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Effects of the stage-1 iodine-intercalation on TC have been
investigated in Bizsr2ca1—xYxcu208' The 1iodine intercalation
causes two large effects; one is a change of the
two-dimensionality due to an expansion of the crystal along the
c-axis, and the other is an increase of conducting hole carriers
due to charge transfer between intercalated iodine atoms and Cqu
sheets in the host material. For the stage-1
iodine-intercalation compounds, it has been found that the former
effect decreases Tc by about 10 K and that the latter effect
shifts the x dependence of Tc to larger x values by about 0.05

because of the 1increase of conducting hole carriers by about

0.025 per Cu02 unit. It has been concluded that the decrease in



Tc through iodine intercalation in

both effects.
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1. Introduction

The compounds BiZSrZCan_lCunO2n+4 (n =1, 2, 3) are most
anisotropic in not only crystallography but also physical
properties among high—Tc superconductors with two-dimensional
Cqu sheets 1in their crystal structures [1,2]. The 1large
anisotropy in BiZSr Ca Cu 0 appears to be attributed to the

27" n- n 2n+4
very weak coupling between BiO-Bi0O double 1layers, from an
indirect evidence that the single crystals of n = 2 are easily
cloven between the double 1layers. This very weak coupling
enables the compounds to form intercalation compounds by taking

guest atoms or molecules between the BiO-BiO double layers. 1In

fact, it has been found by Xiang et al. [3,4] and the present

authors [5-7] that BlzerCa CunO2n+4 (n =1, 2, 3) form iodine-
and bromine-intercalation compounds, BlzerCa Cun02n+4l and
BiZSrZCa 1Cun02n+4B respectively. It has been confirmed from

studies of the electron microscopy that both iodine [8-11] and
bromine [12] atoms are intercalated between the BiO-BiO double
layers.

In general, intercalation gives rise to two kinds of large
effects on a host material: One effect is an expansion of the
crystal along the c-axis, which changes the two-dimensionality of
the crystal and also of its physical properties. The other
effect 1is charge transfer between guest atoms or molecules and
the host material, which changes the carrier number of the host
material.

For lightly bromine-intercalated samples of

BlzerCan_1Cun02n+4B with x £ 0.3, it has been found that the



hole concentration in the conducting CuO2 sheets 1increases
through intercalation due to the latter effect of intercalation,
namely, the charge transfer [5-7]. That is to say, intercalated
Br atoms are almost all ionized as Br to supply the CuO2 sheets
with holes. As a result, both the electrical resistivity p and
the superconducting transition temperature Tc decrease. The
decrease in Tc through Br intercalation can reasonably be

understood to be due to the overdoping of holes into the CuO2

sheets, because the value of TC in Blzsx'2Can_1CunOzn+4 strongly
depends on the hole concentration in the CuO2 sheets and the
compounds BiZSr2Ca lCunO2n+4 are situated 1in the overdoped

n-
region for n =1 and 2 [13,14] or at the optimum hole
concentration for n = 3 [5-7].

For stage-1 iodine-intercalated samples of
BiZSrZCan_ICun02n+4I, 4 decreases only by about 10 K through
intercalation. This has been explained as due to the former
effect of intercalation, namely, an enhancement of the
two-dimensionality [3,4,15]. However, it has recently been
claimed from studies of the Hall effect and the X-ray
photoemission spectroscopy that the hole concentration in the
Cqu sheets slightly increases through the iodine intercalation
due to the latter effect of intercalation, namely, the charge
transfer and that consequently TC decreases similarly to the
case of Br-intercalated samples [16,17]. From one Raman
scattering study, it has been concluded that intercalated iodine
atoms are not ionized and exist like 12 molecules [18]. From

another Raman scattering study, on the contrary, it has been



claimed that they are ionized as 13— molecular anions [19].
Therefore, at present, it is not clear which effect is dominant
for the small decrease in Tc through iodine intercalation in
BiZSrZCaCuzOS.

In this paper, we investigate the effects of stage-1
iodine-intercalation on T, in BiZSrZCal_XYXCuZOS, in order to
elucidate the origin of the decrease in Tc through iodine
intercalation in BiZSrZCaCuzOB. The system BiZSrzcal—xYxCUZOS
has been well studied to <clarify the hole-concentration
dependences of physical properties including Tc in the
BiZSrZCaCuzo8 phase, where the hole concentration is reduced
through the partial substitution of the trivalent Y for the
divalent Ca with 1little <change in the crystal structure
[18,14,20]. As shown by a solid 1line in fig. 1, TC of

Bizsrzcal—xYxCUZOS increases, takes a maximum at x %= 0.2 and
decreases with 1increasing x, suggesting that BizerCaCuzo8 is
situated in the overdoped region. If the decrease in TC through
iodine intercalation in BiZSrZCaCuZO8 is due to the change of the
two-dimensionality owing to the expansion along the c-axis, it is
expected that the superconductivity is equally suppressed through
the 1iodine intercalation for every sample with different x, as
shown in fig. 1(a). On the other hand, if the decrease in TC is
due to the increase of conducting hole carriers owing to the
charge transfer, it is expected that the superconducting region
shifts to that of larger x values, as shown in fig. 1(b),

because the maximum Tc is attained at the optimum hole

concentration in the BizerCaCuZO8 phase [13,14].



2. Experimental

Host samples of BiZSrZCal_XYXCUZO8 for the intercalation
were prepared by conventional solid-state reaction for 0 £ x £
0.6. Raw materials of 81203, SrCO3, CaCOs, Y203 and CuO powders
were used in the molar ratio of Bi:Sr:Ca:Y:Cu = 2:2:1-x:x:2. The
powders were mixed and prefired in air at 800 C for 12 h. After
pulverization, the prefired materials were pelletized and
sintered for 24 h at temperatures between 860 C and 880 C. This
sintering process was carried out once again so as to obtain
homogeneous samples. All products were characterized by powder
X-ray diffraction to be of almost single-phase structures.

Iodine intercalation was done by vapor-phase reaction [3].
The host samples of BiZSrZCal_XYXCuzo8 and elemental iodine were
sealed in an evacuated glass tube separately. In order to reduce
oxygen release from the host samples during the intercalation
process, the heat treatment was made at a low temperature of
150°C for 24 h [3,21]. The products were characterized by the
weight change during the intercalation process and by powder
X-ray diffraction to be stage-1 intercalation compounds of
BiZSrZCal_XYXCuzosl.

Resistivity measurements were carried out by the standard DC
four-point probe method. Lead wires were attached to samples
with silver paste. The AC magnetic susceptibility was measured
with a small AC field (0.1 Oe, 333 Hz) by the conventional

inductance method. Temperature measurements were made with a

calibrated Si-diode thermometer.



3. Results and discussion

Figure 2 shows typical powder X-ray diffraction patterns for
host samples of BlzerCal xY Cu208 and iodine-intercalated ones
of Bi,Sr,Ca Y Cu.0.I. The diffraction pattern changes through

27 2771-x 278
the 1iodine intercalation in the same way for every sample with
different x. This suggests that iodine atoms are intercalated
between the BiO-BiO double layers similarly for every sample with
different x. The hk¢ diffraction peaks with h#0 or k#0 for
jodine-intercalated samples are broader than those of host
samples, while the width of the 00¢ peaks little changes through
the iodine intercalation. This may be attributed to an imperfect
change of the atomic stacking along the c-axis between the
BiO-BiO double 1layers, from the staggered configuration of
BiZSrZCal_XYXCu 0 to the vertically aligned configuraion of

278
BiZSr Ca Y Cu,0,I.

2771~ 278

Figure 3 displays variations of the lattice constants
estimated from the powder X-ray diffraction with the Y
concentration x. As for host samples of BiZSrZCal_ Y Cu,0g, the
a-axis 1increases and the c-axis decreases with increasing x. A
clear split of the a- and b-axes is observed at x 2 0.45, which
is in agreement with the previous reports [14,20]. As iodine
atoms are intercalated, the a-axis does not change so much,
though detailed analyses can not be made due to the broadness of
the hk¢ peaks with h#0 or k#0. On the other hand, the c-axis

drastically changes through the iodine intercalation. The value

of the 1lattice constant ¢ is reduced to about a half of that of



the host sample, which is due to the stacking change along the
c-axis between the BiO-Bi0 double layers, from the staggered
configuration to the vertically aligned one. Therefore, c values
for 1iodine-intercalated samples are plotted in fig. 3 with twice
values for comparison with those of host samples. It is found
that intercalated 1iodine atoms expand the spacing between the
Bi0-BiO double 1layers by about 3.5 X similarly for every sample
with different x. In addition, by looking more closely at the c
value for iodine-intercalated samples, it tends to increase a
little with increasing x. The reason is not clear.

Figure 4 shows the temperature dependence of the electrical
resistivity p for host samples of BiZSrZCal_xYXCuzos. It is
found that the value of p increases with increasing x. The value
of TC increases, takes a maximum at x ~ 0.2 and decreases with
increasing x, and the superconductivity disappears at x 2 0.6.
These behaviors, which are in agreement with the previous reports
[14,20], suggest that the hole concentration decreases through
the partial substitution of Y for Ca and that BiZSrZCaCuZO8 has
too many holes to attain the maximum TC, as mentioned in section
1. As for iodine-intercalated samples, the temperature
dependence of p is shown in fig. 5. As clearly seen in fig. 6,
the value of p increases by about two orders of magnitude due to
the iodine intercalation for all x-values, in accordance with the
report for sintered samples of BiZSrZCan_lcun02n+4I [16]. It
has, however, been reported for single-crystalline samples that

the value of p in the a-b plane changes little through the iodine

intercalation and that p along the c-axis becomes even metallic



[17,22]. Therefore, the increase in p through iodine
intercalation for sintered polycrystalline samples is not
considered to be an intrinsic property but is attributed mainly
to the electrically poor connection between grains on account of
the 1large expansion of the crystal along the c-axis through the
intercalation. In spite of the large value, p tends to increase
with increasing x, suggesting that the hole concentration
decreases with increasing x for iodine-intercalated samples
similarly to the case of host samples. This is also found from
the x dependence of the resistivity ratio, psoox/ploox’ which
shows a tendency toward a metallic behavior, as shown in fig. 7

1231 - The fact that, decreases with increasing X

300k’ P 100K
similarly for both host samples and iodine-intercalated ones
suggests that the hole concentration decreases with increasing X
in the same way for the both samples. From these results, it is
concluded that the effects of iodine intercalation on the
electrical properties are similar for all x-values, which may be
natural because iodine atoms are intercalated between the BiO-BiO
double layers similarly for all x-values.

Figure 8 displays the x dependences of Tc for host samples
and iodine-intercalated ones, where the value of Tc is defined at
the midpoint of the superconducting transition curve in the p vs
T plot.

Measurements of the AC magnetic susceptibility have also
been made as shown in figs. 9 and 10 for host samples and

iodine-intercalated ones, respectively. The Meissner effect due

to bulk superconductivity is observed for the both samples with



0 £ x £ 0.55, though the Meissner signal 1is smaller for
jodine-intercalated samples than for host ones. Figure 11
displays the X dependences of Tc for host samples and
jodine-intercalated ones, where the value of TC is defined as the
temperature where Y changes from the normal-state value by 1 % of
the value corresponding to the perfect diamagnetism. These
values of Tc are approximately in agreement with those estimated
from the resistivity measurements as shown in fig. 8, suggesting
that the latter values are also based on the superconductivity of
the bulk.

Here, we discuss the x dependence of TC estimated from the
resistivity measurements as shown in fig. 8, because the
ambiguity in determining Tc is not large and the data are rather
systematic compared with the estimation from the susceptibility
measurements. It is found from fig. 8 that Tc decreases through
the iodine intercalation for 0 £ x £ 0.3 and that Tc changes
little for x 2 0.4. What is most remarkable is that the maximum
Tc is attained at x x~ 0.3 for iodine-intercalated samples of
BizerCal_XYxCuZOSI, while it is at x = 0.2 for host samples of
Bizsrzcal—xYxCUZOS' This shift from x = 0.2 to x ~ 0.3 means
that the hole concentration in the conducting CuO2 sheets
increases through the iodine intercalation, because the maximum
Tc is attained at the optimum hole concentration in the
BiZSrZCaCuzo8 phase. The increase of the hole concentration in
the CuO2 sheets 1is understood to be due to the charge transfer

between intercalated iodine atoms and the CuO2 sheets resulting

from the jonization of 1iodine. This 1is consistent with



experimental results on the Hall effect of BiZSrZCaCUZOSI that
the Hall coefficient decreases a 1little through the iodine
intercalation [16,17]. Considering the decrease of the maximum
value of TC through the iodine intercalation, on the other hand,
there certainly exists an effect which suppresses the
superconductivity regardless of hole concentration, namely, an
effect of the change of the two-dimensionality due to the
expansion of the crystal along the c-axis through the iodine
intercalation, as mentioned 1in section 1. The change in Tc
through iodine intercalation is explained by the both effects of
the change of the two-dimensionality as shown in fig. 1(a) and of
the 1increase of hole carriers in the conducting Cqu sheets due
to the charge transfer as shown in fig. 1(b). After all, the
Tc vs X curve for the iodine-intercalated samples in fig. 8 is
regarded as a result of the shift of the Tc vs X curve for the
host samples both to lower TC values and to larger x values.
Therefore, it is concluded that the decrease in Tc through iodine
intercalation in BiZSrZCaCuZO8 is due to the both effects.

The above discussion can be made quantitatively. When data
of Tc vs x for the host samples are modified so that the Tc
values are equally decreased by 10 K and that the x values are
equally increased by 0.05, they are roughly superposed on the Tc
vs X curve for the iodine-intercalated samples, as shown in
fig. 12. Consequently, it 1is found that the change of the
two-dimensionality through 1iodine intercalation decreases TC by
about 10 K equally for all x-values. Concerning the T

c
suppression, two mechanisms have been proposed from the viewpoint



that the enhancement of the two-dimensionality through the
intercalation 1is of importance [4,15]: one is based on the RVB
model and 1is that the enhancement of two-dimensionality reduces
the interlayer coupling between CuO2 sheets which is effective
for superconductivity [24,25]. The other 1is based on the BCS
theory and is that the enhancement of two-dimensionality reduces
the effective electron-phonon coupling which plays a role in the
increase in Tc [28]. At present, however, it 1is not clear
whether the physical properties including superconducting ones
become more two-dimensional through the intercalation or not,
though it may be said that the two-dimensionality is enhanced in
crystallography. Moreover, there is an interesting report that
the value of p along c-axis 1in single-crystal BiZSrZCaCuzo8
slightly decreases through the iodine intercalation and that its
temperature dependence changes from a semiconductor-1like behavior

to a metallic one [17,22]. Therefore, it cannot be decided

hastily that the enhancement of the two-dimensionality decreases

Tc' It may be concluded that the two-dimensionality has close
relation to the high—TC superconductivity and that the change of
the two-dimensionality through the iodine intercalation decreases
Tc by 10 K. However, the mechanism on the decrease in TC is not
clear.

From fig. 12, it is also found that the hole concentration
in the Cqu sheets increases through the iodine intercalation by
about 0.025 per CuO2 unit due to the charge transfer of about
0.05 holes per iodine. The quantity of the charge transfer is

much 1less than that of Br-intercalated samples, about 1 hole per



bromine [5-7], but is approximately in agreement with another

experimantal result of Bi,Sr,Ca (n =1, 2, 3), 0.07

el s T e T
holes per 1iodine [17]. As to the state of intercalated iodine
atoms, it is naively supposed that 5 % of iodine atoms are
ionized as I and that 95 % of iodine atoms exist as I,
molecules, assuming that the change of the carrier number is only
due to the charge transfer between intercalated iodine atoms and
the CuO2 sheets. From some studies with the Raman spectroscopy
[18,19] and the X-ray photoemission spectroscopy [17]1, however,
it has been claimed variously that iodine atoms exist as 12
molecules [18] or 13- molecular anions [19] or I and 17" in part
[171]1. There has been also another supposition that the charge
transfer is done between iodine atoms and the BiO-BiO double
layers [4,17]. It is not settled which is correct, but in any
case it appears to be true that iodine atoms are ionized in
greater or less degree to supply the CuO2 sheets with about 0.025
conducting holes per Cqu unit.

Lastly, it may be worth while discussing the change in
oxygen contents during the intercalation process. As mentioned
in section 2, the heat treatment was made at a temperature as low
as possible, in order to reduce the effect of oxygen release from
samples. However, the oxygen release may occur slightly during
the intercalation process in spite of the careful treatment. The
oxygen release in BiZSrZCaCuZO8 phase would cause the decrease of
hole carriers, SO that the superconducting region 1in
Bi,Sr Cal_XYxCuzo8 would shift to that of smaller x values [27].

2 2
This is opposed to our experimental results that the



superconducting region shifts through the iodine intercalation to
that of larger x values. Therefore, it is not necessary to take
into account the oxygen release at least in general studies. The
slight oxygen release would only slightly revise the estimate of
the carrier number in the Cqu sheets owing to the intercalated

iodine atoms.

4. Summary

Effects of the stage-1 iodine-intercalation in
BiZSrZCal_XYxCuzo8 have been investigated. From powder X-ray
diffraction, it has been found that iodine atoms are intercalated
between the Bi0-BiO double 1layers so that the spacing between
the double layers is expanded by about 3.5 R similarly for every
sample with different x.

From measurements of the electrical resistivity and the AC
magnetic susceptibility, it has been found that Tc of the bulk
decreases for 0 £ x < 0.3 and changes little for x > 0.4 through
the iodine intercalation and that the Y concentration where the
maximun TC is attained shifts from x ~ 0.2 to x ~ 0.3 through the
iodine intercalation. The change in TC through iodine
intercalation 1is explained by the two effects; one is the change
of the two-dimensionality owing to the expansion of the crystal
along the c-axis, and the other is the increase of conducting
hole carriers owing to the charge transfer between intercalated
iodine atoms and the CuO2 sheets. For the stage-1

iodine-intercalation compounds, it has been found that the former

effect decreases TC by about 10 K for every sample with different



x and that the latter effect shifts the X dependence of Tc to
larger x values by about 0.05 because of the increase of
conducting hole carriers by about 0.025 per CuO2 unit.
Therefore, it has been concluded that the decrease in Tc through

jodine intercalation in BiZSrZCaCuZO8 is due to the both effects.
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Figure captions

Fig. 1. Schematic representation of the hole-concentration
dependences of TC in BlzerCal_xYXCuzo8 (solid 1lines) and
Bizsrzcal—xYxCUZOSI (dashed 1lines), (a) 1in the case that the

change of the two-dimensionality is dominant for the decrease in
TC through iodine intercalation in BiZSrZCaCuZOS, and (b) in the
case that the 1increase of conducting hole carriers due to the
charge transfer 1is dominant. Closed and open circles indicate
B12$r

CaCuZO and Bi Sr2CaCu 0,1, respectively.

2 8 2 278

Fig. 2. Powder X-ray diffraction patterns using CuKa radiation
for host samples of y = 0 and iodine-intercalated ones of y =1

in BlzerCal_xYxCu

2081y'

Fig. 3. Lattice constants a, b and ¢ as a function of Y
concentration x for host samples of Bi,Sr,Ca, Y Cu,0g4 (o) and
iodine-intercalated ones of BlzerCal_XYXCuZOSI (). The c
values of 1iodine-intercalated samples are plotted with twice
values for comparison with those of host samples regardless of

the stacking change along the c-axis between the BiO-BiO double

layers.

Fig. 4. Temperature dependence of the electrical resistivity p

for host samples of BlzerCal_xYxCuZOS.

Fig. 5. Temperature dependence of the electrical resistivity p



for iodine-intercalated samples of BlzerCal_xYXCuzosl.

Fig. 6. Variations with x of the electrical resistivity p at 100

K, 100K’ (open markes) and p at 300 K, P300K’ (closed marks) for
host samples of Blzsrzcal_xYxCuZO8 (circle) and
jodine-intercalated ones of BlzerCal_xYxCuZOSI (square) .

Fig. 7. Variations with x of the resistivity ratio, p3OOK/p100K’

for host samples of BlzerCal_xYXCuZO8 (o) and
jodine-intercalated ones of B128r2Ca1_XYxCu2081 (ga).

Fig. 8. Variations of Tc with x for host samples of
BlzerCal_xYXCuzo8 (o) and iodine-intercalated ones of
BlzerCal_xYXCuZOSI ga). The value of T, is defined at the

midpoint of the superconducting transition curve in the p vs T
plot. Closed symbols indicate samples which are not

superconducting above 4.2 K.

Fig. 9. Temperature dependence of the AC magnetic susceptibility
X for host samples of BlzerCal_xYxCuzos. Closed circles

correspond to Tc's shown in fig. 11.

Fig. 10. Temperature dependence of the AC magnetic susceptibility
¥ for iodine-intercalated samples of B128r2Cal_xYXCu2081. Closed

circles correspond to Tc's shown in fig. 11.

Fig. 11. Variations of Tc with x for host samples of



BlzerCal_xYXCuzo8 (o) and iodine-intercalated ones of

Blzsrzcal—xYxCUZOSI ). The value of T, is defined as the
temperature where ¥ changes from the normal-state value by 1 % of
the value corresponding to the perfect diamagnetism, as shown by

closed circles in figs. 9 and 10. Closed symbols indicate

samples which are not superconducting above 4.2 K.

Fig. 12. Variations of TC with x for host samples of
BlzerCal_XYXCuzo8 (o) and iodine-intercalated ones of
BiZSrzcal_xYxCuzosl (), as shown 1in fig. 8. Data for host

samples are modified as follows; the TC values are decreased by
10 K and the x values are increased by 0.05 equally for all host

samples.
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