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ab-plane optical properties of Fe-substituted Bi2Sr2CaCu2O8¿d
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The ab-plane reflectance of Fe-substituted Bi2Sr2Ca(Cu12xFex)2O81d single crystals grown by a floating
method was measured above and belowTc and optical conductivity was calculated using a Kramers-Kronig
analysis. Detailed studies of the optical parameters of the sample withx50.015 at temperatures 10, 50, 70, 85,
110, 200, and 300 K reveal that the fraction of normal and condensed carriers decrease with increased Fe
doping. Furthermore, they show that the decrease in condensed carrier density is a direct result of the reduction
of the density of the normal carriers.
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The study of the effect of impurities on magneto/optic
properties of high-Tc superconductors is an active field
research. It leads, for example, to information about the s
metry of the superconducting order parameter,1,2 the distinc-
tion betweend- ands-wave models,2–4 pair breaking effects,5

and plasma frequency and carrier damping.6

Most of the studies thus far have been concentrated on
and Ni impurities5,7,8 in YBa2Cu3O7 with completely differ-
ent results. For example while both Ni and Zn preserve
linear temperature dependence of resistivity in norm
state,6,8,9, Zn reducesTc about three times more quickly tha
Ni.10 Doping dependence of the Y substitution
Bi2Sr2Ca12xYxCu2O81d ~2212:Y! has also been studied.11

An early study of the effect of substitution of 3d metals
for Cu in high-temperature superconduct
Bi2(Sr0.6Ca0.4)3Cu2Oy was carried out by Maedaet al.12 by

FIG. 1. ~a! The measuredab-plane reflectivity for different dop-
ing levels at 10 and 300 K.~b! The calculated real part of conduc
tivity for the same samples and temperatures.
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measuring lattice constants, dc resistivity, Hall effect, a
magnetic susceptibilities in normal and superconduct
phases. For all kinds of impuritis, including nonmagnetic Z
the superconducting transition temperatureTc was found to
decrease with increasing impurity concentration. They c
cluded that the decrease ofTc caused by the doping of 3d
impurities was a result of the pair breaking effect due
these magnetic and nonmagnetic impurities.

In this paper, we report on the effects of Fe doping on
optical properties of Bi2Sr2Ca(Cu12xFex)2O81d ~2212:Fe!
single crystals for temperatures of 10–295 K. The 2212
crystals were grown by the floating-zone method.13,14 An in-
frared radiation furnace was used14,15 to grow single crystals

FIG. 2. ~a! The measuredab-plane reflectivity forx50.015 Fe
doping for temperatures of 10, 70, and 110 K.~b! The calculated
real part of conductivity for the same sample and the same temp
tures. Note that the reflectivity and conductivity data forT585 K
are similar to those of 110 K and have not been included in
figure for clarity.
9818 ©2000 The American Physical Society



.0
l F
e
d

rin
in
n

n

u
s
h

tr
at
ue

l

i

een
ncy
the

er-
ro-

ica

Fe
dy of
f
the
le.

een

r
a

0,

r
ay
he

er

his
om

K

K.

or

PRB 62 9819ab-PLANE OPTICAL PROPERTIES OF Fe- . . .
of 2212:Fe. Nominal Fe levels of 0.005, 0.015, and 0
were used. For Fe levels of equal or smaller than 0.01, al
actually enters into 2212 crystal as substitution. Howev
for x greater than 0.01, some Fe segregates into secon
phases in the grain cellular boundaries.14 There is little dif-
ference in the photograph of the Laue x-ray backscatte
and the transmission between pure and Fe-substituted s
crystals. This indicates that the crystal structure does
change much upon substitution of Fe in the Cu site.14 The
superconducting transition temperature decreases with a
crease of Fe content progressively from 91 K~for x50) to
83 K ~for x50.005), 73 K~for x50.015), and 69 K~for x
50.020), respectively.15

Freshly cleaved crystals of about 33230.5 mm3 were
mounted on optically black cones, and theab reflectance
was measured in the frequency range of 50–9000 cm21 at
different temperatures on a Bruker IFS113 spectrometer
ing anin situ overcoating technique.16 The temperature wa
controlled by a LakeShore 330 autotuning controller. T
measured reflectance was extended to high frequency~40
eV! using data from Terasakiet al.17 The real part of the
conductivity and other optical parameters such as dielec
function e1 (v) were calculated from these extended d
using Kramers-Kronig analysis and extrapolation techniq
explained elsewhere.11

The measuredab-plane reflectivity and calculated rea
part of the conductivity forx50.005 andx50.015, are
shown in Fig. 1. The reflectivities and conductivities forx
50.0 andx50.02 samples are similar to those ofx50.005
and x50.015, respectively, and have not been included
the figure for reasons of clarity.

FIG. 3. Graphs ofe1(v) versusv22 for a temperature of 10 K,
for samples with x50.0, 0.005, 0.015, and 0.02 forv
.316 cm21.

FIG. 4. Graphs ofe1(v) versusv22 for x50.015 Fe-doped
sample (Tc573 K) for temperatures of 10, 50, 70, 85, and 110
for v.447 cm21.
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A summary of the preliminary measurements have b
presented earlier and show a reduction of low-freque
spectral weight in the normal state and a suppression of
strength of superconductivity condensate~see 6th Interna-
tional Conference on Materials and Mechanisms of Sup
conductivity and High-Temperature Superconductors. P
ceedings of M2S-HTSC-VI 2000 to be published in Phys
C!.

To obtain more insight about pair breaking effects of
doping, we made a detailed temperature dependence stu
one of the samples (x50.015,Tc573 K) at temperatures o
10, 50, 70, 85, 110, 200, and 300 K. Figure 2 shows
reflectance and real part of the conductivity for this samp
For reasons of clarity, not all the temperatures have b
included in the figure.

The plots ofe1(v) for different samples show a linea
v22 dependence atT!Tc . This can be seen in Fig. 3 for
temperature of 10 K andv.316 cm21. In Fig. 4, a plot of
e1 versusv22 for x50.015 and for temperatures of 10, 5
70, 85, and 110 K forv.450 cm21 is shown. The linear
behavior holds even for temperatures aboveTc . This is usu-
ally the case18 when the scattering ratet21!v. Then slope
of e1 versusv22 gives (vPD)2 (vPD is Drude plasma fre-
quency! which in turn is proportional to the normal carrie
density. Thus a study of this slope for different samples m
be used to investigate the effect of impurity doping on t
carrier concentration.

Before doing this, however, it is worthwhile to consid
the slope ofe1 versusv22 for x50.015 as a function of
temperature in more detail. Figure 5 shows a plot of t
slope for temperatures of 10, 50, 70, 85, and 110 K. Fr

FIG. 5. Slope ofe1(v) versusv22 for x50.015 Fe-doped
sample (Tc573 K) for temperatures of 10, 50, 70, 85, and 110

FIG. 6. The calculated real part of conductivity at 10 K f
several Fe-doping levels.
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this figure, we note that for temperature range of 85–110
the change of slope is very small, which may be associa
with a small change of scattering rate in normal state. On
other hand, the slope changes sharply in 70–85-K reg
We believe that this sharp change in slope is closely rela
to the condensation of normal carriers into superconduc
state. As Fig. 5 indicates, the bulk of the process of transi
from the normal state into the superconducting state ta
place in the temperature range ofTc610 K. On decreasing
temperature further, belowTc , the change of thee12v22

slope becomes more gradual and is probably associated
change of scattering rate, effective mass, and further con
sation.

The plot of e1 versusv22 includes contributions from
Drude carriers and excitations of bound electronic state
the mid-infrared~MIR! region. While the Drude componen
is temperature dependent, the MIR part consists of a w
broad band and is essentially temperature independent.
this reason, it is expected that the temperature behavio
the slope in Fig. 5 will be mainly determined by the Drud
like carriers. In particular, it is interesting to note that if th
slope ofe1 versusv22 at 85 K ~i.e., 17.53106 cm22) and
70 K ~i.e., 503106 cm22) are associated with the norm
and the condensed carrier densities respectively, then
slope at 10 K~i.e., 703106 cm22) may be expressed as

~slope!10K5~slope!70K1~slope!85K ~1!

from which, using the terminology of Ref. 18, we may co
clude that (slope)10K , (slope)70K , and (slope)85K are reason-
able representations of (vps* )2, (vps)

2, and (vpn)
2, respec-

tively. Using the two-fluid model,19 (vps)
2 and (vpn)

2 are
proportional to the densities of superconducting and nor
carriers, respectively. (vps* )2 represents contributions from
superconducting carriers as well as residual compone
However, as mentioned earlier, the MIR effect is temperat
independent and thus will not significantly infulence o
conclusions.

The association of the slope at 70 K with the conden
carrier density is consistent with the idea that at temperat
close toTc , ~say 70 K in our case!, the optical estimates fo
the density of condensate are accurate.18 As the temperature
is lowered further belowTc , ~say 10 K in our case!, then

TABLE I. Fractions of normal and condensed carriers for d
ferent Fe-doping levels in Bi2Sr2CaCu2O81d .

Tc~K! 91 83 73 69

nn(x)/nn(0) 1.0 0.93 0.64 0.63
ns* (x)/ns* (0) 1.0 0.90 0.63 0.60
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because of the residual component, optical results would
an overestimate18 and in our notation is represented b
(vps* )2. The above data forx50.015 doping level show tha
at 10 K, about 75% of the normal carriers have conden
and about 25% remains.

In materials under study, the MIR absorption is weak a
cannot be unambiguously resolved.6 Our data do not show
appreciable MIR changes due to Fe substitution as can
seen in Fig. 6. Therefore, within the limits of our expe
ments, and assuming that Eq.~1! is valid for the other Fe-
doping levels too, and neglecting variations of effective m
and scattering rates for different doping levels, we find
ratios of @nn(x)/nn(0)# and @ns* (x)/ns* (0)# in Table I,
wherenn(x) and ns* (x) are densities of normal and supe
conducting carriers, respectively.

These ratios are plotted in Fig. 7 as a function of
2@Tc(x)/Tc(0)#. As the doping level is increased, both norm
and condensed carrier densities are suppressed. This is
sistent with Fig. 1 where, by increasing the Fe substituti
the area unders1(v) decreases in the normal state. At 10
Fig. 1 also shows that by adding more Fe, the missing are
s1(v) is reduced, which implies a reduction ofns* . It is
interesting to note that in Fig. 7, variation ofns* andnn are
very similar. In other words, it seems that the change ofns* is
a direct result of change ofnn .

In conclusion, doping of Fe in Bi2Sr2CaCu2O81d samples
reduces the density of free carriers in normal state which
turn suppresses superconductivity. This reduction and s
pression is increased by increasing the doping level from
up to x50.01. However, abovex50.01, the effect is more
gradual which may be attributed to the fact that forx bigger
than 0.01 as mentioned earlier, some of Fe enters into
ondary phases in the grain boundaries.

This work was supported in part by Natural Sciences a
Engineering Research Council of Canada~NSERC!, Simon
Fraser University ~SFU!, and Northern Lights College
~NLC!.

FIG. 7. Ratios of normal and condensed carrier densities
doped samples with respect to the pure sample.
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