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High-precision penetration-depth measurement of YBaCu3;0,_;
as a function of oxygen content
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A mutual-inductance technique has been used for the high accuracy determination of the absolute London
penetration depth in YB&u;O;_ thin films. In order to study the influence of the CuO chains, the oxygen
content has been varied in a wide range. At low temperatures the penetration depths obey power laws that
depend on the sample but not at all on its oxygen depletion. This finding is best explained in telwawd
pairing with impurity scattering located in the CuPlanes[S0163-18206)51922-3

Although the high-temperature superconductors haveies in the chains may lead to net magnetic moments at the
been in the focus of intense research for many years, theopper chain sites acting as strong pairbreakers and giving
underlying microscopic pairing mechanism has not been safise to low-lying excitations. As a result the chain states rap-
isfactorily clarified yet. In this context the symmetry of the idly become gapless even for moderate oxygen deficiencies
superconducting order parameter plays a key role in a fulgroundé~0.15 and the temperature dependence of the pen-
understanding, and there has been an ongoing discussi&ifation depth changes from an exponential to a power-law
whether cuprate superconductors exhibit conventional op€havior, where trgellpower is correlated to the oxygen con-
some kind of unconventional pairing. To distinguish betweerf€Nt Of the samplé”

finite gap superconductivity and order parameters with nodes Consequently, the observation of a power law can be in-

on the Fermi surface there are two independent approachegerpmted either in terms of an unconventional pairing mecha-

The classical wav is to look for the densitv of low-Ivin nism or in terms of a conventionalwave superconductor
lectronic stat Wl’)l/i h enters directlv in yh ntit)i/ 9 coupled to the gapless, oxygen deficient CuO-chain system.
electronic states which enters directly In Such quantities as., geye this controversy the theoretical predictions of the
the electronic specific heat or the magnetic penetration dep hove model have to be checked by an evaluation of the

A(T). The alternative way is to observe symmetry relatedyg, o\, 0. , penetration depth for various oxygen stoichi-
changes in t_he sign of the wave function or |}s consequenCeSmetries. According to Kresin and Wolf, the low-
for the transition matrices probed by scattering eXpe”mem?temperature behavior should depend extremely on the chain
Both types of experiments have to complement each other t8ccupation factor and in the doping range of-08<0.2 it is

give a consistent and ConVinCing piCtUre. expected to Change drastica”y_

In fact, in the latter case superconducting quantum inter- To determine the temperature dependence of the penetra-
ference devicéSQUID) loop and electronic Raman experi- tion depth as a function of oxygen content we have chosen a
ments strongly favod-wave superconductivity.> Measure- mutual inductance technigue similar to Fiaeyal. where a
ments of the magnetic penetration depth have beesuperconducting film is placed between two flat coils stacked
performed by a variety of authors where some have claimedlong a commore axis'? In principle this nondestructive
an exponential drop at low temperatufeshereas others method combines the advantages of the more generally used
have observed power-law dependercéexpected for gap rf resonator and muon-spin-rotatiofuSR) techniques—
functions with nodes on the Fermi surfdte. namely, high accuracy and the determination of the absolute

All  these experiments were carried out usingA(T) value. To achieve highest precision, however, crosstalk
YBa,CuO;_ either in the form of single crystals or thin of the coils has to be eliminated. In their original approach
films. However, with respect to YB&u;O;_5 there is an  Fiory et al. used—at the expense of sensitivity—astatically
additional complication on the interpretation of such data. ltwound coils of reduced dimensio mm diam). We sim-
arises from the CuO chains which are coupled as a secomuly suppress crosstalk completely by using the large screen-
conductive system to the superconducting Guilanes. This ing area of films up to 4 inches in diameter. So we can retain
coupling has been addressed by Kresin, Wolf, andarger coils(5 mm diam) without astatic winding resulting
Deutscher. Taking into account proximity effect and phonon in a much higher sensitivity. The primary coil is driven by a
mediated tunneling they inferred that the chains should be30 kHz alternating current and the transmitted signal in the
come superconducting, too. As a result, a double gap strugick up coil is phase sensitively detected by a standard
ture appears in the quasiparticle excitation spectrum wherck-in amplifier. A commercial Ge resistor close to the coils
the chain gap is substantially smaller than the plane gaperves to record the temperature of the sample which can be
whose magnitude is correlated to the high transition temperararied between 2 and 300 K at a typical warm up rate of 0.2
ture. In addition, the chain gap value is very sensitive to the&K per minute. Data were taken every 0.1 K, so that the in-
oxygen content of YB#u;0;_ 5. On the one hand, the chain teresting low-temperature regioit € 0.2 T.) typically con-
to plane distance is expanded with increasing oxygen depldains around 150 data points.
tion reducing the overlap of the electronic wave functions Due to the simple geometry and the short coherence
and the coupling strength. On the other hand, oxygen vacarength of YBgCu;O;_5 which allows for local electrody-
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namics the penetration depth can be calculated exactly on the ¢ axis (A)
basis of Maxwell_’s an(_j London’s e_quations. The mutual i_n- 1.67 1L69 1171 1L73 1175
ductance of a pair of circular loops in the presence of the film o o ooemg | ' ]
can be found by expanding the vector potential into Bessel og &8 N
functions J;(kr) and solving the boundary conditions for 80 \'f',\S T
each component. This results in 701 \ i
© %{a 601 Atb\dln ]
— *kD H \\\
L1z Wﬂorlrzjo dk T(k)Jy(kry)Ji(krp)e ™ . (1) ol [ovsm \ ]
g0l |°o ¥sz2 AN ]
Here, J,(kr;) is the first-order Bessel functiom; are the a LAO ‘\\o
radii of the loops, and their mutual distance iz direction. o ) , ' , LT
The transmission coefficiedt(k) is given by 0 01 02 03 04 05 06
Oxygen deficiency &
2
T(k)= 1 qr (2) FIG. 1. Transition temperature as a function of oxygen depletion
2 cosh— | + | kx+ — | sinAl — S for three YBaCu;O;_ s films on YSZ (circles, squargsand
N kA N LaAlO; (triangles substrates.

whered and\ are the film thickness and penetration depth,
respectively. A more general treatment of the problem can b ttice parameter of the original as-grown state

found in the literaturé** Summing over all pairs of loops 1o change of the transition temperature upon reducing
in .the two cqils we obtain tht_a voltage induced in the pickupoxygen is depicted in Fig. 1 for three different samples.
coil _from which the penetration depth can be extracted NUsjnce thec-axis length of thin films may differ from the bulk
m_erlcally. The only input parameters are the known film, o, es the deduced absolute oxygen depletiomay be
thickness and the coil geometries. Consequently, the acCyjigpy overestimated. Obviously, as-grown films are over-

racy of this simple, nondestructive measurement can bﬂo ed and reducing oxvaen increadeshevond 90 K lead-
specified byan=5 A in the absolute value andlAN)=0.5 A ingpto a pronouncgd r)rllgximum arfun%lzo.15—0.20. An

in the relative change of comparable to the highest preci- analogous behavior has been observed in B8O, ,

sioln acr:jieved With dresonalt_or s_truct?ris. b vsis b single crystals previousl¥. Upon further depletion the tran-

n order to avoid complication of the above analysis by gjsiqn, temperature sharply drops off to the well-established
penetrating flux vortices the driving fiel@typically ~100 60 K plateau

'“T). is kept well beIQWHﬂ and the film remains n the Figure 2 shows the zero temperature penetration depth
Meissner state until is closely approached. Frozen in flux, \o (0pen symbolsand the extracted superconducting carrier

e.g., from earth’s field, remains fixed and cannot respond t?jensityns (full symbolg for the same films as in Fig. 1. The

the ac modulation due to strong pinning forces. An 'ndepenbarrier density has been deduced from

dent check using a strong CoSm permanent magnet close to

eted films were reloaded and we recovefed A, and the

the coils resulted in a changed response above 70 K but left m*
the low-temperature data unaffected confirming the strong n(T=0)=——, 3
pinning assumption. KMol o€

For the present study we employed 200 nm thiclaxis
oriented, epitaxial YBaCu;0-,_ s films grown by thermal

gag\s/?rg?ergti%eo(rj]eIﬁiglt%rgzp:ggggﬁrznﬁagseze(: riensgr?e} del gésumption. As-grown films exhibit the shortest penetration
where and the quality of these films can be considered ho- Pth (o=~145-160 nm and the highest carrier density.

mogeneous over the whole film arkaTypically, as-grown

where we assumed a constant effective nmass-5m, .8 In
fact, the linear correlation betweam, and ¢ justifies this

films exhibit sharp transitions between 86 and 89 K and criti- ~ ~ 7 N ' ' ' ' ™ 3700

cal current densitie§.(77 K)>2x10° Alcm?. To rule out £ 6-\.*\ o leoo

gradual surface degradation the films were covémesitu by :; sl A N ]

40 nm thick Y,O5 capping layers. In a series of successive =) LN ' 1500

annealing steps the films were held at 480 °C for two hours = 4} 4 o LY £

. z L4 o ~ 1400 =

under various oxygen atmospheres between 1 and 1000 3 3| NN =

mbar. After equilibration they were cooled to room tempera- E A0 300
s . . 21 Y . ]

ture within 30 minutes at the same oxygen pressure applied P S

during annealing. In this way the oxygen content of each g 1l oa %ftg. T {200

sample could be varied in the range=@<0.6. Following o 0 ?e I':' . . . . * 1100

each annealing step the oxygen concentration has been de- 0 01 02 03 04 05 0.6

termined by x-ray diffraction comparing the-axis lattice Oxygen deficiency &

parameter to published bulk valu¥sin any case the sharp

inductive transitions £T,<1 K) implied a homogeneous FIG. 2. Zero-temperature penetration defipben symbolsand
oxygen distribution throughout the entire film thickness. Todeduced superconducting carrier dengftyll symbolg vs oxygen
check reversibility, in a final annealing step the oxygen dedepletion. Notation as in Fig. 1.
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FIG. 3. Low-temperature penetration depth of fully oxygenated )
YBa,Cu,0,_ 5 together with appropriate power-law fitsee text for FIG. 4. Low-temperature penetration depth of the same
detaily. In addition to our own data of the as-grown film YSz1 YB&CuO;; film (YSZ1) with three different oxidation state®
(squaresdata of Hardyet al. (@) (Ref. 7 and Klein (<) (Ref. 4 =0.03, 6=0.43, 5=0_.19 _from top to bottom The solid line indi-
have been added for comparison. Extrapolatgdalues have been cates a power law fit witl=1.6.
extracted from the fits. The size of the symbols corresponds to th

experimental error. fhe best film of Kleinet al. (diamond$ which were origi-

nally interpreted in terms of an exponential BCS-type behav-

Comparison with Fig. 1 confirms again that there exists aor AN(T)< VA/kgT exp(—A/kgT). In contrast, however, a
overdoped regimg8<0.15 where T, rises although the quad_ratlc flt(brol_<en ling demonstrates tha_lt it is nearly im-
number of carriers decreases. In turn this implies that th@0ssible to decide the case on the basis of these data. It
CuO chains of our as-grown films are practically filled. should be_ no.ted that there was no way to obtaln satisfactory
The low-temperature behavior of the penetration depth ofXponential fits to our data even when choosing very small
such an as-grown film is depicted in Fig.(@pen squargs 9ap values. _ _
together with literature data for samples claimed fully ~The current interpretation of the observed power law is
oxygenated:” The trace YSZ1 is representative for anotherthe assumption of an order parameter with nodels space,
15 similar measurements on various films. In any case thike d-wave pairing. For pure material, this should lead to a

low-temperature dependence could be perfectly fitted by dnear behaviof, while impurity scattering mixe states of
power law high and low gap directions, so that the density of low-lying

states is altered and a more quadratic behavior re€tftsin
NT)=Ngt+aT® (4) light of this reasoning the increase ®f and « in Table |
demonstrates a varying impurity scattering from film to film
LR ) . which is certainly plausible since the cation stoichiometry
indistinguishable from the data points evident from the Su'may slightly differ. In this context it becomes obvious that

perimposed fi(sol'id line) With a=l..59_ the penetration depth is much more sensitive in addressing
However, for different films the fit parameters scatter con-,

. o o _ the gquestion of sample quality than arg or j. since in the
siderably indicating that they are not intrinsic. For instance ;i r respect the films are practically identical

in all the samples meqsured so far the POWECOVErS the To consider the alternative interpretation of Kresin and
range from 1.4 to 2.2, i.e., roughly between linear and quayy,

4 ) . . olf and to elucidate the role of the chain oxygen, the low-
dratic. The fit parameters for the as-grown films 'ntrOdUCEd[emperature penetration deffi<0.2T,) is shown in Fig. 4
in Fig. 1 are listed in Table | for demonstration. s :

for one and the same sample with varying oxygen contents.
Power laws for\(T) have also been observed by other b ying 0xyg

th In thin film&® and in doped sinal vy For a direct comparisoAN/\g, i.e., the quasiparticle frac-
autnors. fn thin fims-and In doped sSingle Crystalsa More 5 "hag peen plotted versus reduced temperailife. To
or less quadratic dependence was found, while very pur

. ) : Svoid confusion by a bunch of overlapping curves we just
zggﬁaﬁ;yosgalfhzr?a?tee?t c;jaetzcg?eljatr)étaallnt?aa\:eb%r:a&eﬂ- picked three representative data sets of sample YSZ1 in three
cluded into Fig. 3dots together with a straight linélashed- different oxidation states: film as grow@=0.03, at maxi-

X . um T, (6=0.19 and in the 60 K plateat5=0.43. Obvi-
dotted ling. We have also added penetration-depth data o usly, all three sets are nearly identical and can be perfectly

. . . _ _ 72

TABLE I. Transition temperatures and power-law fit parametersfltte/?(aby (:Ij_smglg Sowﬁr Iavl\{dvvll_tlaz—_ill._hG anda—ﬁ.]l.g 10 ‘

for the low-temperature penetration depth of three as-grow m/ss, In icate _yt € solid fine. The same ho s true for
the entire annealing series.

YBa,Cus0;_ s films. . . . .
Obviously, the fraction of thermally activated quasipart-

Proper adjustment of the parametes «, anda yields fits

Sample T (K) o (NM) @ a (Nm/K?) icles scales with the reduced temperature. Hence, it seems
that the only effect of the chain oxygen is to change the
Ysz1 86.4 147.6 1.59 0.040 energy scale via the correspondifig. In contrast, Kresin
YSZz2 86.6 156.1 1.87 0.015 and Wolf predict an extra pair-breaking effect at an increas-
LAO 85.4 161.7 1.98 0.010 ing density of oxygen vacancies. As a consequence the finite

proximity gap of the chains should disappear leading to a
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crossover in the functional dependence from an exponentigrown by coevaporation were initially overdoped resulting in
to a power law where the power is correlated to the oxygera slightly reduced transition temperature.
deficiency. These predictions are clearly not in agreement At low temperatures the penetration depth obeys a power
with our data. law where the exponent depends on the sample but not at all
Having demonstrated above that the penetration depth ign its oxygen content. This is in striking contrast to the pre-
extremely sensitive to small changes in the defect density iflictions of the theory of coupled conventiorsalvave super-
is all the more surprising that even massive oxygen depletiogonductors put forward by Kresin and W8if'! Instead, our
does not contribute at all to a variation of the scattering. Theesults are best explained in termsdbfvave pairing com-
only likely explanation is that chain vacancies are much lesgined with a scattering mechanism predominantly located in
efficient scatterers than defects within the Guilanes. the CuQ, planes. However, it should be noted that with re-
In summary we have presented a nondestructive precisiogpect to thed-wave picture it is still an open question why
measurement of the absolute value of the magnetic penetrgne \, values reported for films and single crystals are equal
tion depth of thin films. Applying an appropriate annealingin size although the latter are believed to contain orders of
procedure we were able to vary the oxygen content ofagnitude less defects. In our mind, this problem is certainly
YBa,Cu;0O;_ 5 over a wide range. It turned out that films as worthy of discussion in future papers.
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