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Zn-substitution effects on the optical conductivity in YBaCu;0,_ ;5 crystals:
Strong pair breaking and reduction of in-plane anisotropy
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Superconductivity Research Laboratory, ISTEC, Shinonome 1-10-13, Koto-ku, Tokyo, 135 Japan
(Received 24 November 1997

Zn substitution effects on tha-, b-, and c-axis optical conductivity spectra have been investigated for
optimally annealed YB#Zu;0,_; crystals. It was revealed that a very small amount of Zn seriously affects the
low-energy charge dynamics in both normal and superconducting states. In addition to the increase of scatter-
ing rates, Zn substitution introduces additional features in the conductivity spectra and reduces the in-plane
anisotropy by suppressing the plasma frequency irbtldéection in the normal state. In the superconducting
state, a very strong anisotropic pair-breaking effect was fol®@l163-182¢08)50318-9

Zn substitution for Cu in highF. superconductors has at- and 73 K forx=1.3%. Prior to the optical measurements,
tracted much attention. A small amount of Zn not only re-the sample surfaces were polished by usingOalpowder.
duces significantly the superconducting transition temperalhe reflectivity measurements were performed in a fast scan
ture T, but also introduces substantial residual density offourier transform spectrometer for=50—9000 leﬁl and a
state as seen from the NMRRef. 1) and specific heat 9rating type spectrometer far=4000—30000 cm" at tem-
measuremenfMicrowave surface impedance measuremenf€ratures 8-295 K. The optical conductivity spectra were
in YBa,Cu:0,_5 (YBCO) crystals showed that only 0.15% obtained from the reflectivity curves through the Kramers-

Zn substitution for Cu alters the linear temperature depenl-<r0n|g transformation. For the low-frequency extrapolation,

i . 0 we use the Hagen-Rubens relation for reflectivity in the nor-
dence Of. theabzplane penetration  depth a'f‘d 0'31/(.’ Zn mal state and the two-fluid model in the superconducting
changes it to a2 dependencé.The muon-spin-relaxation

| li state. For the high-frequency extrapolation, we connect our
(uSR) measurement on Zn-doped YBCO polycrysta IN€ reflectivity curves to the earlier data by Tajireaal®

samples also revealed very fast initial suppression of super- The room temperature reflectivity spectra for Zn-free and
fluid density’ These measurements were explained as then-substituted samples are shown in Fig. 1. The measure-
effect of impurity scattering in the unitary limit fordwave  ments forElla andEllb were performed on the same sample,
superconductor. while the c-axis spectrum was measured on separate
Optical spectroscopy is an important technique in probingsamples. The spectra of the Zn-free samples for all polariza-
the electronic state of a superconductor. Its advantage is thébns are in good agreement with the previous repdte
it can provide the information about both the normal carrierseffects of Zn substitution on the spectra are found to be de-
and the superconducting condensate, while @8R mea- pendent on the polarization. In tleaxis spectrum, there is
surement detects only the latter. Owing to the great improveno clear effect of Zn substitution in the midinfrared and
ment of the crystal growth technique, the detwinned YBCOhigher frequency ranges. In the main panel only one curve
single crystals with sufficiently large size have become availfor Ellc is shown because no distinct difference can be seen
able, which enables us to perform polarized optical measurdn this wide frequency range scale. Fgira, the derivative of
ments along all three crystallographic axes. In this paper, weeflectivity, dR/dw, seems to change. The two curves for the
report polarized optical spectra on pure and Zn-substitute@n-free and the Zn-substituted samples cross around
single crystals in both normal and superconducting state$000 cmi*. This suggests an increase of the Drude damping
We show that a little bit of Zn has very strong but noticeablyin this direction. A more striking Zn-substitution effect is
different effects on optical response in the three directionsobserved in the spectrum f&tb. Namely, the reflectivity is
The absolute values of the diagonal components of penetrauppressed over a wide frequency range up to the reflectivity
tion depth tensor were estimated for these crystals. It haginimum. This spectral change cannot be explained only by
been revealed that the Zn substitution leads to very strongn increase of damping but requires a decrease of plasma
but anisotropic suppression of the condensate density alorfgequency. The inset shows the reflectivity spectra in the far-
the three crystallographic axes. infrared region. It is clearly demonstrated that Zn substitu-
High quality large single crystals of tion affects the optical response in all three directions both in
YBay(Cuy—4Zn,)30;_5 were prepared by a pulling tech- the normal and superconducting states. While in the Zn-free
nique and detwinned as described previodsiy concentra-  sample the low-frequency reflectivities become very close to
tion x in crystal was determined by inductively coupled unity at 8 K, reflecting an opening of a superconducting gap,
plasma(ICP) spectrometry. All crystals were annealed atthey are appreciably lower in the Zn-substituted samples in
500 °C in oxygen for two weeks, resulting in optimal oxygen all three directions, indicating some absorption in such fre-
content. The superconducting transition temperature, deteguencies. This absorption is attributed to the unpaired carri-
mined by both SQUID magnetization and resistivity, is 93 Kers which remain in the ground state. This can be seen more
for the pure sample, 85 K for=0.4%, 81 K forx=0.6%, clearly from the conductivity spectra.
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FIG. 2. Frequency-dependent conductivity spectra for Zn-free
FIG. 1. The polarized reflectivity spectra for Zn-free and Zn- and Zn-doped crystals at different temperatures W&ith, Ellb, and
doped samples over a wide frequency range at room temperaturgllc.
The inset shows the reflectivity spectra in the far-infrared region at
295 and 10 K. Because the crystals were annealed in the same condition, it
- is unlikely that the oxygen content in the Zn-substituted crys-
The real part of conductivity spectra for pure and Zn-y is smaller than in the pure crystal. This was further sup-

Is;ybs;ittjltne?hcrystals |Wi:}Et”a’thE”?' a_mfd E”% are shot\_/vr_l_in __ported by the fact that the Zn effect on theaxis plasma
9. 2. € normal state, the far-infraréd conductivities Infrequency, estimated from the spectral weight up to

all three directions increase with decreasing temperature, 11, _
which can be understood as a result of decrease of the Dru?}eo 000 cm %, is very small, as we shall see later. The experi-

damping. A remarkable feature in theaxis spectrum for the mental observation can be explqined_ by assu_ming that a
Zn-substituted sample is that the conductivity is substantiallyc‘mal! part c_>f Zn occupies the Cu sites in the chams_. Another
suppressed below 120 ¢t giving rise to a peak in the possibility is that the CuQ plap_es .and CuO chalns_are
spectrum. With decreasing temperature, the peak tends to 5&ongly coupled. The Zn impurities in the CuPlanes dis-
immersed in a steeply increasing free-electron conductivityOrt 'the local structure which affects the ordering of the CuO
without showing any appreciable shift in frequency. Similarchains through the apical oxygen. Owing to the one-
peak structures have been observed in many cuprate supélimensional nature of the chains, such distortion or some Zn
conductors and been attributed to carrier localizalislow- ~ occupations on the chains may have a dramatic effect.

ever, no sign of localization is observed in the dc resistivity There are two possible ways to analyze the conductivity
of the Zn-substituted sample which is almdslinear depen- ~ spectrum: one-component or two-component approaches.
dent with an additional residual resistivity due to the impu-In the present case there is no unambiguous way to decom-
rity scattering. We note that, despite the existence of th@ose the conductivity spectrum into free-carrier and bound-
peak, theT dependence of the low-optical conductivity is  carrier components because the spectralatependent over
consistent with this metallic dc resistivity behavior. The na-a wide frequency range and there also remains appreciable
ture of such a peak remains to be elucidated. Eds, al-  spectral weight in the far-infrared region even at the lowest
though Zn also strongly affects the low-frequency conductivtemperaturé8 K). Therefore, we analyzed the in-plane con-
ity, leading to a substantial reduction of conductivity at zeroductivity spectra by the extended Drude model. A compari-
frequency, no clear peak is observed around 120%rim-  son of thew-dependent scattering rates feka and Ellb is
stead, a broad bump near 1000 ¢rbecomes pronounced in shown in Fig. 3 for Zn-doped and Zn-free crystals at room
the Zn-substituted sample. This bump was reported earlidiemperature and 120 K. As well expected, the scattering rate
and suggested to be associated with the disordered ch¥ins. or damping increases with Zn substitution, which must be
The observation indicates that the Zn substitution affects natesponsible for the reduction of reflectivity and conductivity
only the CuQ plane conductivity but also the chain conduc- at low frequencies. Tha-axis scattering rate changes almost
tion. linearly with frequency, which is in agreement with other
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FIG. 3. Frequency-dependent scattering rates for two samples in
the a axis (@) andb axis (b). The thin solid curves irtb) are fits to
the w? dependence.

FIG. 4. Plot of the normalized inverse square of the penetration
depth as a function of the relative decreasd in

9 ) ) ) . d-wave-pairing symmetry in two aspects. First, the suppres-
reports; while the b-axis scattering rate shows approxi- sion of the condensate is much stronger than the theoretical
mately thew-square dependence in the far-infrared regioncgcylation. Second, the suppression is anisotropic. The con-
then reduces the rate to ra—lmgar dependence. Thi®-  {ensate density is most strongly suppressed inbtiairec-
square dependence of scattering rate should be related {®n, but least in the direction.

the T-square dependence of the dc resistivity in the Dramatic suppression of the condensate is the most no-
direction.” The ovezrall plasma frequency is defined in termsiape result in this work. The suppression of the transition
of the sum rulew;/8=[§ "oy (w)dw With wn=10000  temperature is less than 10% by 0.4% Zn substitution,
cm . We obtainedw;,=1.95<10* cm™, w;,=2.62<10*  \yhereas the suppression of the condensate density reaches
cm ' for the pure sample, ands,,=1.94<10* cm™’, 789 in thea direction. The data are in strong contrast to the
wpp=2.42x10* cm™* for the 0.4% Zn-substituted sampfé. SR study by Nachumét al® on polycrystalline samples,
There is almost no change iy, upon Zn substitution, while  showing that the Zn substitution falls into the same correla-
wpp Shows some decrease. As a result, the in-plane anisoffon of T, with n,/m* found for a variety of cuprate
ropy is slightly reduced. superconductor® The present result requires an additional
A more Striking Zn-substitution effect is observed in the mechanism to exp|ain such an extreme|y Strong pair-
superconducting state. BeloW,, a substantial amount of preaking effect. We speculate that magnetic scattering
spectral weight has been missed df(w), which should  should be taken into account since the NMR measurements
appear in the zero-frequengy function. When Zn is sub- reveal that Zn induces a local magnetic moment on neigh-
stituted, a very pronounced Drude-like response is observebring Cu sites/*8With regard to the suppression of anisot-
at low frequency. This is due to the remaining unpairedropy within theab plane, there are two possible interpreta-
carriers which fill up the states in the gap. As a resulttions. One is based on the single band model with a
the missing areas are significantly reduced in all threqd+ s)-wave-pairing symmetry. It is predicted that the zero
directions in the Zn-doped samples. The London penetratiofemperature penetration depth is more affected inbttué-
depth can be calculated from the missing areash@$ rection than in thea direction by impurities in the case of
= wlJc?=(8Ic?) [ (01n— 015)dw, Wherew,, is the super-  (d+s)-wave symmetry® Within such a one-band model,
fluid plasma frequency the speed of light, and;, ando;s  this experimental result suggests that Zn impurities suppress
the conductivity in the normal and superconducting stateshe s-wave component in the pairing symmetry, because the
The superfluid plasma frequency is related to the superfluith-plane anisotropy in the penetration depth is actually re-
densityng through w,s= (47ne?/m*)2, wherem* is the  duced. Another possibility for the anisotropy suppression is
effective mass. The obtained penetration depth® K are  based on the two-band model, in which it is assumed that the
Aa=1600 A, \,=1170 A, and\.=12000 A for the pure CuO chains in YBCO form an independent conduction band
sample,\,=3400 A, \,=3300 A for the sample with Zn and contribute to the superconducting conden&s&in this
concentrationx=0.4%, and\.=20600A for x=0.6%. scenario, the experimental result implies that Zn substitution
The c-axis penetration depth for another sample with highemot only suppresses the condensate in the plane but also de-
Zn contentx=1.3% is estimated to be 28 300 A. The valuesstroys the additional condensate in the chains.
obtained for the pure sample witfila andEllb are in good Concerning thec-axis suppression, no concrete theory is
agreement with the reported dafaln Fig. 4, we plot the currently available to be compared with. We note that the ac
inverse square of the penetration depth relative to that of theusceptibility measurement also suggests that the penetration
pure sample as a function of relative decreas@ in The depth along the axis is less affected than that within thé
dashed curve is the theoretical calculation for aplane? Our optical data are consistent with this measure-
d-wave-pairing symmetry and nonmagnetic elastic scatteringnent.
in the unitary limit’*4 Note that our data are not in agree-  In summary, we have presented the polarized optical mea-
ment with the conventional theoretical calculation for asurement on Zn-doped YBCO. We showed that Zn seriously
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affects the low-energy charge dynamics in both normal an@bserve very strong and anisotropic suppression of the super-
superconducting states. Zn substitution increases the scattéluid density along three crystallographic axes, which cannot
ing rates, which leads to the reduction of dc conductivities ino€ accounted for by the nonmagnetic impurity scattering for
all three directions in the normal state. In addition, Zn re-& pured-wave superconductor.

duces the in-plane anisotropy by suppressing the plasma fre- we thank W. A. Atkinson for helpful discussions. This
quency in theb direction. In the superconducting state, we work was partially supported by NEDO.
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