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Metallization of the Resistivity Tensor in Bi2Sr2CaCu20 through Epitaxial Intercalation
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We have used iodine intercalation to alter the interplane interaction and the anisotropic resistivity ten-
sor of the oxide superconductor Bi2Sr2CaCu20 . Real-space transmission electron microscopy images
confirm that iodine is epitaxially intercalated between the Bi-0 bilayers. In the normal state above T„
the metallic Cu02 plane sheet resistance is unaA'ected by intercalation, while the out-of-plane conduction
is dramatically changed from semiconductorlike to metalliclike. This result is inconsistent with some of
the theoretical predictions based on holon-spinon scattering.

PACS numbers: 74.70.Jm, 74.70.Vy, 74.65.+n

The unusual normal-state properties of high-T, copper
oxides have been the focus of many theoretical studies. It
has been claimed [1] that clarifying the nature of the nor-
mal state could be the key to understanding the mecha-
nism of high-T, superconductivity in these materials.
Various theories [2] have been proposed which differ in

their descriptions of the normal state, e.g., the conduction
mechanisms between and within the Cu02 planes and
their role in high-T, superconductivity.

A dramatic feature of copper oxide superconductors is

their electrical transport anisotropy. The normal-state
in-plane resistivity typically varies linearly with tempera-
ture, whereas the out-of-plane resistivity almost univer-

sally displays semiconductorlike behavior [3]. In addi-

tion, the ratio of the out-of-plane to in-plane resistivities
can be as high as 10000. An important issue [4] is

whether these anisotropies arise from the intrinsic nature
of the Cu02 network and are intimately related to T„or
if they are just a consequence of the intermediate layer
structure between Cu02 planes with no direct relation to
the superconductivity mechanism.

Recently it was demonstrated [5,61 that intercalation
can induce well-defined structural changes in supercon-
ducting oxides. For example, in the stage-I iodine-
intercalated IBi2Sr2CaCu20„(IBi-2:2:1:2) compound,
the intercalated iodine atoms cause a 23% expansion of
the crystal along the c axis and a suppression of the bulk

superconducting transition temperature by =10 K. X-
ray studies [5] suggest that the iodine intercalates be-
tween the Bi-0 bilayers, thus affecting the interlayer cou-

pling but leaving the intrinsic Cu02 plane structure of the
Bi2Sr2CaCuqO„(Bi-2:2:I:2) host intact. This irnplie„
that the intercell coupling contribution to I; in Bi-2:2:1:2
is about 10 K. Further evidence is provided by the obser-
vation [6] that there is only a 5-K reduction in T, for
stage-II iodine-intercalated Bi-2:2:1:2, in which iodine

atoms intercalate into every other Bi-0 bilayer.
In this Letter, we confirm the structure and report the

first anisotropic transport measurements for the stage-I
iodine-intercalation compound IBi-2:2:1:2. In the normal
state above T„intercalation is found to have no effect on
the Cu02 plane sheet resistance of the host Bi-2:2:1:2
material, but it results in a "metallization" of the out-of-
plane electrical conduction. Our results are directly rel-
evant to the above issues of interplanar coupling and the
superconductivity mechanism.

Single crystals of pristine Bi-2:2:1:2were intercalated
with iodine using a gas-diffusion method described earlier
[5]. The typical sample dimensions were 1.5 mm&&1. 0
mmx0. 02 mm. X-ray diffraction confirmed the stage-I
structure, and magnetization measurements showed T,. to
be 80 K, consistent with previous studies [5]. Careful
checks were performed to verify that the —10 K depres-
sion in T„(compared to pristine Bi-2:2:1:2) was due
strictly to iodine insertion (and not, say, the "anneal
schedule" used during the gas-diffusion process). In ad-

dition, to verify that the crystals were uniformly inter-
calated, an intercalated sample was multiply cleaved and

each section was examined by x-ray diffraction. The data
for each section were consistent with stage-I IBi-2:2:1:2
and showed no trace of the pristine phase.

To unambiguously determine the locations of the
"guest" iodine species in the intercalated structure, crys-
tals of pristine Bi-2:2:1:2 and intercalated IBi-2:2:1:2
were ion milled and examined in the JEOL JEM ARM-
1000 atomic-resolution microscope using a through-focus
series of phase-contrast images [7]. This transmission-
electron-microscopy (TEM) method derives sufficient

contrast to directly image the hea~:ier cations, but not the

lighter oxygen atoms. Figure 1(a) shows the atomic-
resolution image of pristine Bi-2:2:1:2,viewed along the
[110] direction; Fig. 1(b) shows a corresponding com-
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FIG. l. Phase-contrast images of pristine and iodine-
intercalated crystals. (a) Experimental micrograph of pristine
Bi-2:2:I:2, (b) simulated micrograph of Bi-2:2:I:2, (c) experi-
mental micrograph of intercalated IBi-2:2:I:2,and (d) simulat-
ed micrograph of intercalated IBi-2:2:1:2. The horizontal ar-
rows identify Bi-0 planes, between which iodine is located in

the intercalated samples.

puter-generated image based on the well-known pristine
Bi-2:2:1:2structure. Note that from this viewing angle,
the Bi atoms in adjacent Bi-0 layers (identified by hor-
izontal arrows) are staggered. Figure 1(c) is the atomic-
resolution image of IBi-2:2:1:2,which clearly shows an
expansion of the Bi-0 bilayers and the positions of the
iodine atoms intercalated between the Bi-0 bilayers. In
addition, intercalation shifts adjacent Cu02-plane-con-
taining blocks into common registry, thereby removing
the staggered Bi sequence observed in pristine Bi-2:2:I:2.
Comparison between images recorded under [010] and
[100] directions demonstrates that the iodine is located
between the oxygen atoms in the sandwiching layers;
therefore, the iodine is epitaxially intercalated. Although
only a few atomic layers are shown in Fig. 1(c), the actu-
al micrographs cover much larger areas () 1000 A), and
con6rm that long-range iodine order persists, consistent
with x-ray studies. Figure 1(d) shows a computer-
generated image [corresponding to Fig. 1(c)] assuming
epitaxial iodine intercalation with a 23% c-axis expansion
(3.6 A per Bi-0 bilayer), and a shift into common regis-
try of adjacent Cu02-containing blocks. Both x-ray and
electron-microscopy results suggest that iodine intercala-
tion has little effect on the internal structure of the pris-
tine "blocks" that contain the Cu02 planes.

The anisotropic electrical resistivity p was measured
using standard four-terminal methods [8] (employing
silver or platinum paint contacts) and a contactless rf
technique [9]. In the contactless rf technique, the sample
was placed between two small coaxial coils, where one
coil launched a 50-MHz signal and the other coil detect-
ed the signal transmitted through the sample. The
transmission amplitude was then used to determine the

FIG. 2. In-plane resistivity for the same crystal before (Bi-
2:2:I:2) and after (IBi-2:2:I:2) intercalation. Inset: The crys-
tal sheet resistance RD before and after intercalation.

ab-plane sheet resistance of the crystal. The contactless
technique has the advantage that it measures true bulk
sheet resistance without being sensitive to surface condi-
tions or contact geometries; it is well suited to a precise
measurement of the in-plane resistivity of the same crys-
tal before and after intercalation.

Figure 2 shows the in-plane resistivity p,b for a given

crystal before (Bi-2:2:I:2) and after (IBi-2:2:I:2) iodine
intercalation, obtained using the contactless rf technique.
For Bi-2:2:I:2 (open circles), p,b displays the roughly
linear temperature dependence in the normal state above

T„,as observed in many previous studies. For the same
sample after intercalation (solid diamonds), p,b shows a

qualitatively similar behavior, except that, compared to
pristine Bi-2:2:I:2, the magnitude of p,b is slightly larger
and T, is somewhat . depressed (consistent with magneti-
zation studies). There also appears to be a slight change
in slope in p,b for IBi-2:2:1:2near T-180 K.

Since intercalation expands the c axis of Bi-2:2:1:2by
23%, an increase in p,b upon intercalation is expected
even in the absence of any change in the conduction prop-
erties of the Cu02 planes (these planes are assumed to
dominate the in-plane conduction). The inset to Fig. 2
shows for the same crystal the in-plane sample resistance
(i.e., crystal sheet resistance, R&) before and after inter-
calation. Over much of the normal-state temperature
range, R& is nearly identical for Bi-2:2:I:2 and IBi-
2:2:1:2. Careful checks indicate that the magnitudes of
RD for Bi-2:2:1:2and IBi-2:2:1:2agree to within 1% at
room temperature (we note that possible errors in mea-
surement of the sample thickness do not affect this result,
since this dimension does not enter the analysis for RD in

the contactless resistance technique). We thus conclude
that the difference in ab-plane resistivity between Bi-
2:2:1:2and IBi-2:2:1:2is a consequence only of the crys-
tal expansion; conduction along the Cu02 planes is virtu-
ally unaffected by the intercalation On the oth. er hand,
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as we show below, intercalation dramatically changes the
out-of-plane conduction.

Figure 3 shows the c-axis resistivity p, as a function of
temperature for a pristine Bi-2:2:1:2crystal and an iodine
intercalated IBi-2:2:1:2crystal. Numerous pristine and
intercalated specimens were measured using both the
Montgomery contact geometry [8] and a large-area cur-
rent and small-area voltage pad geometry with similar re-
sults. For pristine Bi-2:2:I:2 (open circles), p, shows the
"semiconductorlike" temperature dependence charac-
teristic of out-of-plane transport for this and related ma-
terials. Although the increase in p, . with decreasing tem-
perature has a complicated temperature dependence, it is

often referred to as "I/T-like. " The solid diamonds in

Fig. 3 are for IBi-2:2:1:2. In sharp contrast to the semi-
conductorlike temperature dependence observed in the
pristine material, p„for the intercalated crystal shows an
absolutely linear temperature dependence over the entire
normal-state range. Given that p,b is not changed by in-

tercalation and that TEM, electron dilfraction, and visual

inspection do not show any intercalation-induced defects
which could couple the ab-plane into the c-axis measure-
ment, we conclude that this temperature dependence in p,
is intrinsic and not due to a "tortuous path" conduction
as may occur in intercalated graphite [10]. Hence, inter-
calation changes the semiconductorlike or 1/T-like behav-

ior for p, into metalliclike.
Although the temperature dependence of the resistivity

tensor in IBi-2:2:1:2is metalliclike for both in-plane and
out-of-plane transport, it is important to note that the in-

plane to out-of-plane conduction anisotropy remains ex-
treme. Indeed, as Fig. 3 demonstrates, the rough order of
magnitude of p„well above T„is quite comparable for
pristine and intercalated specimens.

There have been several predictions of the normal- and

superconducting-state behavior of the layered oxides by
Wheatley, Hsu, and Anderson (WHA) [11,12] and by
Anderson and Zou (AZ) [13], all based on a model de-
rived from the resonating-valence-bond theory. The ex-
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FIG. 3. Out-of-plane resistivity vs temperature for typical

pristine (Bi-2:2:I:2) and intercalated (IBi-2:2:I:2) crystals.
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perimental studies presented here can be used to examine
these predictions and to provide information about micro-
scopic interactions in these systems. Any viable model
must account for both the small shift in T, and the
dramatic change in out-of-plane conduction induced by
intercalation.

The observed change in T, with intercalation is con-
sistent with the WHA model of layered systems [11] if
we assume that the next-nearest Cu02 plane coupling
(A„) is essentially eliminated by iodine intercalation
while the nearest-plane coupling (A„,) in the intercalated
material is the same as in the pristine material since these
planes are within a single block. The couplings A have
the form

A„„,-fT,.„,i'/J, (1)
where (Ti( is the interlayer hopping matrix element for
nearest-neighbor Cu02 planes (m) and next-nearest-
neighbor planes (o), and J is the spinon bandwidth. If
A 0, then either T~„Oor J ~. The spinon
bandwidth J depends only on the structure of the spinon

energy spectrum which in turn is determined solely by the
CuO~ planes. The condition J ~ is not physical nor is

it reasonable, as will be shown in the discussion of p, b

below. Thus, we are left with the conclusion that T&„
0, or is at least greatly reduced.

We now examine the anisotropic electrical resistivity.
In the AZ calculation, the resistivity in the ab plane is

caused by the scattering of holons by spinons. Thus, p, b

is a probe of the in-plane interaction and the densities of
states of the spinons and holons. Specifically [13],

p, b =(ma/ne')(2x/h, )r g,gbT, . (2)
where mq is the eft'ective mass of the holons, n is the
holon density, t is the in-plane scattering matrix element
between holons and spinons, and g, (gb) is the spinon

(holon) density of states. The value of p,b for the inter-
calated samples demonstrates that the resistance of the

CuOq planes is unchanged by the intercalation. Further-
more, the values of t, g„gb, and J depend only on the
spinon-holon local environment in the t"uOq planes, and

would remain constant unless the intercalation aff'ected

the structure of the material in those planes. The near-

plane interlayer hopping matrix element (T~ ) also only

depends on the local environment of the closest spaced
Cu02 planes. Thus, we can assume that t, J, g„gb,and

T&, are not aA'ected by the intercalation. This supports
the proposition that A„,is not altered by the intercalation,
and that the observed depression in T,- is due to a reduc-
tion in A, through a decrease in (T~, ~.

The out-of-plane resistivity p„however, poses a prob-
lem to an interpretation based on the Az calculation. In-

tercalated samples display a metallic p, down to T, . The
AZ calculation for p, in a single-plane system, following

a similar development as for p,b, gives [13]

gb 1

2lce ! ', & ) I JT~[ ggbT
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where T& is the interlayer matrix element for the scatter-
ing of spinons and holons, ab is the area of the Cu-Cu
square in the ab plane, and c is the interlayer distance.
Since in this interpretation Bi-2:2:1:2 should have two

types of c-direction tunneling —from nearest-neighbor
planes and next-nearest-neighbor planes —Eq. (3) is logi-
cally extended to give

p„—I /aA„T+ I /PA T, (4)

where a and P include factors of the densities of states, J,
and the different c-axis spacings for nearest-neighbor and
next-nearest-neighbor Cu02 planes.

In view of the T, and p,b measurements, if A de-
creases we would expect p, for intercalated IBi-2:2:1:2to
have a dramatically increased I/T-like behavior, whereas
experiment shows no evidence for any I/T-like behavior
(see Fig. 3). In addition, the T, measurements indicate
[5] that A =9A„.Assuming the A, term has been re-
placed by some other mechanism, with the appropriate
temperature dependence, one would still expect to see a
small 1/T contribution to the resistivity from the A term
near T, . However, this is not observed experimentally.

In light of this inconsistency, the previously proposed
model does not adequately explain the resulting p, of the
iodine intercalated Bi-2:2:I:2 material. In this theory,
the description of the c-axis conductivity mechanism and
the pairing interaction for the superconducting state (i.e.,
T&) are intimately related, and the small change in T,
and the large eA'ect on p, cannot be self-consistently ac-
counted for.
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