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Infrared study of superconductivity in YBa2(cu, „M )307 s (M =Zn and Ni)
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We report the infrared reAectances 8 {v, T) of YBa2{Cu& „M„}307 z films {M=Zn and Ni) for fre-
quencies 50 crn ' & v & 1000 cm ' and temperatures T =10, 100, and 300 K. The "best fit" conductivi-
ties, o.&(v, 10 K), for both Zn- and Ni-doped films show no clear evidence of superconductivity, i.e., the
superconducting density of states is very gapless. This degree of gaplessness is consistent with the large
penetration depths measured in the same films. It agrees with estimates based on the measured carrier
scattering rate 1/~ {10K) and theories of d-wave superconductors. The carrier scattering rate 1/~(T)
increases with dopant concentration x and with T; it does not change rapidly just below T, as in pure
YBa2Cu307 z. The plasma frequency co~ =8500+500 cm ', independent of dopant concentration and T,
agrees with values obtained in pure YBa2Cu307 —$.

The most interesting issue in the infrared properties of
high-T, superconductors is the origin and nature of the
superconducting state. There is a growing body of evi-
dence that the density of states in high-T, superconduc-
tors is not zero for energies less than a few kT„as in con-
ventional superconductors. It is merely suppressed some-
what below its normal-state value. ' In conventional
superconductors, such "gaplessness" could indicate an-
isotropy in the order parameter arising from an aniso-
tropic electron-boson coupling, or from pair breaking
from a small concentration of magnetic impurities. In
oxide superconductors, it is proposed that the anisotropy
reflects the d-wave symmetry of the order parameter.
Because d-wave models have enjoyed some success in
describing the properties of pure YBazCu307 s (YBCO),
and a hallmark of d-wave superconductors is their ex-
treme sensitivity to elastic scattering of the carriers, it is
interesting to study the evolution with doping of the in-
frared reflectance of Zn-doped YBCO, and to compare
the results with d-wave models.

The effect of elastic scattering is dramatically different
for conventional s-wave and unconventional d-wave su-
perconductors. In a clean d-wave superconductor, the
density of states Ns(E) is gapless; it increases linearly
from zero at E=O and has a logarithmic singularity at
the "gap" energy ho(T). Elastic scattering from strongly
scattering impurities shifts quasiparticle states from ener-
gies near 40 into an "impurity band" which is centered at
or near E =0, thereby making Ns(E) even more gapless
As the scattering rate exceeds 50/A', Ns(0) approaches its
normal-state value. By contrast, in clean conventional s-
wave superconductors, intrinsic anisotropy in the order
parameter due to anisotropic electron-phonon interac-
tions rounds off the BCS singularity in Ã& and allows
some states to exist at energies below the energy of the
peak in Nz, i.e., in the gap. Thus, the actual energy gap
can be well below the "average gap,

" and the supercon-

ductor can appear nearly gapless in some measurements.
However, elastic scattering reduces order-parameter an-
isotropy so that Ns(E) becomes more BCS-like, with a
clearly defined gap, rather than more gapless.

Our earlier study' of Ni-doped YBCO and the study of
Mandrus et al. of irradiation-damaged Bi2SrzCaCu208
established gaplessness of the superconducting density of
states in these disordered oxide superconductors. Our
purposes in the present study are to compare the effects
of Ni and Zn doping and to explore more carefully the
evolution of the superconducting state with increasing
disorder. Acquisition of a low-noise infrared detector im-
proves our data over our previous study of Ni-doped
YBCO, so we include new data on a Ni-doped film.

The comparison between Zn- and Ni-doped YBCO is
interesting. Ni and Zn are the only Cu dopants for which
there is substantial evidence for substitution in the Cu02
planes; other dopants like Al, Co, and Fe prefer the CuO
chain sites. Precise site occupation probabilities are con-
troversial, but it seems that both substitute into plane and
chain sites with equal probabilities, although Zn may
have a slight preference for plane sites while Ni has a
slight preference for chain sites. Both are in +2 charge
states. Both suppress T, rapidly, although Zn suppresses
T, at a rate (10 K/at. %%uo )abou t twic e tha t of Ni . Th edc
resistivities' of Ni-doped films indicate that Ni increases
the scattering rate I/r more than Zn. Even though Zn +

is spin 0 (3d' ) while Ni + is spin 1 (3d ), when they sub-
stitute for spin- —,

' Cu both may induce local magnetic mo-
ments in the lattice. A recent NMR study of Zn-doped
YBCO concludes that there is indeed a local magnetic
moment associated with each Zn atom, but that its cou-
pling to the conduction carriers is too weak to account
for the suppression in T, within the theory of magnetic
impurities in conventional superconductors. " A similar
study on Ni-doped YBCO would be interesting. In a
measurement of direct relevance to the current study, a
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recent microwave study of the surface resistance of doped
YBCO crystals finds that Zn creates an impurity band
near E =0 and Ni does not, at least at concentrations
below 1%.' In contrast, we find that the qualitative
effects of Zn and Ni are the same, namely, both induce
strong gaplessness in the superconducting density of
states, at least at concentrations above 1%.

The Zn-doped YBCO films were made by in situ laser
ablation from a stoichiometric ceramic target onto heated
(100) SrTi03 substrates at Los Alamos National Labora-
tory. The 6% Ni-doped YBCO film was fabricated in the
same way as films from previous work; ' codeposition of
Y, BaF2, Cu, and Ni onto a room-temperature (100)
SrTi03 substrate, with a postanneal at 900'C in flowing
oxygen. The films were about 1.5 cm in diameter and
250, 290, and 300+10 nm thick, respectively, for 2%%uo Zn,
4%%uo Zn, and 6% Ni. The thicknesses of the Zn-doped
films were measured by Rutherford backscattering. The
thickness of the 6%%uo Ni film was measured with an a-step
profilometer. The same Zn-doped films used for the in-
frared studies were later patterned for the resistivity mea-
surements. The fact that the influence of dopants seems
to be independent of the technique used to make the film
supports the notion that the electrodynamic properties of
the films are not unduly infiuenced by grain boundaries
and other flaws that likely are sensitive to fabrication
method.

The high-resolution reflectance spectra were taken
with a bolometer for 50 & v & 1500 cm ' and a Bomem
Corporation Fourier transform spectrometer. The film
and a Au mirror were mounted several centimeters apart
on a cold finger. The reflectance of the sample relative to
Au was measured by raising and lowering the cold finger,
thereby moving the two films in and out of the optical
path. When Au mirrors were mounted at both locations
on the cold finger, one position had a reflectance that was
reproducibly 0.005 higher than the other even when the
Au mirrors were switched, and we corrected for this in
our data. We assume that the reflectance of Au in the in-
frared is 1.00. Our reflectances are accurate to +0.005
and have a precision of +0.001. Spectra taken over
different frequency ranges with different beam splitters
and/or detectors overlap to better than 0.005.

After the infrared measurements, the Zn-doped films
were patterned into strips for resistivity measurements
(Fig. 1), which show sharp transitions. The p(T) are only
about 15% larger for all temperatures than measured in
Zn-doped crystals. ' The dotted lines in Fig. 1 suggest
that the residual resistivity increases with Zn concentra-
tion. The estimated residual resistivity is about double
the value inferred from the infrared measurements, as
discussed below.

The inductive transition temperatures, determined
from the xnutual inductance of coils on opposite sides of
the unpatterned films, are 62, 42, and 70 K, respectively,
for 2% Zn, 4% Zn, and 6% Ni, and the transition widths
are about 2 K. The inductive T, 's are near where the
resistivity vanishes (Fig. 1). The transition widths are
about equal to the difference between the mean-field and
Kosterlitz-Thouless transition temperatures, where the
latter is estimated from the measured penetration
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FIG. 1. Resistivities vs T of 2% and 4% Zn-doped
YBa2(Cu& „Zn„)307 z films. Residual resistivities are suggest-
ed by dotted lines.

depths. ' The 2-K transition widths indicate good film
homogeneity. For comparison, if the concentration of Zn
in the 4% Zn film varied by +10% from 3.5% to 4.5%
throughout the film, then the transition width would be
at least 10 K just from the different suppressions in T, .

From the inductance measurements, the penetration
depth A,(T=O) in the ab plane is about 350 and 900 nm
respectively for 2%%uo and 4%%uo Zn-doped films, and about
800 nm for the 6% Ni-doped film. ' Thus, I/A, (0) is
about 5-30 times smaller than for pure YBa2Cu307
The large penetration depths have important implications
for the infrared. Because the area "missing" from cr t(co)
in the superconducting state at T=O is m/2poA, (0), the
large penetration depths are consistent with the essential-
ly "normal" behavior that we observe, i.e., little, if any,
area missing from o, (c0), as described below. '

Figure 2 shows the infrared reflectances at 10, 100, and
300 K of Zn- and Ni-doped YBa2Cu307 z films on
SrTi03 substrates, together with model calculations (bold
curves) described below. There are prominent features at
about 80, 180, and 540 cm ' from phonons in the sub-
strate, which are included in our modeling. These
features indicate that the light probes the entire film
thickness. There are many small sharp features, from
phonons in the film, which are not included in the model-
ing. Spectra taken with different beam splitters, etc. ,
overlap nicely, for example, at about 325 cm '. We do
not make any adjustments to fit different spectra togeth-
er.

For all three doped films, the reflectance rises mono-
tonically as temperature decreases. Substrate features di-
minish as less radiation penetrates through the film. As
1 decreases from 300 to 100 K, the 80-cm ' substrate
phonon moves below 50 cm ' and is responsible for the
downturn in the reflectances at 10 K for v&100 cm
At 10 K, the far-infrared reflectance (v(200 cm ') is
largest for 2% Zn and smallest for 6% Ni, indicating that
absorption correlates better with the concentration of
dopant than the reduction of T„since the 6% Ni-doped
film has a higher T, than the 2% Zn-doped film. Be-
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tween 100 and 10 K, the reflectance rises smoothly; no
sharp features develop which would indicate the presence
of a superconducting gap.

The similarity of the superconducting-state reflectances
at 10 K to the normal-state reflectances at 100 K for all
three films suggests that the infrared conductivities at 10
K cannot be much different from what they would have
been if superconductivity had not occurred, and this is
borne out by numerical modeling of the spectra. Follow-
ing Sumner, Kim, and Lemberger, ' the sample is
modeled as a film on an infinitely thick SrTi03 substrate,
and the dielectric function of SrTi03 is taken from the
literature. There is some variation from substrate to sub-
strate evident in the slightly different frequencies of the
strong phonons, particularly the phonon at 540 cm ', so
we make minor adjustments as needed to fit these
features. We have checked that approximating the 1-
mm-thick substrate with an infinitely thick substrate is
justified numerically, given the 4-cm ' resolution at
which we run the spectrometer.

The conductivity of the YBa2Cu307 & film is modeled
with two components. The first component represents
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FIG. 2. Far-infrared reflectances of 2% and 4% Zn-doped

and 6% Ni-doped YBa2(Cu& „M„)307 z films at 10, 100, and
300 K. Thick solid curves are model calculations from the con-
ductivities in Fig. 3. Details of the fitting procedures are in the
text.

conduction carriers, and it is a Drude conductivity,
o &(co)=Ecto' r/(I+co r ), characterized by a plasma fre-
quency co and a scattering rate I /r( T). Above T„in the
limit of co~0, o,(co, T) should approach 1/p(T), the dc
resistivity. The second component of the conductivity of
the film is a midinfrared band of bound carriers of uncer-
tain origin, which we model following Kamaras et al. '

with three Lorentzians. As discussed below, the midin-
frared band develops a weak peak at 300 cm ' upon
cooling from 300 to 100 K, but does not change percepti-
bly between 100 and 10 K.

The fitting procedure used at 100 and 300 K is the fol-
lowing. First we fix the nine parameters associated with
the midinfrared band, using the values determined by
Kamaras et al. ,

' and adjust the Drude parameters cop

and I/r to get a good fit to the measured refiectance.
Then we fix the Drude parameters and adjust all nine
midinfrared band parameters to improve the fit. Then we
readjust the Drude parameters, and so on. After a few
iterations, the procedure converges to an excellent "best
fit," as seen in Fig. 2. Deviations below about 100 cm
are likely from deviations of the substrate dielectric func-
tion from the literature value for SrTi03.

Figure 3 shows the total conductivities 0 &(v, T), which
correspond to the calculated reflectances (thick solid
curves) in Fig. 2. It is clear that 0, develops a Drude
peak at v=0 as the film cools from 300 to 100 K, as ex-
pected from the measured decrease in resistivity. The
"Drude" peak gets higher and narrower in the supercon-
ducting state.

The insets to Fig. 3 show the midinfrared component
of 0.

&
at 300 and 100 K. The midinfrared band changes

very little from 300 to 100 K; mainly it develops a small
peak at about 300 cm '. This peak describes the weak
broad maximum in R near 300 cm ' that develops at 100
K, and it has been reported by others' in YBa2Cu307

The best-fit values of co, I/r, and p= I/cr, (v=O) are
collected in Table I. Values for the 10-K data result from
fitting these superconducting-state data with a purely
normal Drude conductivity. Since the fit is reasonably
good, these values are significant. co varies somewhat
from temperature to temperature and sample to sample.
However, considering the uncertainties in the data and
the separation of the conductivity into components, we
hesitate to assign any physical significance to these varia-
tions. We conclude that co =8500+500 cm ' (1.05 eV),
independent of T and dopant concentration. This range
of values agrees with that of Kamaras et al. who use the
same two-component model in analyzing the reflectance
data of their YBCO films. ' We discuss the scattering
rate I/r below. The value of p=1 o/, (v=O, T=1 OOK)

in Table I is about 50% smaller than the dc resistivity
1/p(100 K) for the Zn-doped films. Since this sort of
discrepancy is commonly observed in infrared spectra, in-
cluding a study of 4%%uo Ni-doped films, ' it is bothersome,
but not of deep concern here.

The model fits the data at 100 and 300 K very well,
especially for v & 300 cm ' where the Drude conductivity
dominates over the midinfrared band. This shows that
the model accurately describes the conduction carriers in
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the frequency range where the superconducting gap
should appear. The accuracy of the conductivity ob-
tained from the best fit does not depend on the assump-
tion that the conductivity can be expressed as two com-
ponents.

The 10-K data require two fitting procedures, the first
of which neglects superconductivity completely. The first
procedure uses a Drude conductivity to describe the con-
duction carriers and it uses the midinfrared band deter-
mined at 100 K on the same film. The best-fit conductivi-
ty is shown as the long-dashed curves in Fig. 3; the corre-
sponding reflectance curve is not shown in Fig. 2. The
quality of the fit is similar to that discussed in detail by
Sumner, Kim, and Lemberger' in their analysis of a 4%
Ni-doped film: the fit is acceptable, but misses some
changes in slope of the reflectance at a couple of frequen-

2% Zn 300
100

10

8000
9000
9000

310
90
45

330
120
53

4% Zn 300
100

10

8000
8700
8700

320
110
70

340
139
88

6% Ni 300
100

10

8200
8200
8200

440
220
125

493
246
140

TABLE I. Drude parameters at T=300, 100, and 10 K for
2% and 4% Zn-doped and 6% Ni-doped YBCO films: plasma
frequency co~(cm '), resistivity p=1/ol(v=0) (pQcm), and
scattering rate 1/~ (cm ').
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FIG. 3. Best-fit total conductivities of 2%%uo and 4% Zn-doped
and 6% Ni-doped YBa2(Cu& „I)307 z films for 10- (thick
solid curve), 100- (thin solid curve), and 300-K (thinner solid
curve) reflectance spectra in Fig. 2. The long-dashed curves for
v(50 cm ' are best fits to the 10-K spectra from a procedure
that neglects superconductivity; the light-dotted lines are extra-
polations of best fits from a procedure that includes supercon-
ductivity. The area between the long-dashed and light-dotted
curves corresponds to the measured penetration depth A. (T=O
K). The insets shows the respective midinfrared bands.

cies. The purpose of this fitting procedure is to highlight
how close the reflectance at 10 K is to that of a complete-
ly normal conductor. Moreover, the width of the
"Drude" peak shows that 1/r(10 K) is comparable to
kT, Ifi, so that a drop in reflectance of about 0.08 would
occur at 26 if there were a BCS-like gap in the optical
conductivity.

The second fitting procedure for the 10-K reflectances
includes superconductivity in o i(v) as a 5 function at
v=0 and a "modified Drude" conductivity for v&0. It
uses the midinfrared band determined at 100 K. The
"modified Drude" conductivity is obtained by adjusting
the Drude conductivity found in the first fitting pro-
cedure to get a better "best fit."The very good fits at 10
K shown in Fig. 2 are from this fitting procedure with 5
functions corresponding to measured penetration depths.
It is impossible to fit the 10-K data when the 5 function
in cr I corresponds to a penetration depth that is too short,
i.e., A, & 300, 500, and 500+100 nm for 2% Zn, 4% Zn,
and 6% Ni, respectively, because the calculated
reflectances are too high. These lower-limit values of A,

are quite close to direct measurements' of A, . We extra-
polate o, (v, 10 K) to v&50 cm ', shown by the light-
dotted line in Fig. 3, in a way that the missing area" be-
tween the "superconducting" and the "normal" conduc-
tivities corresponds to the values of A, just quoted. Thus,
the far-infrared conductivity o, (v, 10 K) lies somewhere
between the extremes set by the two fitting procedures,
and probably is closer to the second fit.

It is immediately clear from the two best-fit conductivi-
ties at 10 K (Fig. 3) that there is very little evidence for
superconductivity. If there is any significant suppression
in the low-frequency conductivity below its normal-state
value, then it occurs below 70 cm ' where substrate
efFects limit our resolution. For reference, a BCS-like gap
feature at 3.5kT, for T, =60 K would appear as a drop
of 0.08 in R at v =146 cm '. There is no qualitative
difference among 2% and 4% Zn and 6' Ni doping, ex-
cept that the 2%%uo Zn conductivity is highest and nar-
rowest, as expected from the lower scattering rate de-
duced from the resistivity. It would be interesting to
study lower dopant concentrations, but there is the tech-
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nical problem that the reflectance even for 2% Zn is so
close to unity that the 0.005 uncertainty in the reflectance
will become quite significant for lower Zn concentrations.

There are a number of theories of superconductivity
that include gaplessness in the density of states with or
without disorder, including d-wave theories ' and mar-
ginal Fermi liquid theories. d-wave theories have the
attractive feature that disorder is naturally accomrnodat-
ed and need not be added in an ad hoc fashion. Hence we
concentrate our analysis on a comparison with d-wave
theories. It will be interesting to compare our data with
the other theories when calculations are available.

Theory indicates that the evolution of the conductivity
of a d-wave superconductor with disorder should be hard
to observe. In d-wave models with no disorder, 1/~~0,
even the normal state is perfectly reflecting because the
Drude conductivity is essentially a 5 function at v=0,
just like a superconductor. When disorder reaches a level
where the scattering rate is comparable to the order pa-
rameter 5, so that the reflectance of a BCS superconduc-
tor would drop by several percent at h v=26, the density
of states of a d-wave superconductor is already consider-
ably smeared by the disorder, and superconducting
features in the conductivity tr, (v) are smeared and
softened. Calculations on d-wave superconductors with
line nodes in the order parameter, which are equivalent
to p-wave calculations ' with line nodes, indicate that one
can hope to observe at relatively small disorder that
0,(v) is suppressed below its normal-state value only
below v= 2kT, O/h —=—125 cm ', which is several times
smaller than the frequently used value 260(0)/h
-=6kT,&/h, where T,o is 90 K. The absence of any
significant sharp suppression of tr i(v) for v ( 150 cm
even for our lowest doping level of 2% Zn, is therefore
not surprising and in agreement with what is known
theoretically about the conductivity of d-wave supercon-
ductors.

Measurements ' on pure YBCO and Bi2Sr2CaCuz08
indicate that the scattering rate drops rapidly just below
T„suggesting either that a BCS-like gap opens in the
density of states or that the interaction (spin fluctuations,
perhaps) responsible for inelastic scattering is suppressed
by superconductivity. Hence, it is interesting to see
whether the scattering rate drops by a similar amount in
doped films. To this end, we measured the reflectance of
the 2% Zn film for 50(v(200 cm ', at 10-K intervals
from 10 to 100 K. Reflectances at 10 and 100 K are close
for v) 300 cm ', so this v range is suScient to determine
1/r.

The reflectance rises smoothly as T decreases. There is
no evidence for an abrupt change near T, . Correspond-
ingly, the fitted scattering rate 1/~ decreases smoothly as

150

100
I

so-

C

20 40 60 80 100 120

FIG. 4. Scattering rate 1/~( T) of the
YBa&(Cu098Zn002)307 q film. At each temperature, the error
bar is the same. For reference, 100 cm ' = 1.9 X 10' /s= 150 K.
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T decreases. It is linear for T~ T, and constant below
T„as shown in Fig. 4. There is no indication of a drop
in 1/7. near T, For p. ure YBCO, 1/r drops by about 80
cm ' within about 15 K below T„and such a drop
would be very clear with our resolution.

In summary, the infrared conductivities of 2% and 4%
Zn-doped and 6% Ni-doped YBCO films show no evi-
dence of superconductivity at temperatures well below
T„ i.e., the superconducting density of states is not much
different from its normal-state value. The idea that grain
boundaries do not contribute significantly is supported by
the fact that the resistivities of Zn-doped films are only
slightly higher than Zn-doped crystals, and that the
reflectances are insensitive to the films fabrication pro-
cedure. This conclusion of gaplessness is supported by
other measurements. Ulm, Kim, and Lemberger' find
that penetration depths A,(T) of the same doped films re-
ported herein are large, consistent with the nearly normal
infrared conductivity. The nonzero value of Ns(0) is also
evident as a linear-in-T electronic specific heat of Zn-
doped YBCO, as well as in the convolved density of
states derived from photoemission data. Thus,
disorder-induced gaplessness is well established in YBCO
at least. This does not rule out other models, but is
strong support for d-wave models.
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