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Disorder and superconducting-state conductivity of single crystals of YBaqCu3OQ 9$
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The ab-plane optical conductivity of YBa&Cu306.95 has been studied by infrared re8ectance spec-
troscopy in the presence of disorder introduced by ion irradiation. The frequency dependence of the
conductivity in the superconducting state suggests that ion irradiation has caused carrier localiza-
tion. Localization explains both the suppression of T, and the reduction of the super6uid fraction.
The temperature dependence of the penetration depth in pure and disordered YBaqCu306. 95 sup-

ports the hypothesis of non-8-wave superconductivity.

High-T, materials can undergo a metal-insulator tran-
sition, either through reduced carrier concentration by
chemical doping or by the addition of scattering From

defects introduced by ion irradiation. In this paper we

show evidence that low energy ions have an advantage,
since they influence the normal-state transport and sup-
press the critical temperature without modiFying the
chemical composition of the sample. This opens up
new possibilities for studying the relationship between
normal- and superconducting-state properties in materi-
als with identical chemical compositions. Moreover, fol-

lowing Anderson's theorem, 2 nonmagnetic impurities are
expected to have negligible influence on superconductiv-
ity in the case of 8-wave pairing whereas a superconduc-
tor with an unconventional pairing state (p or d wave)
is strongly afFected by impurities. s Thus, a study of dis-
order may provide an experimental test of the nature of
the superconducting state in high-T, materials.

We focused on changes in the ab-plane optical con-
ductivity of YBa2Cu306 95 single crystals resulting &om
disorder introduced by ion irradiation. The conductivity
of the damaged crystal is consistent with carrier localiza-
tion. This allows us to explain a variety of effects result-
ing from the ion irradiation of YBa2CusOs ss (YBCO).
The temperature dependence of the superfluid density
changes &om a linear law at low temperature in the pure
crystal to 1 —(T/T, )" with n between 2 and 4 in the
strongly damaged sample suggesting non-8-wave super-
conductivity in the YBCO system.

High quality single crystals of YBa2Cu306 95 with mir-
ror smooth ab faces were grown using a flux technique.
Inductively coupled plasma (ICP) mass spectroscopy
shows impurities at the 0.1 level. The crystals have a
0.5 K wide transition at 93.5 K and demonstrate a sharp
peak in heat capacity and an abrupt drop in microwave
losses at T, .5 These crystals are almost defect &ee since
the scattering rate at T = 4 K is as small as 1 cm

The ab face of the crystal was irradiated with 160 keV
He+ ions which provide homogeneous damage to a depth
of 400 nm. The penetration depth along the c axis in
the superconducting state is enhanced in the irradiated
samples, but remains less than 400 nm so that the re-

flectivity spectra measured &om the ab face of the crys-
tal are solely determined by the optical constants of the
damaged layer. While the thickness of the damaged layer
is sufficient for the in&ared spectroscopy, measuring the
transport properties is problematic. We irradiated c axis
YBa2Cu30~ thin films to evaluate the correlation be-
tween the ion dose and the critical temperature of the
irradiated YBCO system. Figure 1 shows that the tern-
perature dependence of the resistivity of 40 nm thick
YBa2Cu307 films remains linear for dose levels of less
than 10~ He/cm2, but with suppressed T,. In agreement
with the results of Valles et at. , the absolute resistivity
is increased by a constant amount, proportional to the
dose level. We observed similar effects induced by ion
irradiation in 200 nm thick films. Based on the thin film
data, we expect a reduction in the crystals' critical tem-
perature &om 93.5 K before irradiation down to 85, 80,
and 70 K with dose levels of 2, 4, and 8 x10 He/cm,
respectively.
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FIG. 1. Temperature dependence of the dc resistivity of the
c-axis Blms of YBaqCu30q irradiated with He+ ions. Ion
irradiation causes the enhancement of the absolute value of
the resistivity and a suppression of the critical temperature.
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Partial oxygen loss has been observed as the result of
irradiation with ions in the 10 MeV energy range. Opti-
cal measurements allow us to monitor the oxygen content
in the irradiated layer. Independent of model, the oscil-
lator strength sum rule states that the area under the
conductivity spectrum is unambiguously related to the
carrier density and thus to the doping level. The analy-
sis of the total spectral weight in the irradiated crystal
(top panel of Fig. 4) shows that the oxygen losses are too
small to explain the observed suppression of T, .

Another check of the oxygen stoichiometry in the dam-
aged layer of the crystals is the position of the apical oxy-
gen line at 500 cm in Raman spectra. We measured
spectra at room temperature for the nonirradiated crys-
tal and for the same crystal after each irradiation dose
(Fig. 2). The frequency of the apical oxygen line did
not shift upon ion irradiation. Thus, both experimental
methods show that 160 keV He+ ions, at the doses used
here, do not change the doping level of the YBa2Cu306 95
crystals. Instead, it is the disorder itself that is the dom-
inant factor determining the superconducting properties
of the damaged material.

Reflectivity spectra of the unirradiated crystal and of
the same crystal irradiated with doses of 2, 4, and 8x 10
H%m were obtained from the ab face in the spectral
range between 30 and 14000 cm . The spectra were
measured at room temperature, at a temperature slightly
above T, , at 10 K, and at various temperatures below T, .
The optical conductivity was derived by Kramers-Kronig
analysis using data from Ref. 10 as a high frequency
extension. In the superconducting state the two-fluid
model was used for the extrapolation below 30 crn

In Fig. 3 we show a series of conductivities as a func-
tion of frequency at a temperature slightly above T, and
at 10 K for the same crystal but for different damage lev-
els. The experimental sensitivity is demonstrated by the

YBapCu30, 9,
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FIG. 2. Raman spectra measured from the ab face of the
single crystal of YBa2Cug06 gg. Spectra were obtained for
the nonirradiated sample and for the same sample after each
irradiation dose. The position of the apical oxygen line at 500
cm shows no frequency shift suggesting that ion damage
does not change the oxygen content in the damaged layer of
the crystal.
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FIG. 3. Frequency dependence of the optical conductivity
of the He+ irradiated single crystal of YBa&Cu306.&5. Upper
curves in all panels were measured at a temperature slightly
above T„while the bottom curves were obtained at 10 K. The
dashed lines show the fit of the narrow normal component in
the superconducting conductivity to the Drude formula.

presence of the weak structure due to phonons in the ab

plane which is resolved well above the noise level.
In the superconducting state, the conductivity of

the unirradiated crystal is in agreement with earlier
reflectance~ ' 2 and direct absorption data. ' Down to
the low frequency limit of our measurements, the con-

ductivity is Rnite showing residual losses and no energy

gap. The high quality of the crystal suggests that losses
are intrinsic to YBa2Cu306 95 and are not due to sample
imperfections.

We erst discuss the conductivity in the supercon-
ducting state after light and intermediate damage levels

(doses 2 and 4 x 10 He/cm2). Both conductivities are
almost identical to that of the undamaged crystal except
for the appearance of a new, quite narrow feature, cen-
tered at zero frequency, with the scattering rates of 50
cm and 75 cm ~ for doses of 2 and 4 x 10~ He/cm,
respectively. The dashed lines in Fig. 3 were calculated
using the Drude formula [second term of the Eq. (1)j with
the values of the plasma frequency ~„and the scattering
rate being equal to sr~=7400 cm, 5/~=50 cm and
~~=8200 cm ~, 6/v=75 cm for the crystals irradiated
at dose levels of 2 and 4 x 10~ H%m, respectively.
A simple explanation uf this behavior is that the nar-
row Drude-like quasiparticle component, seen in the mi-

crowave region, has broadened, increasing from 1 cm
in the pure crystal to 50 and then 75 cm in the irradi-
ated crystal making the corresponding feature observable
at far-infrared (FIR) frequencies. The increase in the
plasma frequency of the normal component at T = 10 K
(and the apparent decrease of the super8uid weight that
will be discussed below) indicates that defect scattering
induced by ion damage is accompanied by a pair-breaking
efFect. Thus, it can be concluded that the single parti-
cle density of states is enhanced in the disordered crystal
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which is in general agreement with the recent study of
impurity eKects in a d-wave superconductor.

Since, at modest damage levels, h/T is no longer neg-
ligibly small compared to kT, one may expect to observe
gap structure in the FIR conductivity. But instead, the
conductivity of the irradiated crystal shows the devel-
opment of a low-lying Drude component indicating that
the YBa2Cu30695 superconductor is gapless. Thus, it
appears that the failure to observe a spectroscopic gap
is not because of the lack of momentum conserving pro-
cesses due to the clean limit, but due to the uncon-
ventional nature of the response of YBa2Cu30695. A
similar conclusion was obtained recently from the stud-
ies of YBCO and Bi2Sr2CaCu208 thin films transformed
to the dirty limit through doping with Ni and Y ions
respectively. A picture involving an anisotropic gap
with states extending down to the lowest energy such as
a d-wave model may be more appropriate.

At the highest damage level, drastic changes occur
in the real part of the complex conductivity o(ur)
oi(ur) + io2(ur) in the superconducting state at low fre-
quency. Instead of rri(~) monotonically decreasing with
frequency at low frequencies (i.e. , Drude behavior), a
peak appears, centered at 100 cm, which also can be
seen in the normal-state data. This behavior is the sig-
nature of a system with localized carriers and has been
observed in disordered doped semiconductors. We
note that the position of the peak is far &om the region
where the superconducting state conductivity can be in-
fluenced by the choice of low frequency extrapolation and
is therefore not an experimental artifact. It should also
be emphasized that the observed qualitative change in
the frequency dependence of o (u) can be unambiguously
attributed to the localization of carriers in Cu02 planes
and not in the chains despite the twinned crystal struc-
ture of our sample. This follows &om the recent studies
on single domain samples of YBCO which show that the
chain contribution to the conductivity is in the form a
peak centered at 300 cm, or even at midinfrared &e-
quencies and has no Drude-like feature. ' Finally, the
localization behavior of the ab-plane conductivity cannot
originate from disorder in the CuO chains, since even
oxygen deficient samples show a Drude-like cr(~) at low
&equencies.

Since the residual absorption in the strongly disordered
crystal is determined by the localized carriers, ac losses
at microwave frequencies are expected to be dramatically
suppressed. This follows from the proportionality of mi-
crowave losses to the value of o'i(ur) which is decreasing
with lowering &equency.

Figure 4 shows the changes to the total spectral weight
and to the superBuid component as a result of irradia-
tion. The top panel shows the correlation between the
total spectral weight N„, and the critical temperature
of the crystal where the latter was altered by ion irradi-
ation and by oxygen removal. In both cases the spec-
tral weight obtained &om the integration of the normal
state conductivity was normalized to that of the crystal
with highest T, (undamaged or fully oxygenated, respec-
tively). For the crystal with the highest damage, where
the finite thickness of the irradiated layer may cause dis-
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FIG. 4. Top panel: Correlation between the values of the
critical temperature and the total spectral weight N„, as
obtained from the integration of the optical conductivity, for
the irradiated crystal (open circles) snd for the oxygen defi-
cient crystals (half-solid circles) (after Ref. 29). Also shown is
the dependence of the squared value of the super8uid plasma
frequency (u~, ) as s function of critical temperature for the
single crystal of YBa2Cu306.95 after different doses of irradia-
tion (solid squares). Bottom panel: Temperature dependence
of u„, for the crystal after different doses of irradiation: trian-
gles, nonirradiated crystal; diamonds, crystal irradiated with
dose level of 2 x 10 He/cm; squares, crystal irradiated with
the dose level of 8 x 10 He/cm . The solid circles show the
microwave result for the crystal from the same batch (Ref.
30) scaled to the value of Al, (0)=144 nm. The open circles
show the fit to the IR data for u~, using Eq. (1) as described
in the text. The long dashed line and short dashed line illus-
trate the scaled 1 —(T/T, )" dependences with n=4 snd n=2,
respectively.

tortious to the normal state a (ur), we have integrated the
conductivity at T = 10 K and then added the weight of
the superBuid found from the imaginary part of the con-
ductivity as described below. It is clear &om the plot that
the carrier density remains almost unaffected in the darn-
aged crystal contrary to that in the oxygen deficient sam-
ples where it is significantly reduced even for relatively
small changes in T,. The decrease by 10/0 of N, rf for
the case of the irradiated material is most likely caused
by the broadening of the midinfrared conductivity which
will transfer spectral weight to the &equencies above the
upper limit of the integration (2000 cm i). The com-
parison of the dependences for the irradiated and for the
oxygen deficient samples suggests that possible oxygen
losses in the damaged crystal are responsible for a sup-
pression in T, of less than 5 K.
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The spectral weight of the superfluid is discussed in
terms of the plasma &equency ~„,. For the case of Lon-
don superconductor with penetration depth AL„one finds
that u~, = 27rc/AL, =[cuo2('tu, T)] ~ and as a result the su-
perQuid density may be obtained &om the imaginary part
of the complex conductivity. However, &om Fig. 3 it is
clear that the low &equency response of YBa2Cu306 95 is
influenced by the narrow normal component and there-
fore the complex conductivity, as a function of tempera-
ture and frequency, may be written as

' ~4
cr(w, T) = &f, ~&ll + i,. for Ru ( 200 cm, (1)

where ~„ is the plasma kequency of the Drude-like nor-
mal component, and h/r is its scattering rate. We note
that at frequencies he@ above h/r the imaginary part of
the second terxn in Eq. (1) can no longer be neglected
and the simple relationship between u„, and cr2(u, T) is
no longer correct. The contribution of the second term
in Eq. (1) to oz is more obvious at intermediate tem-
peratures between 10 K and T, when the value of u„
is enhanced by thermal pair breaking. The condition of
he@ ( h/r(T) required to determine the intrinsic prop-
erties of the superfluid is satisfied for the pure crystal
only at microwave frequencies and for the lightly dam-
aged crystal at our minimal reliable FIR frequencies (30
cm i). Both results show a linear dependence of the
superfluid density below T,/2. Meanwhile, the FIR mea-
surements of the pure crystal revealed only a weak tem-
perature dependence of u„, at low temperatures, a result
often found with the IR method. ' We argue that this
weak dependence in the crystal under study i8 not intrin-
sic but instead is a consequence of the probing &equency
Re=30 cm being above the value of 5/r=l cm i be-
fore irradiation. The dependence observed in the pure
crystal at fun=30 cm i is reproduced using Eq. (1) pro-
vided that the intrinsic dependence of 5/r(T) and Al. (T)
are taken from the microwave data. '

The linear temperature dependence of u„, found in the
pure and lightly damaged crystal is no longer observed
after the highest dose of irradiation and the latter clearly
follows a 1 —(T/T, )" law with n lying in between 2 and
4. The sensitivity of the ~„,(T) dependence to relatively
weak disorder demonstrates the non-8-wave nature of the
pairing state in YBCO. In particular, the d-wave model
of superconductivity predicts a linear law for the penetra-
tion depth with a crossover to a 1 —(T/T, )

2 dependence
in the presence of impurity scattering. ' This is in
reasonable agreement with the results plotted in Fig. 4.

Not only does the temperature dependence of cu&,

change radically upon irradiation, its absolute value is
strongly diminished by the ion damage. The top panel
of Fig. 4 shows the correlation between T and the
squared plasma frequency of the superfluid obtained &om
[~ a2(u) ]i~2 at sr=30 cm . The corresponding values
of the penetration depth are 144, 174, 180, and 277 nm
for doses of 0, 2, 4, and 8 x 10 He/cmz, respectively.
Thus, irradiation significantly suppresses the number of
condensed carriers while total carrier density is hardly

affected. The correlation between T, and cu„, does not
follow the dependence established for a variety of high-T,
materials at various levels of doping. This is in agree-
ment with our results on the total carrier density, which
suggests that the mechanisms for T, suppression by the
reduction of the carriers and by ion irradiation are of
different origin.

We believe that carrier localization may be the cause of
the reduction of the critical temperature as the result of
irradiation. In a strongly disordered metal the density of
states at the Fermi level is suppressed while Coulomb
repulsion is enhanced. Both effects decrease the criti-
cal temperature. In addition, the role of Quctuations in
suppressing T is enhanced since the coherence length is
reduced in the disordered superconductor.

We brieQy summarize the experimental observations
that justify the applicability of a localization approach to
describe the influence of ion damage on the critical tem-
perature of YBa2CusOs ss. (i) No loss of carriers is found
in the irradiated crystal suggesting that de-oxygenation
is not responsible for T, suppression; (ii) the frequency
dependence of the residual conductivity suggests carrier
localization; (iii) the superfluid density is reduced while
the total spectral weight is almost unaffected (it has been
shown by Ma and Lee that localization itself, even ne-
glecting the effect of Coulomb repulsion, dramatically
suppresses the superfluid density, though superconduc-
tivity may still be observed in a system with localized
states); (iv) after higher irradiation doses, when T, is fur-
ther diminished, the temperature dependence of the re-
sistivity is no longer linear but shows activated behavior.
We also point out that the low dimensionality of the elec-
tronic transport in high-T, materials favors localization.
This might explain the anomalous sensitivity of the crit-
ical temperature in copper oxide materials to relatively
small ion doses as compared to the A15 materials. It
is quite obvious that the defect concentration required
to induce localization and thus to reduce T, should be
much lower for quasi-two-dimensional (quasi-2D) high-T,
compounds than it is for the essentially 3D A15 super-
conductors.

Our observations of a depend. ence of T on the density
of the superconducting carriers (top panel of Fig. 4) and
of dramatic changes in the residual conductivity (Fig. 3)
may be explained by the presence of strong inelastic pair
breaking. It would overwhelm the effect of impurities at
high temperature, but would disappear at low temper-
ature where defects would then be the dominant effect
leading to a reduced superconducting density.

In conclusion, we found that the degradation of the
critical temperature and of the superfluid density in ir-
radiated single crystals of YBa2Cu306 95 may be a con-
sequence of carrier localization. In addition, we have
discussed the importance of finite &equencies of both IR
and microwave methods for the problem of the correct
determination of the intrinsic temperature dependence
of the superfluid density. Our results on the superfluid
density are in qualitative agreement with theoretical pre-
dictions for a d-wave superconductor. Finally, disorder
has been found to change dramatically the residual ab-
sorption in the superconducting state implying that low
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loss microwave materials can be obtained by appropriate
ion irradiation.
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