore,
two values ofHy (1 and 7 kA/m are shown in Figs. most likely dominated by quasiparticle scattering rather than
9(a),9(b). The data at 8 GHz are scaled up to 16 GHz usingvortex motion. This preliminary conclusion will be further
the conventional formulaB;~ f", wheren is expected to be supported by comprehensive impedance plane analysis per-
~ 2. For both films the data collapse well onto a single curveformed in the later sections of the paper.
at low T (below 50 and 40 K for TF1 and TF2, respectively Frequency scaling oRg for sample TF1 when field
At higher T there is a noticeable discrepancy between the &ooled in both low(1 kA/m) and high(7 kA/m) H ranges
and 16 GHz curves that might be caused by presence of localas found to be essentially the saiwéthin an accuracy of
inhomogeneities at the location bf; maximum for one of 5%, not shown in the figupjeHowever, in a finite dc field the
the resonant modes, as was mentioned earlier. However, hagealing breaks at slightly lowéby about 5-10 KT. Admit-
ing no microstructural evidence of existence of such defectsing the concept of local defects it is quite reasonable to
in the film, we admit that the change in the frequency scalingexpect that trapped magnetic flux should weaken supercon-
with T remains unexplained. ductivity in the intergrain boundarig®r defect$ and make

C. Frequency dependence oR; in both linear
and nonlinear regimes
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FIG. 8. H,; dependence dRs and X for sample TF2 in various

FIG. 7. Hy dependence dR; andX; for sample TF2 in various dc magnetic field# 4. (shown in the figureat 60 K and 8 GHz.

dc magnetic field$ 4. (shown in the figurgat 15 K and 8 GHz.

Temperature dependencesRf at 8 and 16 GHz at low
them come into play at lowér. Again, we see that even with microwave power 10 dBmH;=0.3 kA/m) are shown
a trapped magnetic flux the same frequency scaling holds fan Figs. 11a),11(b) for samples TF1 and TF2, respectively.
both low and high microwave power regimes. Therefore,The data at 8 GHz are scaled up to 16 GHz. As one can see
though vortices are inevitably present in the sample upon théfom Fig. 11@), frequency scaling for TF1 changes signifi-
field cooling, they do not seem to dominate the microwavecantly with T. In the lowerT range <20 K), the scaling
dissipation in either of those cases. exponentn=2.5, then it reduces te=2.3 at 20-35 K, and

Figures lOa),lqb) demonstratQS(Hrf) curves measured f|na”y reduces to=2.06 above 40 K. This again demon-
at both modes8 and 16 GHy at variousT (shown in the ~Strates that the conventional frequency scaling=¢) for
figure) for samples TF1 and TF2, respectively. The curves af F1 holds only in highF range =40 K), whereas at low
8 GHz were scaled up to 16 GHz using the same frequencgl-* where the anomalies iRy(H,y) are observed, the scaling
exponent (R~ ") over the entireH,; range. Two remark- [actor is enhanced by approximately 25%.

able features have to be noted here. For film TF1 the scalinﬂ Figtﬁre 11b) iIIustrat(tes frﬁql;]ency stca|1(ling forTF2 dedtfjtce?h
exponent in the anomalous regim&@ =15 K,n=2.5) is om the measurements Which were taken some year after the

higher that in the normal regimer 60 K, n=2.2). Simi- initially presented measurements on that sample had been

made(and in about 5 years after the film fabricatiohe
larly, for sample TF2 at 40-45 K where the most profoundsca"ng exponent in these later measurements is very close to

anomalies inX;(H ;) are seen, the scaling exponent is higher,2 (n=2.02) within the wholeT range. In addition, no
n=1.9, than the corresponding 'value at Iovy temperature§ anomalies in eitheR(H,;) or Xs(H,;) were seen in sample
=1.7 (T=15 K), where no legible anomalies are seen inTE2 after that period. According to the x-ray analysis, the
Xs(Hy), and a very shallow minimum is seen Ry(Hr).  oxygen content of TF2 has been significantly reducéd (
Nearly the same scaling exponent 1.9) holds for TF2 at  ~6.78) as compared to tha#%£6.9) of the “just fabricated”
higher T (up to 60 K, not shown in the figureHere again, film. This gives us a hint that origin of the anomalies is
we can see that the same frequency scaling holds for botétrongly related to the oxygen content of the HTS films. An
low (H,+=0.5 kA/m) and high <20 kA/m) microwave active research in this field is currently being carried out by
power regimes thus supporting our conclusion that the dissiHein et al.2® who are studying the effect of oxygen content
pation mechanisms in linear and nonlinear regimes of then the appearance of the microwave anomalies in the non-
films studied here appears to have a similar nature. linear surface impedance of YBaCuO films on MgO. How-
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200 : : L : L FIG. 10.H dependences & for samplega) TF1 and(b) TF2
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at 8 GHz(open symbolsand 16 GHz(filled symbolg measured at
two different temperature§l5 and 60 K and 20 and 45 K, for
samples TF1 and TF2, respectivend zero dc field. Data at 8

FIG. 9. Temperaturd dependence oR; for samples(a) TF1  GHz are scaled up to 16 GHz using the conventional relationship
and(b) TF2 at 8 and 16 GHz measured at two valuesigf(1 and R " Scaling exponents obtained via the least square fitting of 8
7 KA/m) in zero dc field. Data at 8 GHz are scaled up to 16 GHZGHz t0 16 GHz data are given in the figure.

using the conventional relationshig~f". Scaling exponents ob-
tained via the least square fitting of 8 GHz to 16 GHz data are given
in the figure. from each other at low temperatureB=%20 K) and tend to
collapse with increased. In this low-T range bottH ; andf
ever, this issue is investigated rather scarcely so far, and ndependences of theparameter are clearly noticeable. Gen-
accurate understanding of this effect yet exists. erally, ther parameter increases withat low temperatures,
then passes through a maximum aroufié-25 K, and
D. r parameter analysis: Temperature, frequency, dc, and rf slowly decreases with further increase Tn However, H «
magnetic field dependences =2 kA/m data clearly fall out of this common trend show-

The way we define temperature, frequency and dc fieldNg @ consistent decreaserofvith T. Also, we can see that

dependences of theparameter in this section is as follows: cléarly increases with frequency in the Idwrange where
the nonlinear anomalies iBs(H,) occur, and is nearly fre-

quency independent at high@r

Temperature dependences of thearameter for film TF2
at 8 and 16 GHz and various valuestbf are shown in Figs.
13(a) and 13b). Similarly to TF1, for this sample the pa-
rameter noticeably increases with frequency in the tempera-
ture range where the microwave anomalies take plaee
tween 40 and 50 K whereas it is virtually frequency
independent at othér. Contrary to sample TF1, though, the
temperature dependence rofor TF2 is fairly flat over the
whole T range except a sharp maximum at 16 GHz that is
seen in the anomalous range (40<50 K). However, it is
worth remembering that at 16 GHz no impedance anomalies
are observed for this sample and, therefore, this maximum in
r(T) should not be attributed to the mechanism of the
anomalies.

T(K)

_ [Rs(Hrf) - RS(HF?in)]A
[Xs(He) = Xg(HIM A"

whereA represents eithéF, or f or Hy., with the other two
parameters being held constant. Hédg,dependence af is
defined simply as

r(A) )

[Rs(Hi) — Ry(HI™M]
[Xs(Hg) = Xg(HTM ]’

r(Hy)=

1. Temperature and frequency dependences of r parameter

Temperature dependences of thgarameter for film TF1
at 8 and 16 GHz and various valuestbf are shown in Figs.
12(a) and 12b). As one can see, thg(T) curves deviate
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FIG. 11. T dependence oR; for samples(@ TF1 and(b) TF2 FIG. 12. T dependence of the parameter for sample TF1 at 8

(taken some year after all other measurements discussgd earlier (iﬁ'lled symbolg and 16 GHz(open symbols measured at various
the text were madeat 8 and 16 GHz measured at low microwave values ofH ; (given in the figurg and zero dc field.

powerP,=—10 dBm and zero dc field. Data at 8 GHz are scaled

up to 16 GHz using the conventional relationsRp~f". Scaling  be concluded that for TF2 the presence of frozen dc flux does
exponents obtained via the least square fitting of 8 to 16 GHz datgot genera”y Change the mechanism of non"nearity_ The
are given in the figure. case of 5 mT is, however, an exception which suggests that
at highH; (=10 kA/m) this particular dc field may cause a
change in the dissipation mechanism.

H,; dependences of theparameter at 8 GHz, 15 K and r(H;s; at 8 GHz, 60 K and various values &f,. for
various values oH . for samples TF1 and TF2 are shown in samples TF1 and TF2 are shown in Figs(dlsand 1%b),
Figs. 14a) and 14b), respectively. For TF1 atH respectively. For TF1, similarly to 15 K data, a noticeable
=3 kA/m the dc field significantly affects thgH ) curves effect of the dc field uporr(Hy) is clearly seen forH
making them nearly collapse fdi4=10 mT. As one can =10 kA/m. Contrary to the lowl results, however, at 60 K
see,Hq. also remarkably reduces values ofat highH;. H4. has an absolutely opposite effect on botii,) andr
Another prominent feature is that at zelly. r values are values, i.e., it enhancé$,; dependences and increasesl-
negative for certain range dfi,;, whereas for the in-field ues[cf., Figs. 14a) and 15%a)]. This, again, suggests that for
datar values are always positive. Thus, the abrupt change iTF1, similar to lowT data, in the high-power regime the
the values, sign anH s dependences of theparameter with mechanism of dissipation in zekdy. appears to be different
dc field indicate that the frozen magnetic flux seems tdrom that in a finite dc field. However, the dissimilarity in
change the mechanism of the nonlinear response for thithis case is qualitatively different as compared to the one at
sample. Furthermore, since in both zero and finite dc fieldd5 K. For film TF2 at 60 K, similarly to the data at 15[kf.,
we observe anomalous power dependences of eRpar/  Figs. 14b) and 15b)], Hy. does not generally lead to any
and X5, we can conclude that there must exist differentapparent changes in either the functional formr @) orr
mechanisms for the nonlinear microwave anomalies. In parvalues. As with the 15 K data, at 60 K the 5 mT curve clearly
ticular, in the cases of uncorrelatdeither R((H,;) or falls out of the general trend. This curve clearly deviates
Xs(Hy) decreasdsand correlatedboth Ry(H,;) or Xs(H) from the rest of the data fod =3 kA/m, which qualita-
decrease simultaneous$lpehaviors the anomalous mecha- tively correlates with the anomalous decrease seen in
nisms appear to be differe@ccording to different values, X (H,) at 5 mT and 60 K(see Figs. 8 Here,r values turn
sign and field dependences of thparameter. For film TF2  negative with increaseH s because of the noncorrelated be-
[see Fig. 14b)] H4. changes noticeably neithe(H ) norr havior of Rs(H ) andX(H,) at this temperature.
values, except for the 5 mT curve, for whithy. leads to In Fig. 16 H, dependences of the parameter for film
visible increase im with H,; above~10 kA/m. Thusitcan TF1 at 8 and 16 GHz, 15 K and various dc fields are pre-

2. dc and rf magnetic field dependences of r parameter
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FIG. 13. T dependence of the parameter for sample TF2 at 8
(filled symbol$ and 16 GHz(open symbolsmeasured at various Hit (kA/m)
values ofH (given in the figurg¢ and zero dc field.

FIG. 14. H,; dependence of theparameter for samplds) TF1

sented. Two important features have to be noted here. Firsgnd(b) TF2 at 8 GHz, measured at various valuesgf (given in
at 0 mTr parameter is virtually frequency independent. the figurg and 15 K. The insets demonstrate the data on an ex-
However, a noticeable frequency dependence of {heram- panded scale.
eter develops and become stronger with increa$gd Sec-

2 _ [ 2_ _\2
ond, the general trend o{H,) also changes from decreas- 7= LRS: y L(Ky"tK-D(VI+y"= 1)~y ],
ing atH4=0 to increasing one with enhancetj,.. IXs  J1+y?—1[(Ky?+K—1)(J1+y?+1)+y?]

4
IV. THEORETICAL ANALYSIS
where
To get a deeper insight into the mechanisms responsible
for the normal and anomalous nonlinear behavior of our y=y(K)=¢>(1_K) (5)
films, we have performed the impedance plane analysis of K

the experimental data within the framework of two theoreti-
cal models, TFMsee, e.g., Ref.]2and modified CCM? In
the classical TFM the surface impedance can be presented in 1

terms of the conductivity ratioj= o, / o7, as was formulated K=K(h)= 72[x§0(1— h?)?+ ¢?]. (6)
by Heinet al?®° 1+4¢

and

Here K is a function that encompasses dependence of the
Z=Rs— ] Xs=R e _(Y)—je. (Y], (2 complex conductivityo= o1+ jo, (and, hence, that o)
on various external parametefsuch asT, H, f, etc) via
whereR.= \/(wug)/20, is the classical surface resistance, dependence of the superconducting carrier concentration,

and the scaling functions;.. (y) are given by on those parameters. The meaning of various parameters in
the above equations is as followgi= w7 with w and 7
y being the operating angular frequency and the quasiparticle
o (y)= \/ 2[\f(1+y2)¢1], (3)  scattering time, respectivelysy=2ng/N; With ngy and ny
1+y being the low field concentration of Cooper pairs and the

_ total electron concentration, respectivehs=H/H., where
Here, the relationship between the differential loss tangent H is the scaling field close in magnitude to the thermody-
andy reads namical critical field.
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FIG. 15.H, dependence of theparameter for samples) TF1 FIG. 16. H,; dependence of theparameter for sample TF1 at 8

and(_b) TF2 at 8 GHz, mea§ured at various valuesigt (given in (filled symbolg and 16(open symbols GHz, measured at various
the figure¢ and 60 K. The insets demonstrate the data on an ex- . . )
panded scale. values ofH . (given in the figurg and 15 K.

The other model we used for the analysis of our data is
the Coffey-Clem model for the rf surface impedance in the
presence of vortex motioif. According to Coffey and
Clem?? the surface impedance in the most general case can

The exact dependences @f ando, on K are given b§

o1=wpo(1-K),

WMo be written in terms of the complex penetration depthas
72Tk () follows:

The exact procedure of the data analysis in termswithin Z=Rs—jXs=—jouoh, )
the TFM is described in Ref. 9. Briefly, from the experimen- -
tal values off one can deduce the correspondingalues Where is expressed as
using Eq.(4), and thenp.. values can be found using E®). s .2 112
The next step is to dedud®, values using Eq(2), experi- X = ALHI6,/2 9)
mentally measured AR,=R¢(H;)—R¢(0) and AX, 1-2j\21 8%

=Xs(H;) —X4(0), ande .- found from Eq.(3). Here, theR. ) ) )
values deduced fromAR and AX should ideally be the Where\, is the London penetration depth, is the com-
same, which is another check of consistency of the TEMPleX vortex penetration deptfthat takes into account the
scaling. effects of flux pinning, creep, and flowand &, is the nor-

We should note here that standard TFM is a linear modelMal fluid penetration depth. The field, temperature, and fre-
We introduce the nonlinearity into the standard TFM by in-guency dependences for all those quantities can be found in
corporating the field-dependent carrier concentratipinto ~ Ref. 32 and will not be reproduced here. There is also some
the expression for the functioki(H) [Eq. (6)]. We believe indication in the I!terature that the pinning constacrat(apd,
this is a well justified assumption to make since even in thd1ence, the pinning frequencyy,=«,/7) may be field
Meissner state the nonlinearity does arise due to Ginzburgiependent™* To account for this, we considereg, to be
Landau depairing or nonlinear pair breaking mechanismfield dependent in the following form:
which predicts thak,~H3%. Similar assumptions have been 232

ST oeen (1-1?)
made by other authors when considering the nonlinearity e
pO J
1+B/B,

10
within the weakly coupled grain modelg®3° (10

Kp
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where the field dependence gf, is essentially determined 0.08 E
age . . I3
by that of the critical current_d_ensnj/c. Fpr an mhpmoge- s B 58 e TF2i0KOmT
neous superconductor containing weak links the field depen 3 ] =0 TR2.25K,0mT |
dence ofJ; is well described by the following empirical 0061 /¥ v TF1 15K, 12mT]
relationship® B TF1,60K 0mT
o
o
Jeo =, 0.04 2[5 ]
=055 o Ry
JC 1+ B/BJI (11) < i 3 G = TEWM

where the scaling field 0.02 1

(0]

BJ: 0 J

2an 0.00 4 . . a2

or 0.0 0.2 0.4
AX(/R,
g
B,;= NN FIG. 17. Change in the surface resistard®,, versus change
JAL

in the surface reactanakeX,, normalized by the classical surface

depending on whether the weak links are short or long JoresistanceR. for samples TF1 and TF2 at variolisandH 4 (given
sephson Junction like, respectively. in the figurg. Theoretical curves simulated within the TFM and
We have to note here that CCM is a linear model andnodified CCM are presented by lin¢igbeled in the figure The
generally not applicable to the nonlinear regime. Howeverinset shows the data on an expan_ded sca_lle anq logarithmic scale in
for the present analysis we adopted a quasi-static approximé—RS/RC' The parameter involved in the smyéatlon are as follows:
tion, i.e., we assumed similarity in the effect of dc and rf*(0)=140 nm§$2(0)=112 Tpn(0)=2x10 ) 1 m,U,=0.15
fields on the microwave properties. Such a similarity mightSV-T, 7=2X10"" N s/, kpo=1.3x 10° N/m?. Physical mean-
be possible since the characteristic frequencies of vortelfd °f the various parameters is explained in the text.
nucleation and depinning for epitaxial YBaCuO films can be
of order 100 GHz(see, e.g., Ref.)7 which is much higher their expected field dependences. As far as the physical
than the operating frequency of our measurements. Ofnechanisms are concerned, three possible scenarios are con-
course, this does not guarantee that the quasi-static approxidered: the shunted grain weak link mo@8SWLM),*8 the
mation may be rigorously justified, just because, e.g., dc anthagnetic field-induced recovery of superconducti?itgnd
rf fields may penetrate differently into the sample. Howeverthe nonlinear two-fluid model with field-dependent scattering
taking into account the difference between the effect of daate’® As was recently shown by Velichko and Poréin a
and rf fields onZ, would unlikely change our conclusions superconductor containing weak links some of which are
about the values of the parameter, which for all vortex shunted by another superconducting grain a situation is pos-
motion mechanismsboth in linear and nonlinear regimes sible whenRg decreases with magnetic fieldH or Hy),
are known to be of order unity. while X4(H) behaves in the normal way, i.e., grows. A simi-
The results of the theoretical simulation within both TFM lar scenario is possible within the framework of the modified
and CCM together with the most representative experimental FM, in which the scattering time is considered to decrease
data are shown in Fig. 17. The parameters used for the simwvith increasedH, as recently suggested by Héitt® These
lation such as zero temperature penetration depf®), up- two models can well account for the first scenario in the
per critical field B,,(0), residual normal fluid resistivity table, when onlyRs decreases witlid. However, the other
pn(0), the barrier height of the periodic pinning potential two scenarios in whictXg(H) is decreasing function off
Uy, vortex viscositys, low field pinning constani,, are  cannot be described within the aforementioned two models.
given in the caption to Fig. 17. The difference between vari-Those types of behavior, to our best understanding, should
ous TFM curves correspond to different valuesRgf0) and  necessarily involve some sort of recovery of the superfluid
Xs(0) [which in turn correspond to different values of density with increased magnetic field. The various physical
¢.(0)] for different samples and experimental conditionsmechanisnis?*~?*that may lead to such a recovery effect are
(specified in the figure mentioned in Sec. |. However, at present we are not aware of
any theoretical model o#Z (H) incorporating those sce-
narios. Thus, to summarize the results of Table Il, we should
emphasize that within the most general formulation of the
In Table Il we considered various possible anomalous resurface impedancéf we admit that quasiparticle scattering
gimes in terms of the functional form oRg(H,) and is the dominant dissipation mechanisiie scenarios, in
Xs(Hyf), as well as possible physical mechanisms that mightvhich X;(H) is decreasing function df, or bothX,(H) and
be responsible for the anomalous behavior. The table alsBy(H) decrease, should necessarily consider recovery of the
contains a list of various microscopic and macroscopic pasuperconducting condensate as the result of increased mag-
rameters(such as quasiparticle scattering ratesuperfluid netic field.
densityng, and flux flow resistivity of weak links;;) and As one can see in Fig. 17, at low values &K /R,

V. DISCUSSION OF THE RESULTS
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TABLE Il. Various scenarios and possible mechanisms responsible for the anomalous behavi®. Here
= uoH, andH stands for both rf and dc magnetic fields.

Anomalous scenario Parameters Mechanisms
R«(B) |, X«(B)1 a7(B)| Non-linear TFM¢ [see
r=const ng(B)|, Refs. 19,33
€p31(B) 1 GSWLM € [see Ref. 18
Rs(B) T, Xs(B) | ng(B)T, and7(B)71 strongly Recovery of the condensate
or r=const andp;¢(B) T and reduced scatteririg
or enhanced flux flow
Rs(B) |, X«(B)| ng(B)T, and Recovery of the condensate,
T=const or7(B) flux flow negligible
very weakly

3Here B= uoH, andH stands for both rf and dc magnetic fields.

®Quasiparticle scattering rate.

‘Cooper pair concentration.

dFlux flow resistivity of the weak links.

°TFM stands for the two-fluid model.

fGSWLM stands for grain shunted weak link model.

9This may refer to the mechanism of the field-induced alignment of the magnetic impurity(Bgh<0 or
any other mechanism having the same effechg(B).

(that in turn correspond to low values ofl;) all 210 nm compared with 520 and 135 nm for TFR Since
AR¢/R.(AX,/R,) curves for both samples under various ex-Rs~o;\%, the combination of loweR s and higher\ for
ternal conditiongsuch as differenT andH ) fall closely to  film TF1 suggests thatr; for this sample is significantly
the TFM curves. This is a natural result to expect since atower than that for TF2. This in turn means that the product
low H, and zero(or weak H,., when no magnetic vortices n,7 is considerably smaller for TF1 compared to that of TF2
penetrate into the films, quasiparticle scattering must be &inceo;~n,7). Now, if we recall that sample TF1 has a
dominant dissipation mechanism. Another feature to note isiigher defect density and, therefore, most likely a higher
that all the experimental curves have a shape with upwartesidual density of the unpaired electramg0), we imme-
curvature, similar to that of the theoretical TFM curve, diately come to the conclusion that residual scattering time
whereas the flux motioflCCM) curve has a downward cur- 7(0) for TF1 is considerably shorter than that for TF2. This,
vature. This is another argument in favor of the quasiparticleéxgain, is in line with our assumption that film TF1 has a
scattering being the dominant mechanism of the nonlineahigher density of defects or impurities that play a role of
dissipation. However, with increased level of external pertur-additional scattering centers. Thus having admitted that qua-
bation(microwave or dc field, e.g§.departure from the TFM siparticle scattering rate in sample TF2 is lower, we might
scaling towards the CCM behavior becomes appafee¢  expect that this dissipation channel will be more “resistant”
Fig. 17). This suggests that with enhanceld(dc or micro-  to an additional external perturbatigmicrowave or dc mag-
wave) vortices may penetrate into the filmsnost likely  netic field, e.g, and therefore will saturate at higher levels
through the weak linksand contribute to the microwave of the perturbation. This latter assumption is confirmed by
dissipation. Though such effect is relatively sm@k can be Fig. 17 (see the insgt where we can see that the experimen-
judged from Fig. 1%, it can well account for the uncorrelated tal data for TF1(triangleg depart from the TFMquasipar-
behavior ofRy(H ;) andX(H;) that is typically observed in ticle) scaling much earlier than those for film Tk&rcles.
both samples. As found in Sec. Ill, both microwave and dc magnetic
We proceed further by considering the structural differ-fields can produce anomalous behavioZgf However, the
ences between the two films. As seen from Table I, films TFleffects ofH; andH . are often rather differersee Figs. 5,
and TF2 were prepared under quite different deposition coné, 7, 8 and comments to them in the text of Sec). [Hor
ditions (depositionT's were 640 and 690 °C, respectivgly instance, for sample TFH ; alone(in the absence of the dc
that resulted in different microstructure of the films. Film field) always leads to increase ¥y, whereaH . may lead
TF1 has a factor of-1.5 larger average surface roughnessto decrease iiXg even at quite lovH ;. Such a difference in
(3.5-5 nm versus 2-2.5 nm for TR2vider rocking curve the effect of the microwave and static fields may suggest two
(1.04° versus 0.55° for TH2longerc axis (11.757 A versus  alternative conclusions. First, the operating frequency
11.699 A. The first two parameters indicate that film TF1 (~8 GHz) of our measurements may be pretty close to the
must have a pooresb-plane orientation and higher granu- scattering rate of the anomalous mechanism or, in other
larity that are necessarily related to a higher weak link omwords, the sample could be driven towards the dynamic non-
defect density compared to TF2. This is also consistent wittinear response regime, in whichr~1. And secondH s
the lower value of the residual surface resistaRggand the and Hy. penetrate rather differently into the samples and,
higher penetration depth(0) for this sample(35 ©Q) and therefore, may affect different spatial regions of the films.

104522-12



ANOMALIES IN THE MICROWAVE POWER-DEPENDEN . . . PHYSICAL REVIEW B 65 104522

TABLE lll. Experimental values of thaa=ARg'/Axgf parameter and its dependences on temperature, frequency and magnetic field.

Samples r value T dependence f dependence H, dependence
TF1, 8 GHz, 15-20 K& —-0.15<r<0.4 ~Independent Increase Nonmonotonic
TF1, 16 GHz, 15 K? —-0.15<r<0.5 Unknown Increase<10 kA/m), Independent
then ~independent €10 kA/m),
then decrease
TF1, 8 GHz, 15 KH4=10 mT? 0.004<r<0.03 Unknown Increase Increase
TF1, 16 GHz, 15 KH4=10 mT? 0.03<r<0.12 Unknown Increase Increase
TF1, 8 GHz,=20 K b 0.01<r<0.02 Decrease Nonmonotonic Nonmonotonic
TF1, 16 GHz,=20 KP 0.03<r<0.12 Decrease ~Independent Decrease
(=0.3 kA/m),
then independent
TF2, 8 GHz, 40-50 K& —-1.0<r<0.6 Nonmonotonic Unknown ~Independent
(min at~45 K)
TF2, 16 GHz, 40-50 K© Absent Absent Absent Absent
TF2, 8 GHz,<40 and>50 K" 0.1<r<0.5 Increase<40 K, ~Independent ~Independent
Independent-50 K
TF2, 16 GHz,<40 and>50 K?P 0.1<r<1.0 Increase<40 K, ~Independent ~Indepdent

Decrease>50 K

aSubscripta marks the data corresponding to the anomalous regime.
bSubscriptb marks the data corresponding to the normal dissipation regime.

Another interesting effect we would like to mention here rameter is seen to increase with frequency in the anomalous
is that aging of the films affected their microwave perfor- T range (46<T<50 K) (see Fig. 13with typical values of
mance, and especially the anomalous behavior. We hauebeing~0.1 and~1 at 8 and 16 GHz, respectively. Outside
found that for film TF2 in about a year of storage after thethis T-ranger parameter is nearly frequency independent.
main measurements reported here were made, not only thgnfortunately, we do not have dc field measurements on this
fr_equency scaling dRg in the linear regime ha'_s ch_angEId., sample at 40 K, where the strongest anomalitH,) has
Figs. 1ab) and 11b)], but also the anomalies i@y(H)  peen observed and, therefore, cannot comment on how dc
have completely disappeared. This strongly suggests thgkiq would affect that anomaly. Here, at other temperatures
oxygen content of the film, the parameter that deterlorategsuch as 15 and 60)Kat which anomalies are only seen in a

from >6.9 to 6.78 over the above period, is a possible Clue‘trapped magnetic fluxsee Figs. 7 and)8the effect ofH,
to the anomalous nonlinear behavior. However, at the mog . dependence and values ois quite negligible Tﬁe
; .

ment the precise mechanism of how the oxygen content af[-)

fects the appearance of the microwave anomalies is not ur(la_xcepnon Is the case 4, 0f 5 mT at 60 K, that is seen to

derstood. driver parameter towards large-(— 1) negative valuetsee

Another important issue is the frequency dependence dfi9- 19. Under these conditions an anomaly X(H) is
ther parameter in the anomalous regime. For sample TF1 jQISC observedsee Figs. ¥
zero dc field the parameter is seen to slightly increase with ~ Table Ill summarized, f, andH,; dependences as well as
f in the anomalous regim&&20 K) and virtually indepen-  typical values of the parameter for the two films studied in
dent off in the normal nonlinear regime=20 K, see Fig. this work. The results are presented for both the anomalous
12]. However, when dc field is applied, the frequency depen@nd normal nonlinear regimes. In addition, the theoretical
dence of the parameter in the anomalous regime is remark-values together with itJ, f, andH dependences predicted
ably enhancedsee Fig. 1& This effect is absent at highdr by TFM and CCM are given in Table IV. By comparing the
(not shown in the figurein the normal nonlinear regime, two tables, one can see that in some cases rather good
where the application of the dc field does not noticeablymatches between the theory and experiment are seen in terms
affect the frequency dependencerofr strongly increases of r(T,f,H) andr values. For film TF1, for instance, the
with f in both zero and finite dc magnetic figeldThus, for  regime of the correlated anomaliesRy(H ) and Xs(H),
sample TF1 there seem to exist two different mechanisms ofhich is observed at 15 K in a frozen dc flux, matches well
the nonlinear anomalous response: the first, in zero dc fieldshe predictions of the TFMwith the Ginzburg-Landau pair
when only Rg(H,;) exhibits decrease, the parameter is breaking as the responsible nonlinear mechahisterms
weakly frequency dependent, and its modulus takes on vabf r values and (f,H,). On the other hand, it also overlaps
ues between 0.1-1; and the second, in finite dc fields, whewith the predictions of the CCM in terms ofH,). In other
both R¢(H,f) and X4(H,) decrease in correlated manner, cases of the anomalous behavior it is more difficult or even
parameter strongly increases witland takes on values be- impossible to draw any conclusions because of either a lack
tween 0.001-0.1. Similarly to TF1, for film TF2 threpa-  of the experimental datésuch as frequency dependence of
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TABLE IV. Theoretical values of thaa=ARr5‘/Axgf parameter and its dependences on temperature, frequency, and magnetic field.

Theory r value T dependence f dependence H dependencé
Flux creep(CCM), low field 0.1<r<1.0 Increase at lovd Increase at lovB Increase
(1 mT<B<50 mT) Nonmonotoni¢max) Nonmonotonic(max)
atB=10 mT atB=10 mT
Flux flow (CCM), low field 1.0<r<7.0 Increase at lov Increase at lovB Increase
(1 mT<B<50 mT) Nonmonotoni¢max) Nonmonotonic(max
atB=10 mT atB=10 mT
GL depairing(TFM), low field 0.04r<0.1 Nonmonotonic Increase Independent at Bw
(1 mT<B<50 mT) min att~0.7 Increase aB=10 mT

3Here B= uoH, andH stands for both rf and dc magnetic fields.

R in the anomalous regime for film TF2, e.@r inapplica- Measurements in the field cooled state showed that the
bility of the models in their classical formulation to the avail- trapped magnetic flux may produce a dramatic effect on
able experimental datésuch as, e.g., negativevalues for Z (H,), especially onXs(H,). For instance, the dc field as
TF1 at 15 K and 0 mY. All this suggests that at the moment low as 5 mT may completely invert the; dependence of
due to the lack of experimental dafsuch asT andf depen- X, turning it from increasing to decreasing functiontbf .
dences of in the anomalous regime, e.gand similarity in ~ The impedance plane analysis revealed that such a change is
the models’ predictions for(H) we are not able to unam- accompanied by an abrupt change in the valuetldp@ndf
biguously distinguish between the two mechanisms in termglependences of theparameter and is, therefore, associated
of r(T,f,H). However, in terms of values most of the ex- with a change in the nonlinear mechanism.
perimental data(especially those corresponding to the We performed a detailed impedance plane analysis of the
anomalous behaviprpresented in Table Il clearly stand data involving consideration af andH,; dependences of the
apart from the vortex motion mechanisms described by thgjifferential loss tangeni':aRS/aXs, and comparing them
CCM. This is obviously in line with the results of Fig. 17. In with those expected from the two-fluid mod@FM) and
addition we can see that despite the deviation ofCoffey-Clem modelCCM) for vortex motion. The analysis
ARG/R(AXs/R;) curves from TFM scaling and departure revealed that foH,<10 kA/m the dissipation mechanism
towards CCM scaling with increased, the shape of the s due to the nonlinear dynamics of quasiparti¢@mzburg-
experimental curves is clearly reminiscent of that of the TFMLandau pair breaking whereas at highef 4 a clear depar-
curves, and is quite dislike the shape of the CCM curve. Alltyre from the TFM scaling towards the vortex motion mecha-
this strongly suggests that even though the vortices are imisms is observed. Here, even in this higher field range
evitably present in the films upon field cooling, they do notAR,/R.(AX./R.) curves and their functional form in the
noticeably contribute to the nonlinear microwave dissipationanomalous regime tend to be much closer to the TFM scaling
and the flux motion mechanisms are believed to remain ogurve, rather than to the CCM limit. All this suggests that the
minor importance for all the experiments reported in thisyortex motion brings relatively slight modification to the
work. nonlinear mechanism, which is mainly governed by the dy-
namics of quasiparticles. In addition, a simple qualitative
VI. CONCLUSION analysis \(vithin the stand.ard. TFM ha_s shovyn fc(mt_)vided
that quasiparticle scattering is a dominant dissipation mecha-
Two high-quality epitaxial YBaCuO thin films on MgO nism) correlated decrease &(H,;) and Xs(H,), or just
substrates have been investigated for temperalurére-  decrease iX(H,) alone should necessarily involve some
quencyf, staticH 4. and microwaveH ; magnetic field depen- sort of recovery of the superconducting condensate with in-
dences of the surface impedarg=Rs+jX using the co-  creased magnetic fiel@f or dc).
planar resonator technique at 8 and 16 GHz. A dc magnetic It was also found that aging of film TF2 not only led to a
field up to 12 mT was applied perpendicularly to the film change in the frequency dependenceRgfin the linear re-
surface in the field cooled regime. At certain temperaturesgime (the scaling exponenty has changed from-1.7 to 2
both films exhibit anomalies iHl ; dependences of either the after a year of storagebut also to complete disappearance
surface resistanc®, or surface reactancX. Here, the of the anomalous effects ifiy(H ). X-ray measurements on
qualitative behaviors oRg(Hs) and Xs(Hy) are generally that sample revealed that the film lost significant amount of
not correlatedin sense that one may decrease, whereas thexygen (=6.78 compared t&=6.9 in the freshly grown
other increasgs|In zero dc field film TF1 exhibits anomaly film). This leads us to a conclusion that the oxygen content
only in Rs(H) and only at lowT (15 K), whereas film TF2  of YBaCuO films plays an unknown but very important role
mainly shows anomalies iKs(Hs) and only at intermediate in the occurrence of the microwave anomalies discussed in
temperature$40—50 K). this paper. Proper understanding of the role of oxygen dop-
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