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Influence of magnetic impurities on the microwave resistance
of overdoped YB&Cu3;0,_; films
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The temperature dependence of the microwave surface resistance for overdop&ipBa s films has
been investigated experimentally. It was shown that the observed unusual behavior of the surface resistance
can be described in the framework of the spin-flip scattering of carriers, leading to the pair breaking and the
subsequent recovery of superconductivity caused by the ordering trend of the magnetic impurities at low
temperature. A simple phenomenological model based on the common BCS approach is suggested, which is
able to interpret nicely the experimental data.
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[. INTRODUCTION compensated local magnetic momelitén fact, their pres-
ence has been established by several independent experi-
Superconducting microwave devices based on fighu- ~ ments: the unusual behavior of the heat capa(@yhottky
perconducto(HTSC) thin films have a large potential mar- anomalies™ the muon-spin-resonance dafd’the positive
ket in the area of microwave communications. However, surcurvature of the upper critical magnetic fiektl,(T),'**°
face impedance measurements of superconducting cuprat@8d so on. The recently predicted effect of a phase
in the microwave range exhibit an unexpectedly high lossSeparatiof’"**can also induce the formation of small spin-
and a strong field dependence even at low current levels. THRP!arized clusters in the considered compounds. Thus, the
understanding and minimization of the microwave losses ar&!1SC cuprates can be treated as intrinsically inhomoge-
important for many passive-device applications such al€0uS Materials that always contain magnetic impurities,

bandpass filters and delay lines for communication system\é’rh'gh (Ijecrﬁris%s ;hethcr'ﬁﬁtz:ilntﬁ?pgaamre' ﬁ‘ccgrdlngf tr(r)1 a the-
and antennas for NMR tomography. oretical estimation, the St € absence of mag-

. ... netic impurities must be 160—170 K for all cuprates includ-
Three theoretical approaches have been used for emstmg 20 |t is absolutel bl
explanations of the unusual temperature behavior of the s g YBaQCU?iOTTﬁ' Itis a solutely reasonable to suggest
that such significant alterations in the electron subsystem

face |mpedan'ce in HTSC compqunds. The first of'them SU9%aused by the changed oxygen concentration must be mani-
gests the existence of weak links such as grain or Wifggieq in the microwave properties of the HTSC compounds.
boundaries in the _H'!'SC maFerla}Fsg. The segond One is 1t js worth noting that in the overdoped YBau,0,_;a part
based on the semimicroscopiewave modef:® The third ~ of the paramagnetic oxygen ions can be in the unbound state
takes into account a variety of electron scatteringgng also play the role of the magnetic impurities.
mechanisms:’ Taking into account the above results and assumptions,
However, there is a lot of experimental evidence that theve carried out microwave investigations on overdoped
physical properties are very sensitive to oxygen concentrayBa,Cu,O;_ 5 thin films prepared by the dc magnetron sput-
tion in these compounc?sFor example, a deficit of oxygen tering method.
(6=<0.5) in YBaCuO;_; results in the formation of the
so-called 60-K phaséln Ref. 10 it was shown that, in an Il. EXPERIMENT AND CHARACTERISTICS
overdoped YBaCu;O;_ s at §<0.05, two superconducting OE THE SAMPLES
phases can exist with a difference in critical temperature of
2.5 K. According to these results, there is the optimal oxygen Contrary to the conventional sputtering methods over-
content of §=0.08 for the YBaCu;O,_ s compound. Over- doped YBaCusO;_ s thin films were deposited in a pure
doping or underdoping of oxygen can lead to specificoxygen atmosphere instead of a gas mixture. The cathode
changes in the electron properties of the compound causedltage was 300—-350 V, and the current in the plasma was
by a charge transfer. The physical nature of this phenomenorr20 mA. The distance between target and substrate was
is quite far from a complete understanding because of th8—10 mm. The substrate temperature during the film deposi-
very complicated electron structure in such materials. It hasion was 720-750 °C. SrTiQsingle crystals were used as
been shown that, under the assumption of a special type eubstrates with th€L00) working surface.
oxygen ordering in Cu-O chairtd,it is possible to explain The content of oxygen in the prepared films was esti-
this phenomenon. On the other hand, the doping of oxygen imated from analysis of th@-26 x-ray diffraction (XRD)
accompanied by a change in value and sign of the charge aatterns. As was shown in Ref. 10 the out-of-plane lattice
the oxygen sites, which must result in the formation of non-parameterc of YBa,Cu;O,_ s depends linearly on the oxy-
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1 o FIG. 2. Temperature dependence of the ac magnetic susceptibil-
ity for overdoped(1) and optimally doped2) YBa,Cu;0;_ 5 thin
films.
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pound, two superconducting phases can exist with different

FIG. 1. #-26 XRD patterns of YBaCu;O;_, thin films. (a) critical temperature¥ Owing to the so-called “shunt ef-
6-26 XRD scan for the overdoped film. S and F denote substratdect” the two-phase superconducting state is not revealed by
and film, respectively(b) The (005 and (c) the (007) diffraction  the conventional dc potentiometric measurements. The onset
peaks of the optimally doped) and overdoped?) films. of the critical temperature for the prepared films, measured

by the four-point-probe method, was around 90 K with

gen concentration in a range 6&=0-0.2 and this relation AT.=1.5-2.5 K. However, the temperature behavior of the
can be described by a simple empirical formaanm)  out-of-phase component of the ac magnetic susceptibility
=1.168(nm) +0.01445 (nm). (x") was significantly different between the overdoped and

Figure Xa) presents &-26 XRD scan for film deposited the optimally doped YBCu;,0;_ 5 films. The ac magnetic
in a pure oxygen atmosphere, which was obtained using gusceptibility experiments were performed with a compen-
Rigaku diffractometer with CK « radiation. Only the (0Q sated mutual-inductance bridge. Figure 2 displays the
peaks of the substrate and film are significantly manifestedempetature-dependegt(T) near the superconducting tran-
indicating that the deposition results in a highly orientedsition for the overdopedcurve 1 and the optimally doped
film. The lattice parameters evaluated directly from the XRD(curve 2 films, measured at an amplitude of the ac magnetic
data were plotted against e#sin 6. By extrapolating a fit-  field of 10 mOe and a working frequency of 1 kHz. It is seen
ted straigth line to cG#/sin =0, a more precise determina- that the optimally doped film manifests one peak while two
tion of the lattice parameter is possiBfeFigures 1b) and peaks are observed for the overdoped film. The results ob-
1(c) display the peak positions for tl{@05) and(007) reflec-  tained coincide with the inductive data mentioned in Ref. 10
tions, respectively. Curves 1 belong to YBasO;_; thin  for YBa,Cu;O;_ 5 single crystals. It is well known that the
film prepared on a similar SrTiQsubstrate by a laser abla- two-peak behavior of the dissipative part of the ac magnetic
tion method® and curves 2 are for the overdoped film in the susceptibility is direct evidence for an inhomogeneity in the
present study, deposited by dc sputtering in the pure oxygesuperconducting order paramereter and for the existence of
atmosphere. The different peak positions for both films arehe two superconducting phases in the HTSC
evidence for the different oxygen contents. An estimation ocompound$#=2° Consequently, even though the potentio-
the lattice parameters using the aforementioned extrapolatiometric measurements indicated only one superconductiong
method shows that=1.1694 nm for the laser-deposited transition for the overdoped YB&u;0;_ s film, the film can
film and c=1.1682 nm for the sputter-deposited one. It isbe really treated as a two-phase superconducting system.
worth noting that the other films, prepared by dc sputtering The residual resistivity at room temperatuggfy), mea-
in a pure oxygen atmosphere, also have similar values for theured by the dc four-point-probe method, was
lattice parameter o£=1.1680-1.1683 nm. The empirical 200—-300 u{) cm (for the best sampl¢sand came to be
formula for the dependence of the lattice parameten the =500 w() cm after five to seven depositions using a target.
oxygen content leads us to estimate the valuessfof the  This effect is connected with the surface degradation and the
investigated filmsé turns out to be about 0.1 and 0—0.02 for stoichiometry perturbation of the target during the repeated
the laser- and sputter-deposited films, respectively. Thereplasma actions. A regrinding of the degraded surface leads,
fore, the former can be treated as optimally oxygen dopeds a rule, to the recovery of the performance characteristics
and the latter as oxygen overdoped, according to the phass the target and of the preparation of films with low residual
diagram for the YBsCu;O,_ 5 compound- resistivity at room temperature. The residual resistivity of the

On the other hand, in the overdoped YBarO,_ s com-  the optimally doped YB#Cu;0,_ 5 film, prepared by laser
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hardly results in changes of the symmetry of the order pa-
rameter, since it does not influence drastically on the intrin-
sic electron structure of the compound. Moreover, the analy-
sis of the temperature dependence of the surface resistance,
performed for the YBgCu;O;_ 5 single crystal in the frame-
work of the d-wave modef’ was not consistent with the
experimental data.

On the other hand, a combination of the elastic and in-
elastic electron scattering plays an important role in increas-
ing the microwave resistanéé® Reference 7 shows a com-
puter simulation of the Ry(T) dependence for the
. . . . YBa,Cu;0;_ s compound, taking into account the electron

20 40 60 80 scattering rate which consists of a temperature-independent
T (K) term and a Groeisen-like term for the inelastic scattering.
Even though this approach turns out to describe well the

FIG. 3. Temperature dependence of the microwave surface reaonmonotonic behavior dRy(T), the predicted location of
sistance for overdoped YB&wO;_; thin films with different  the maximum and shape of the minimum contradict our ex-
paoo: (1) 450 uQ cm,(2) 320 uQ cm,(3) 2504 cm.(4) An  perimental results. Moreover, it is not clear what is the rea-

experimental curve for the optimally doped thin film. son for a huge rise in the number of the normal electrons in
the superconducting state at low temperatures.
ablation, was=180 Q) cm. It was shown that, in the underdoped Y,Ba5O,_ s com-

The final thickness of all the investigated films was be-pound, the surface resistanBg is not equal to the surface
tween 100 and 120 nm. The measurements of the surfageactanceé,.3! This indicates that the pseudogap state above
resistance ) were carried out in a specially designed cop- T, is not a normal metal with ordinary Ohmic conductivity,
per cavity at a frequency of 32.4 GHz by replacing the end-and signifies the importance of magnetic contributions to the
plates of the films in &, mode. An extensive description microwave impedance.

of the experiment has been given elsewtére. Taking into account all that mentioned above, we suggest
the following explanation of the unusual behaviorR{T).
IIl. RESULTS AND DISCUSSION (1) Two superconducting energy gaps coexist in the

HTSC compound, e.g., for the Cu-O planes and the Cu-O

The experimental results show that tRg(T) curves for  chains. As noticed above, the overdoped YBa&O,_
the overdoped films have a nonmonotonic behavior with @&ompound can contain two separated superconducting
sharp minimum aT ,;,<T. and a broad maximum at a lower phase¥ which belong to planes and chains. Owing to a large
temperature T,,,,,=60—70 K) as shown in Fig. 3. Such type increase of the coherence length, the wave function of super-
of behavior ofRg(T) has a principal distinction from that conducting electrons overlaps between adjacent planes and
observed for the optimally doped film. It is seen thi&¢  chains neafT., and both gaps transform into one, which
decreases monotonically down to the lowest temperature argktermines the critical temperature of the compound. It is
no abrupt peculiarity in the form of minimum or maximum considered that, in this state, the magnetic impurity concen-
(curve 4. tration is less than a critical valtfeand the total suppression

Several authof€ attribute the wide maximum of the of superconductivity is manifested only by a total decrease in
Rs(T) curves to a microstructure inhomogeneity of the ob-T., with respect to an intrinsic theoretical value declared in
jects and to the existence of weak links where supercondu®ef. 20. With decreasing temperature the wave function
tivity could be partly or completely suppressed. The weakoverlap is decreasethe proximity effect is reducednd the
links act as Josephson junctions of the weakened supercogaps can be treated as separate.
ductivity, and the temperature dependence of the surface re- (2) At a high temperaturénearT,) the magnetic impuri-
sistance is governed by the critical Josephson current and thies can be treated as independent centers which cause a spin-
leakage currertt. The grain or twin boundaries are usually flip scattering of carrier& The spin-flip scattering of super-
considered as the weak links. However, the maximum on theonducting electrons leads to the pair-breaking effect and the
R(T) curves is observed for the YB@u;0;_ s single crys-  collapse of the weaker energy gap of the Cu-O ch#n¥.
tals as well as for the films, prepared by various methods ands the temperature decreases, the interaction between impu-
obviously having different imperfectiorf8.Second, it was rities (the ordering trendbecomes important. Such correla-
reported that the YBaCu;O;_ ; film prepared by magnetron tion processes frustrate the spin-flip scattering and, thereby,
sputtering shows the maximum B{(T) only after an aging the pair-breaking effect, because it becomes impossible to
at room temperature in air for 2 weeks. It is, however, hardsatisfy the spin-conservation law. As a result, the supercon-
to imagine that such a low-temperature treatment could leaducting state becomes less depressed, which leads to the re-
to significant changes in microstructure. covery of superconductivit§? It is worth noting that the

Another attempt to explain th&(T) upturn by using magnetic recovery effect, connected with a decrease in the
d-wave symmetry of the order paramétealso seems to fail microwave absorption for a small dc magnetic field, has been
for the same reasons. The difference in sample preparaticaiready observetf.
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Let us consider only the real part of the microwave im-on not only the concentration of magnetic impurities, but
pedance. Ry(T) can be described by the well-known also on the electron concentratithte
expressio Therefore, the expression for the temperature dependence
of the total superconducting energy gapcan be written in

R¢(T) a(Te)(et?—1) the next simple form
RTo V7 o @)

A(T)=2.2kgT¢

7 Lol (@)
where o(T,) is the conductivity atT,, e=1+(oy/05)?, 4 KgTeo ’

alndal a(r;d o, are the real alnd imag:jnary Earts of thedccl’rp'whereF(T) represents a function for the BCS-like behavior
plex conductivity, respgctlve y.-Base ont e.BCS MOodAel 10lnt the energy gap as mentioned above. In constructing Eq.
o, and o, one can write the simple expressiths

(4) we used a relation) ,=2.1kgT.o, Which is very often
obtained experimentalff
cosh‘z( A )In(i) From Eq.(4) it follows that the value of the energy gap
2kgT hol’ vanishes in both cases, i.e., whHe(ir) — 0 above the critical
temperature and when the term in square brackets becomes
oy(T)  wA(T) A zero due to the spin-flip scattering, and then the pair-
o(To) " The t r(ZkBT>' ) breaking effect results in a normal state. For the latter case
we can estimate the maximum scattering fge=1.27T .
Here, A is the superconducting energy gap,s the micro-  Of course, the real value is smaller because only part of the
wave frequency, anllg is Boltzmann’s constant. The value sample is transformed into the gapless state.
of the conductivity at the critical temperature can be esti- The exact evolution of(T) is an interesting problem in
mated from the experimental magnitudeRf at T=T, by  the microscopic theory, and some aspects of this problem
using Ry(T.) =[ wuo/20(To) 12 where u, is the magnetic Wwere addressed elsewhété?*¥However, the main subject
constant. of this paper is the behavior of the surface microwave resis-
As a rule, the energy gap is a product of the temperaturetance, and we restrict ourselves to a phenomenological ap-
independent term , (energy gap at zero temperatuemd a  proach. Based on common considerations for magnetic tran-
function F(T) whose behavior changes from an exponentialsitions we can assume that the number of noncorrelated
law at T<T.2 to a power law neafl..3” However, the ~magnetic impuritiesn,,, decreases with decreasing tempera-
spin-flip scattering of superconducting electrons, accompalure, becoming zer¢or a small valugat low temperatures.
nied by the pair-breaking effect, leads to a suppressianypf The temperature behavior of the order parameter for any
and this term becomes temperature dependent as well. ~ Magnetic system in a temperature range below the critical
The presence of magnetic impurities invokes a decreas@mperature<Ty) can be described in the following form
of T, with respect to the intrinsic valuB, in the absence of (in the framework of the mean-field approximatiof}
magnetic impurities, because of the pair-breaking effect

1—

oi(T) A(T)
o(T.)  2kgT

L

Such a depression is described by the well-known equ#tion n=tan|‘(z—J 77) (5)
kgT )’

_ |n(L) — |yt =| - ¢( 1) _ 3) wherel is the exchange integral for magnetic interactois,

Teo °2 2 the coordination number for crystal lattice, and=kgT), .

. ) ) Consequently, the temperature behavior of the normalized
Here, ¢ is the digamma function, ang,=I's/27 T, where  concentration for the noncorrelated magnetic impurities will
I's= 7;1=F0N(0)nm is the spin-flip scattering amplitude. pg equal tan,,=1— 7.

I'p is a constant andhy, is the concentration of magnetic  |n addition, at a temperature very neBg, the function
impurities, and for the electronic density of statd0)  f (T) must be also zero, due to an overlapping of the super-
~nNg~ whereng is the concentration of superconducting elec-conducting electrons between adjacent planes and chains,
trons. At almost all temperatures this paramdtgrcan be  and the resultant state has a concentration of magnetic impu-
treated as temperature independent if the interaction betweeghies smaller than a critical valuti@:3238 This statement re-
magnetic impurities is abserithe small “Kondo” term is  flects the fact that the spin-flip scattering of superconducting
neglected as a rulé” However, owing to the impurity or- electrons leads to the pair-breaking effect only after space
dering trend the number of independent magnetic impuritiegeparation of the plane and chain energy gaps and when the
(which result in spin-flip scatterings reduced in the low- concentration of magnetic impurities becomes higher than a
temperature range. This is why the spin-flip scattering ameritical value with respect to the number of superconducting
plitude becomes temperature dependdhy(T)=Iofs(T). electrons that belong to the Cu-O chains. It is reasonable to
Here, I'y is the spin-flip scattering amplitude when all the suggest that the temperature of the superconducting transi-
magnetic impurities are independent, efrng)zné’?’nm isa tion along the Cu-O chains is shifted below the critical tem-
function which describes the temperature dependence of thgerature of the whole sample. The last assumption is sup-
effectivenumber of the independent magnetic impurities. Itisported by the occurrence of the second peak on the
necessary to emphasize that gffectivenumber of magnetic temperature dependence of magnetic susceptibilgge
impurities, which participate in spin-flip scattering, dependscurve 1 in Fig. 2, which can serve as a evidence for the
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B -sample 1 to Ref. 10 and an analysis of thg(T) curve, T; must be
10°F 4 -sample2 about 87.5 K, while our fitting show§,~87 K. It is not a
® -sample 3 very large difference when the phenomenological character

of the choserf4(T) function is taken into account,, in our
model plays the role of the temperature which describes the
onset of the magnetic ordering.

In this paper we have not considered in detail the physical
nature of the residual surface resistance at low temperatures
(T=<0.5T,), but instead have introduced this as an additional
term in Eq.(1). This problem has been already solved in a
few publications in the framework of the two-fluid model
. . . (see Refs. 6 and 7 for the revigwf it is assumed that the
40 60 80 effects of the crystalline disorder or nonmagnetic impurities

T (K) can be manifested in the spin-flip pair-breaking rate as the
magnetic impuritied? then the expression df for Eq. (3)

FIG. 4. Temperature dependence of the normalized surface renust be modified td'=T's+1T";,+1'¢. Here,I';,, andl'g, are
sistanceRs/Rg(T.) for the overdoped samples in Fig. 3. The solid the inelastic and elastic scattering rates, respectively. An in-
line is the theoretical curve obtained from Edj using the follow-  coherent combination of the elastic and inelastic scattering
ing fitting parameters fofs: T;=87 K, Ty=70 K, T,c=90 K,  rates was suggested by Boahal*® A computer simulation
I,=0.89T;, and the normalized residual surface resistancg the framework of the Cmeisen-like approximation for
135(2)9/;35(;&1*:2'8%359rf0rai3r¥ge( Ol))Ra?‘TjT)l:gg 1K]:OTTCMUTV7652 K: the scattering ratesT(, andT)) allows us to describe the

c0 P o e s s ' low-temperature behavior of the surface resistance in the
existence of two superconducting phases in overdopeHTSC compound$.Unfortunately, the large number of the
YBa,Cu;0;_ 5 films. By designating the critical temperature fitting parameters in this case makes the interpretation of
of the secondlow-temperaturephase a3, the temperature their physical meaning very difficult. On the other hand, due
dependence of the concentration of the superconducting elete the small thicknesgbelow the penetration depttof the
trons that belong to the Cu-O chains could be expressed biyjivestigated films and a power transmission into the sub-
ne~(T;—T)/T1.%" Consequently, the temperature depen-strate, the total residual resistance must contain an additional
dence offg in the entire range can be representedf iyl contribution®3
=[(T;~T)/T{]*3(1~ 7). On the other hand, it must be em-  Since the dc sputtering process leads to a dielectrization
phasized that the magnetic transition in HTSC compoundgf the target, the deposition rate can be decreased after the
has a more fundamental nature connected with the quantufgpeated plasma actions. Therefore, the thickness of a film
phase transitions in cuprat%f‘g‘. deposited latefsample 1 could be smaller than that of a film

Figure 4 shqws the expenmental temperature dependengepared earliefsample 3. That is why some fitting param-
of the normalized surface resistance for two overdopedye 1, “andRy(0)/Ry(T.o)] for this film are different from
;{B?é(‘(;:eutgh(g? \fv iftlr|1mtshéwgali)()r\évt?garlezlr:léal'Itﬁzlséilr;gkm g'igs' thethose for samples 2 and 3. Therefore, it is concluded in our

X X case that the value of the surface residual resistance is gov-

theoretical curve calculated using a set of equatidns(2), . : .
and(4). The following fitting parameters were employed for erned by substrate effects rather than by elastic and inelastic

the calculation:T,=87 K, Ty=75 K, T,=90 K, I,  Scaterng.
=0.89T,, and Ry(0)/R¢(T,)=0.01 for samples 2 and 3
(curve 2 and T,=87 K, Ty=70 K, T,=90 K, Iy

R, (T) /R, (T))

10°

=0.89T, and Ry(0)/R¢(T o) =0.015 for sample Xcurve IV. SUMMARY

1). Here,R4(0)/Ry(T¢p) is the normalized residual surface

resistance which was used as an additional term in(Hqlt The main results of this paper can be summarized as fol-
is seen that the theoretical curve displays good agreemehws.

with the experimental data. (1) An unusual temperature behavior of the microwave

The physical meaning and reality of the magnitudes of thesurface resistance was observed in overdoped,€B#D; 5
fitting parameters can be discussed in a more défigjlcor-  thin films. The experimental results show that tRg(T)
responds to the onset critical temperature of the supercorcurves have a nonmonotonic behavior with a sharp minimum
ducting transition for the films. The estimated value of theat T,,,<T. and a broad maximum at a lower temperature
amplitude of the scattering raig, at the critical temperature (T,,~60—-70 K). The optimum-doped YB&u;O;_ 5 thin
is very close to that for YBACu;0;_ 5 single crystals [ film does not display such a type of anomaly.
=0.8T,).*%* T,, which coincides withT, of the experi- (2) It was found that the observed anomalous temperature
mentalRg(T) curves(see Fig. 3, can be treated as the tem- behavior of the microwave surface resistance in
perature of the space separation of the energy gaps betwe&Ba,Cu;0;_ 5 thin films turns out to be determined by the
Cu-O planes and chains or as the temperature for the appearxygen content or ordering rather than by microstructure im-
ance of the secondow-temperaturgenergy gap. According perfections or thal-wave symmetry of the superconducting
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