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Pair breaking by chain oxygen disorder in light-ion irradiated YBa,Cu3;O, thin films
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We report on the effect of oxygen disorder in the CuO chains on the superconducting properties of oxygen
depleted YBaCu;O,(YBCO). While moderate disorder, induced thermally, depresses the critical temperature
as a result of a reduced carrier concentration, strong oxygen disorder and chain fragmentation induced by low
energy (80 keV) He" irradiation suppresses the critical temperature beyond the values expected from the
reduction of the carrier density. This provides an experimental evidence of pair breaking by chain disorder and
outlines the importance of chain states in the pairing mechanism in the YBCO family.
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The effect of disorder in the higii, superconductivity planes. Co(Ref. 20 or Ni (Ref. 21) atoms substituted by
has been a topic of longstanding interest. It is well estabehain Cu up to amounts of 10% deprdgswithout signifi-
lished that the introduction of nonmagnetic impurities in thecantly increasing the residual resistivity, suggesting that car-
CuO, planes of YBaCu;O,(YBCO) modifies very effec- rier concentration is reduced. Chain defectsygen disorder
tively the superconducting properties. In particular Zn sub-or substitution, beside causing a reduction in the hole den-
stitution by Cu atoms into the planeé or Cu displacements sity for moderate disorder, may play a more active role di-
within the CuQ planes caused by electron irradiafiract  rectly influencing the superconducting propertias a result
as nonmagnetic scatterers and depfigssin both scenarios of band hybridization although a higher degree of disorder
the T, depression has been interpreted as due to impuritynay be necessary than in the case of plane defects. In fact it
scattering in al-wave superconductor. On the other hand, thehas been theoretically proposed receritihat, within the
effect of scattering centers in the chains has been less ekybridization picture, chain disorder can be responsible for
plored. In YBCO four bands cross the Fermi level, two cor-pair breaking effects. In this paper we examine the effect of
respond to the planes and two to the chdif¥efects have chain oxygen disorder induced by light ion irradiation. At
been reported to cause mainly intraband scattering assumingw energies and low doses light ions displace primarily oxy-
absence of hybridization between chain and plane bfndsgen atoms preferentially from the CuO chains, since this is
however provided some hybridization exists the situatiorthe lightest and more loosely bound species of the structure
may be different. CuO chains are unique to the YBCO fam-and there is a nearly located vacant position in the basal
ily, and although in plane optical conductivity measurementplane along the axis** The advantage of light ion irradia-
suggest strong similarities with other cuprates, the results dfon over other procedureghermally induced disordgrto
various experiments have shown the presence of distinctiveroduce oxygen disorder is its capability of producing con-
features consistent with a significant superfluid density lo-siderably larger amounts of disorder. Atomization of the
cated in the chaing!® These results have produced somechains produces a significant increase of the residual resis-
theoretical interpretations outlining the importance of chain-ivity and depresse$. beyond the values expected from the
plane coupling in the superconductivity of YBCO. Proximity decrease in the carrier density. This constitutes a direct ex-
models consider pairing interaction being restricted to theperimental evidence of the pair breaking effect of chain dis-
plains but significant coupling to normal electrons in theorder and strongly supports the importance of coupling be-
chains is responsible for a condensate in the chitheough ~ tween plane and chain states for the mechanism of the
hybridization between chain and plane stdfeBair tunnel-  superconductivity in the YBCO family.
ing models consider interdependent plane and chain conden- Samples used were high quality YBCO samples epitaxi-
sates coupled by Josephson pair tunneling procé8ses. ally grown c-oriented on SrTi@Q by a high pressuré3.4

Chains are not continuous but broken into segments ofnbap dc sputtering system in pure oxygen atmosphere. Film
finite length by the fraction of vacant oxygen sites. Oxygenthickness was fixed at 500 A for all samples. Samples were
disorder in the chains reduces the average chain length wittleoxygenatedn situ, adjusting the oxygen content by fol-

a direct influence in the hole concentration. Shorter chain$owing a stability line of the pressure-temperature phase dia-
yield reduced carrier densities, while chain merging resultgram during sample cool dowri.He' irradiation was con-

in increased carrier concentrations. Theincrease observed ducted at room temperature by using a commercial ion
in room temperature annealed bulk samples has been intémplanter for microelectronic applications. Beam currents
preted in terms of an increase in the carrier density resultingvere smaller than 0.LA cm™2 to minimize heating effects.
from chain orderind”* Concerning cationic substitution ex- Samples were tilted 7° away from the beam direction to
periments, small amounts of Ni substitution, up to 1% peravoid channeling. Energy was 80 keV, and doses were varied
formula unit, do not cause significant changesTinnor in  between 1& and 13°cm™2. The projected ion range calcu-
the optical in-plane conductivif{}, showing that supercon- lated using the SRIM 96 software was larger than 3000 A in
ductivity is less sensitive to defects in the chains than in thall cases ensuring that Heions go through the film and
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FIG. 2. (a) High-temperature slope of the resistance curves vs
T, for oxygen depleted orderddpen circlesand disorderedsolid
circles samples. Irradiated samples are denoted with open triangles.
0-00 1 60 2(')0 300 Arrows connect the starting sample with the changes resulting from
4x 10" and 6x 10" cm™?2 irradiation experimentstriangles for
T (K) three different nominal oxygen contents) T, vs T, for oxygen

o ) depleted orderedopen circle§, disordered samplessolid circles
FIG. 1. Resistivity curves of oxygen depleted samples with anynq jrradiated sample®pen triangles Open squares show the ef-
ordered(@) and a disorderetb) chain oxygen distribution. Oxygen  fect of Co substitution into the chains from Ref. 20. Arrows connect
contents are nominal. Note that disordered samples have a slightjyo starting sample with the changes resulting of 14 and 6

smaller T, that the corresponding ordered samples with the same 1414 o2 irradiation experimentgtriangles for three different
nominal composition. Inset: first derivative of the normal state re-,gminal oxygen contents.

sistivity curves.T, is determined at the maximum.
tance curves of the oxygen depleted samples show the well

embed into the substrate. Resistivity was measured immediknown S-shape. The high-temperature slapgis inversely
ately after irradiation to minimize the influence of the defectproportional to the carrier concentration. The temperatftire
annealing at room temperature. Raman spectra were takext which resistance curves depart from linearity at high tem-
with a Renishaw Ramascope microspectrometer and @n Arperatures have been related to the onset of in-plane antifer-
laser (wavelength 514.5 nin Light power density on the romagnetic correlations and is a precursor of the
sample surface was kept below 500 WFctn avoid photo- pseudogap? This temperature approximately coincides with
induced changes in the spectra. Despite the relatively higtwice the temperaturg, at the inflexion poin{maximum of
power density, most of the light was absorbed in the subthe first derivativg?® i.e., T* =2T,. It is worth noting the
strate due to the small sample thickness. Experiments at difncrease ofT; with oxygen depletion for ordereldee inset
ferent power densities and as a function of time showef Fig. 1(a)] and disordered samplgsot shown. T, has
spectra to be free of unwanted laser heating effects. been determined from the ong60% resistivity criterion of

In the first step, oxygen ordering was controlled duringthe superconducting transition to make results independent
the oxygenation sequendm situ) after film growth. Pres- of extrinsic transition broadening. We have found a linear
sure and temperature were simultaneously controlled to foleorrelation betweemy and T, and betweerl, and T, for
low a stability line of the oxygen content phase diagramordered oxygen depleted sampisse open circles in Fig)2
during sample cool down. Very ordered oxygen distributionsThis correlation is determined by the carrier concentration.
were attained for low cooling speed& K/min), which Interestingly disordered oxygen depleted samples follow ex-
yielded resistance curves with small values of the residuahctly the same correlatiosolid circles in Fig. 2 This
resistivity [see Fig. 1a8)]. These samples will be termea-  shows that moderate thermally induced oxygen disorder does
deredsamples hereafter. However, higher cooling spé&@s not depress the critical temperature for other reasons that a
K/min), yielded samples with much higher residual resistiv-reduction of the carrier concentration as a result of chain
ity values[see Fig. 1b)], characteristic of a disordered oxy- fragmentation. We have also included in this figure data of
gen distribution in the CuO chairidisorderedsamples here- Co substituted YBCO taken from Ref. 20, which also follow
aften. In fact disordered samples showed slightly smallerthe same trend. This shows that the substitution of magnetic
values of the critical temperature than the corresponding ofimpurities in the chains up to 9% reduces the carrier concen-
dered samples with the same nominal oxygen content. Resigation in accordance with the conclusions of the same
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FIG. 3. Effect of He irradiation on an ordered sample with
nominal oxygen contenk=6.65 (bottom curve at 80 keV and e
doses of 10" 4x10" and 6x 10" cm~2 (Thin black lines 1 %10 cm
from bottom to top. Thick gray lines correspond to disordered oxy-
gen depleted samples with hominal oxygen contert$.6 andx
=6.4 (from bottom to top.
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FIG. 4. Raman spectra ¢from top to bottom SrTiO; substrate,
reference. Therefore we have shown timatderatethermally 5 fresh fully oxygenated sample, an oxygen depleted sample with

induced disorder in the chains does reduce the carrier densify=6.4, and fully oxygenated samples irradiated at " cm™2
and depresses, accordingly. In the following we examine and 1x 10 cm™2. The vertical line marks the position of the
how light ion irradiation inducestrong oxygen disorder in 500 cnit line.

the CuO chains.

Figure 3 shows the effect of irradiation on a sample ofening of the 500 cm? line in the irradiated samples may
nominal oxygen contert=6.65 (bottom curve of Fig. B arise from induced chain oxygen disorder. This excludes that
Resistance curves with thin dark lines in the figure corredrradiation is reducing the oxygen content and supports the
spond to irradiation fluences ofX110*, 4x 10 and 6 picture that carrier concentration is being reduced as a result
X 10** cm™2 from bottom to top. The first observation is that of oxygen disorder in the chains. Moreover, as far as the
the resistivity curves of irradiated samples are not parallelrelation betweenr and T, is concernedsee Fig. 2a)], irra-
indicating that the carrier density is being reduced upon irradiated samples follow the same behavior as oxygen depleted
diation. Accordingly, there is a clear shift of the inflexion (ordered and disordergdamples. The effect of irradiation
point to higher temperatures. Interestingly, irradiation atfor given oxygen contenfsndicated in Fig. 2a)] produces a
small doses produces an effect which is strikingly similar todisplacement along the correlation line. Arrows in Figa)2
slight deoxygenation plus thermal disorder. Note that the reeonnect the starting sample with the changes resulting from
sistance curve of a sample with oxygen conteat6.65 ir-  4x 10 and 6x10*cm 2 irradiation experiments(tri-
radiated at X 10 cm 2 exactly coincides with that of a angles for three different nominal oxygen contents. This in-
disordered deoxygenated sample with a slightly smaller oxyelicates that the carrier concentration is being reduced upon
gen content ofx=6.6 (with thick gray line in the figure  irradiation. However there is a strong disruption in the cor-
This is a strong indication that the effect of light ion irradia- relation betweenTy and T for irradiated samples. Curved
tion is located primarily in the CuO chain&urthermore, the lines in Fig. 2Zb) connect the starting sample with the
threshold dose to appreciably depreks decreases when changes resulting of 410 and 6x 10** cm™? irradiation
oxygen content is decreased, again pointing to disorder beingxperiments(triangles for three different nominal oxygen
located in the chains. Irradiation at larger doses of 4contents. We have found that irradiation produces samples
% 10" cm™2 also produces a sample which is similar to awith much smallefT than that corresponding to tfig val-
disordered deoxygenated sample with a lower nominal oxyues(carrier concentrationThis is a strong indication of pair
gen content of 6.4also with thick gray line in Fig. 8 how-  breaking by the strong oxygen disorder introduced by light
ever significant differences appear in the high-temperatur@n irradiation. Note that this effect is more pronounced
portion of the resistivity curve. The question arises if irradia-when oxygen content is reducg¢gee Fig. 2)] indicating
tion is reducing the oxygen content. This can be definitelythat disorder is occurring in the chains. It is well known that
discarded from Raman-scattering experiments. Figure 4bn irradiation generates pinning centers and one would ex-
shows Raman spectra of fresh and irradiated samples. It jsect the critical current to increase accordingly. However we
well known that the line at 500 cht associated to stretching find a reduction of the critical current density down to 5
mode of the apical oxygen is very sensitive to the oxygenx 10° A/cm? for an irradiation dose of % 10 cm™ 2, be-
content, shifting to lower frequencies when the oxygen contow the values in excess of 4@/cm? found in fresh
tent is reduced® While a clear shift can be observed for the samples of this thickneg$0 nm). In addition, we have pre-
oxygen depleted sample, it stays at the same position foriously reported’ a decrease in the activation energy for
fresh and irradiated samples even at a much higher dose (Mortex motion in the liquid state by almost one order of
X 10'° cm™2) than those used in this work. The slight broad- magnitude in 1 T field, upon the same irradiation fluence.
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indicates that irradiation is causing a strong atomization of
the chains, most likely, via the occupancy of the vacant po-

-3
2x10 6 16% om? sition along thea axis. It is well established that only chains

5 \/ longer than four or five Cu-O elements are effective in sup-
8 plying holes to the planes while shorter chains keep holes

= 1x10° 1 localized. Therefore, if the chain length of the irradiated
. deoxygenated samples is small enough, significant reorder-

' ing can occur(with room-temperature annealingvithout

/ substantially increasing the average chain length, thus keep-

00 100 200 300 ing carrier concentration unaltered but increasing the critical

T (K) temperature.

The suppression of the critical temperature by disorder in
FIG. 5. Time evolution of the resistance curves of a sample withthe chains outlines the importance of the chains in the super-
an oxygen content of=6.65 (bottom curve after irradiation at a  conductivity of the YBCO family in agreement with recent
fluence of 6< 10" cm” 2 (upper curvé Remaining curves from top  haqretical studies!~® The observed pair breaking effect
to bottom show the effect of room temperature annealing in tWOmight be an expression of the importance of the coupling of
week steps. normal electrons of the CuO chains into the superconducting
. . . . _state!® Within this frame, chain disorder might increase the
These results are consistent with pair breaking effects in lighf 5 1ering rate through a reduction of the density of states at
ion irradiated samples. Further support for pair breakingne Fermi level of hybridized plane-chain bands crossing the
originating in chain oxygen disorder can be drawn from theFermi level as proposed recentiOur results would be also
time e_volution of irra_ldiated samples. Figure 5 shov_vs the time. ysistent with recently proposed pair tunneling modfls,
evolution of the resistance curves of a sample with an oxyynich consider the importance of the chains condensate in
gen content ok =6.65 (bottom curve after irradiation at a  the syperconductivity of YBCO, and where oxygen disorder

4 2
fluence of 6<10" cm™2. The upper curve has been mea- iy the chains would certainly depre@gnot suppresschain
sured immediately after irradiation, remaining curves fromsuperconductivity.

top to bottom show the effect of room-temperature annealing |, summary, we have shown that light ion irradiation in-

in 2 week steps. It is important to note that resistance curveg,ces strong oxygen disorder in the CuO chains. A substan-

are nearly parallel to each other upon time recovery, indicatg,| jepression of the critical temperature has been found
ing thatT, and & are not changing substantially, and thus,nich cannot be explained as resulting from a reduction in

that the carrier concc_antration is not increas_ing sig_n_ific:antly,[he carrier density. This is a strong indication of pair break-
On the other handl . increases sharply and insulatifiga-  jng by chain oxygen disorder. These results outline the im-

diated samples become superconducting. The increase of thestance of chains in the superconductivity of YBCO family
critical temperature saturates af@ 2 month period. Since j, agreement with recent theoretical studies.

irradiated fully oxygenatedx(=6.95) samples did not show

T, recovery we can exclude this effect arising from disorder We thank M. A. Alario for fruitful conversations. Finan-
induced in the CuO planes, whose structure is the same faial support by Spanish CICYT Grant No. MAT 2000-1468
oxygenated and deoxygenated samples. This, on the contrarg,also acknowledged.
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