INTERCALATING HIGH-T¢ OXIDE SUPERCONDUCTORS

A. ZETTL, W.A. VAREKA, and X.-D. XIANG
Physics Deparmment, University of California at Berkeley, and Materials
Sciences Division of the Lawrence Berkeley Laboratory, Berkeley, California
94720 US.A.

Abstract. Intercalation can be unsed to insert guest atomic and molecular species between
weakly-bonded slabs of e host structure. Intercalation of iodine into Bi-31-Ca-Cu-Q resulis
in a substantial expansion of the crystal along the c-axis direction, a modest depression in
T,, and changes in normal-stats ransport coelficients. The properties of the intercalated
oxide superconductors can be used 1o evaluate the role of interlayer coupling and help
establish suitsble models for the anisoropic normal state transport and the unusual nature
of the superconductivity.

Introduction

The microscopic theory of superconductivity developed by Bardeen, Cooper, and
Schrieffer (BCS)[1] and subsequently extended by Eliashberg{2] and McMillan(3] has
been phenomenally successful in accounting for the properties of most
superconductors. In 1964, Marvin Cohen used BCS theory to predict[4] the first
oxide superconductor, SrTi03, witha T¢ of order 1K. The new class of high-T¢
oxide superconductors introduced in 1986[5] and now displaying T¢'s as high as
~135K (for HgpBaCaCu30yx under ambient pressure(6]) and ~160K (for
HgoBayCayCu3Ox under high pressure{7]) present new puzzles and new challenges.
Despite tremendous experimental and theoretical effort devoted to these compounds
over the past eight years, no consensus has been reached as to whether or not the
superconductivity can be explained within the framework of the BCS formalism or if
it necessitates a more exotic mechanism or a combination of mechanisms.

The high-T oxides are layered compounds where each unit cell contains one or
more parallel CuQ?2 conducting planesi8]. Each CuQ? plane is built with one Cu
atom bound with four O atoms. Generally the Cu atoms form a square lattice with
the O atoms located midway between any Iwo Cu's. Several materials like
YBapCu307.§ and La7.xSrxCu04.§ undergo an orthorhombic distortion at low
temperatures which distorts this geometry, but only slightly. In addition o the O in
the plane, one or two O atoms sit above and betow the Cu atoms along a direction
which is essentially normal to the CuQ7 planes. The Cu-O bond length to these
out-of-plane O atoms is generally greater than those in the plane, The CuQO?2 planes
are separated from cach other by one or more intervening atomic layers. For all the
high T oxides, this layered natre also carries over to the transport and magnetic
properties which dispiay large anisotropies between the in-plane and out-of-plane
directions. Experimental results and band theory calculations indicate that the charge
carriers are much more mobile parallel to the CuQ7 planes (the ab-planc) than in the
normal direction (c-axis). For example, at room temperature pab/pc ~ 30 for
YBaCu307.5(9] and up to ~10* for Bi2Sr2CaCu20x[10]. The common layered
nature of the high-Tc oxides and the large electrical anisotropy suggest that these
features may play a key role in the superconductivity mechanism. We here explore



this possibility. Our focus shall be on intercalation effects in the Bi-Sr-Ca-Cu-O
(BSCCO) superconductors.

Pristine Bi-Sr-Ca-Cu-0O

The BSCCO family consists of three members with a pristine stoichiometry
given by Bip8r2CanCu(14n)0(6+2n-8) With n = I,2,0r3. The & is included to
explicitly represent the variable oxygen content found in these materials. These
compounds are commonly referred to as Bi-2201, Bi-2212, and Bi-2223 forn= 1, 2,
and 3, respectively. Fig. 1 shows the crystal structures[11] for these three
compounds along with the associated Tc's. The unit cell consists of two identical
perovskite-like blocks which have a shifted registry. Each block contains one, two,
or three CuQ? layers separated from each other by a Ca layer. These closely coupled
Cu0Q7 planes are then sandwiched between a pair of SrQ layers and finally two BiO
layers. Therefore the bounding layers of these subunits or blocks are composed of
BiO. When these blocks are stacked on top of each other there is a relative shift of
a/2 which results in the Bi atoms of one block being coordinated with the O atoms in
the adjacent block's BiO bounding layer. Therefore the unit cell consists of two of
these blocks. As is common in all high T¢'s the Cu atoms are either 4-fold, 5-fold.
or 6-fold coordinated with O atoms. Careful examination{ 12] of the crystal structure
also shows that there is a superlattice modulation along the a-axis with a wavelength
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Flg. 1 Crystal suuctures and associated Tc's for the three members of the BSCCO family.



of ~ 26 A. This modulation is believed 1o be mainly associated with the BiO
bilayers and does not appear to be an important factor in the superconductivity. On
the other hand, the striking differences between the Tc's of Bi-2201, Bi-2212, and Bi-
2223 suggest that Cu07 interlayer and interblock couplings are of critical importance
in the superconductivity mechanism.

The superconducting transilion lemperature as well as the transport properties of
BSCCO and other high-T¢ oxide superconductors can also be dramatically affected by
varying the oxygen content. In BSCCO, if the material is fully oxygenated by
flowing pure oxygen over the sample as it is heated to 400-650°C, it is found (0 have
a superconducting transition temperature of ~ 85 K. As the oxygen is removed from
the sampie T¢ first increases o about 9 1-93 K and then rapidly decreases; the samples
eventually becoming non-superconducting. In general, this is believed to be caused
by a charge doping effect in the Cu07 layers with the insertion or removal of
oxygen. Similar behavior can be seen if instead one performs a substitutional doping
on the constituents of some of the intervening layers. For example, again in
BSCCO, if the trivalent Y is partially substituted[13] for the divalent Ca (which lies
between the CuQ?2 layers) there is litde change in the crystal structure and yet one
observes this same negative parabolic-like behavior in T¢ vs. Y concentration,

Hence charge doping into the CuO? layers also has a profound effect on Tg.

Intercalation in Bi-Sr-Ca.Cu-O

Intercalation is the insertion of guest atoms or molecules into a pre-existing
host structure{14]. The guest species or intercalant migrates into voids or weakly
bonded regions in the host structure thereby leaving intact the main structural features
of the host. The interaction of the intercalant and host can result in a wide range of
changes to the physicak.chemical, electronic, and optical properties of the original
host structure. The primary causes for electronic structural changes are charge
transfer from the guest atoms to the host structure and changes in interlayer coupiing
for the host. Graphite and transition-metal dichalcogenides are classic examples of
layered materials that can be easily intercalated by a variety of guest species,
sometimes with dramatic consequences. For example, pristine graphite is a
semimetal and is not superconducting, while intercaiated graphite can be a
superconductorf 14].

Of all the high-T¢ oxide structures, the BSCCO-family possesses the greatest
degree of anisotropy. Since BSCCO compounds have a micaceous morphology
cleaving easily between the BiO bilayers, BSCCO is a good candidate for
intercalation between these bilayers. Intercalation can then be used o tune the
anisotropy, allowing a systematic investigation of the role of anisotropy on the
normal and superconducting state paramelcrs. Many models of high-T;
superconductivity direcily relate the anisotropy to the superconducting and normal
state parameters, and hence intercalation can provide critical model constraints. In
addition, intercalation might be an effective method to produce a variety of new high-
T superconductors, ideally some with superior mechanical and/or elecironic
properties for applications purposes.

One class of common intercalants for graphite and the dichalcogenides is alkali-
metais{14]). Atiempts 1o intercalate similar guest species into the oxide
superconductors have not yielded positive results(15]. For example, " intercalation”
of K and Na into Bi-2212 crystais results in a drastic decrease in T¢ and color change



of the crystals, but no significant change in the laitice parameters. This suggests
that K and Na act as oxygen getters instead of intercalants. Similar problems most
probably occur for Cu and Ag intercalation{16]. On the other hand, iodine can be
cleanly and reproducibly intercalated into the entire BSCCO family(17-23]. Both
stage-1 intercalation (where the iodine is inserted between each BiO bilayer), and
higher stage structures (where stage-m means jodine is inserted into every mth BiO
bilayer) have been produced and characterized.

STRUCTURAL PROPERTIES OF IODINE-INTERCALATED Bi-Sr-Ca-Cu-O

{odine has been successfully intercalated into all members of the BSCCO family
consisting of Bi-2201, Bi-2212, and Bi-2223; intercalated Bi-2212 is the most
extensively studied. In all cases the iodine intercaiates between the BiO double-
layers, never within the tightly-bound CuO layer-containing blocks. Fig. 2 shows
schematically stage-1 and stage-2 iodine intercalation into Bi-2212. Stage-1
structures have been obtained for all three materials{ 18], and higher stage structures
have been identified for Bi-2212[19,23]. The stage-1 compounds are air stable,
Higher stage structures (stage 3 or greater) have been identified in Bi-2212 using high
resolution Lransmission eleciron microscopy (TEM) only as minority phases. A
significant number ( 2 5 ) of repeated units of stage-3 have been observed, and

regions with a stage index up to 20 have also been imaged. At present all atiemplts
to isolate these higher stages as majority phases have not been successful.

Table 1 is a summary of the latlice constants, spacc groups, and distances
between the adjacent cation layers in the iodine intercalated BSCCO family. All of
these data have been obtained using the results of high resoiution TEM work except
for the case of Bi-2201 where data were obtained from powder x-ray diffraction studies
only. It shouid also be'noted that the identification of Bi-2201 and Bi-2223 is ideat

since the actual host material contains various dopants for structural stability {the
pristine Bi-2201 is actually Biz 1511, 51.a0.4CuQx and the pristine Bi-2223 is
actually Bij 5§Pb0 325b0,15r1.75Ca1.8Cu2,750x)-

The major structural effect of iodine intercalation into BSCCO is an increase
in the c-axis lattice constant: each intercalated iodine layer expands the lattce by 3.6
A . However, the actual lattice constant along the c-axis requires careful atiention,
At every intercalated BiO bilayer, the BiO layer stacking sequence of AB..BA..Ain
the pristine material is changed upon intercalation to a stacking sequence
AJA..A/A..A. A and B refer to BiO layers with a/2 shift with respect to each other,
the dotted line ... refers to the rest of the elements in the basic building block, and /"
refers 10 the iodine layer. A similar change in the stacking sequence is commonly
observed in graphite and the dichalcogenide intercalation compounds. Hence,
intercalation shifts adjacent CuQ7 pliane-containing blocks into common registry,
thereby removing the staggered Bi sequence observed in, for example, pristine Bi-
2212. As a consequence, the stage-1 material, though expanded along the c-axis
direction, has a c-axis lattice constant which is smailer than that in pristine Bi-2212.
This is because the intercalated material requires only a single building biock of the
host structure in addition o the iodine layer to form a unit cell, whereas the pristine
material requires two building blocks due to the staggering of the BiO bilayers. In
stage-2 iodine intercalated Bi-2212, cach intercalated iodine layer again expands the
lattice by 3.6 A as observed for stage-1. The presence of iodine again changes the
stacking sequence to a commonly registered one. Specifically, the stacking sequence



Fig. 2 Schematic of intercalation of Bi-2212 with iodine for both stage-1 and stage-2.
The iodine intercaistes between the weakly bonded Bi-O bilayers. The shaded regions
represent the strongly bonded main structural units of the host and the dashed lines

represent the CuQ7 layers.

AB..BA...AB relevant (o pristine Bi-2212 changes in the stage-2 compound o
AB..B/B..BA..A/A...AB. This implies that for stage-2 material the c-axis lattice
parameter is significantly larger than in the pristine or stage-1 materials since it must
include four building blocks of the pristine material in addition o the iodine layers to
form the unit cell,

Comparison between TEM images recorded under {010] and [100] directions in
stage-1 Bi-2212 demonstrates that the jodine is located between the oxygen atoms in
the sandwiching layers, evidence that the iodine is perfectly epitaxially intercalated.
TEM micrographs covering areas >1000 A square are consistent with x-ray diffraction
results of long range iodine order in the intercalated BiO bilayers. These images also
confirm that the intercalation of iodine does not alter intra-block lattice parameters
nor does it affect the b*-axis lattice modulation observed in the pristine host
materiai(21]. Recently, Raman studies[24,25] have been performed on iodine
intercalated Bi-2212, which interestingly indicate the presence of 13-, Assuming that
the F3- signature is originating from the iodine intercalated between the BiO bilayers,
this suggests an additional modulation for the iodine layer. However, if an iodine
trimer structure (perhaps linear) does exist, it must have a lattice match very close to
that of the BiO surface in order 10 be consistent with the x-ray and TEM data. This
is a subtiety that deserves further investigation.



Pristine Siage-[ Siage-il Stage-iil Srage-n
Bi43#yCaCua0y WipStyColuy0, B8 CopCe0y  IigngCaylugO,  [BipySranCanCup 0,

a 54 54 5.4 54 54
b 5.4 5.4 5.4 5.4 54
c 30.6 18.9 68.5 494 m(3.6 + 15.3n)

m o= | when nis even
m =2 whennis odd

Space Bhymb Pria Bhmb Pra2 Pnaz When n is odd
group Bmp when n is even
I-Bi - 33 3.40 340 3.40
Bi-(M)-Bi 124 6.62 6.80 6.80 6.80
Bi-Sr 200 2.30 2.70 .70 .10
5e-Cu 1,70 170 1.70 170 170
Cu-Ca 1.63 ! 65 1.63 L65 1 65
Pristine Stage-i Pristine Stage-1
BlySryCe0, 1BipSegCn0y BigSegConCuyD, 10igSegCagliayly
3 5.4 54 5.4 5.4
b 5.4 5.4 5.4 54
[ 24.2 15.8 16.9 220

Table 1 Comparison of lattice parameters (A), space groups, and distances (A) between
adjacent cation layers in prisine BSCCO and iodine intercalated BSCCO. The
distances between the layers are defined using the ¢c-coordinates of the cations.

T OF IODINE-INTERCALATED Bi-Sr-Ca-Cu-0

The dramatic out-of-plane structural changes that result from intercalation might
be expected to drasticaily affect the superconducting transition temperature T¢ of
BSCCO. On the other, if T is dictated soley by the intemal structure of the CuQy
containing blocks and intercalation causes no structural changes in and no charge
wransfer to the CuO) planes, then T¢ may be completely insensitive to intercalation.
Such an insensitivity to intercalation is observed in the layered superconductor
TaS2{26]. We here consider two trends in the intercalation dependence of T¢ in
BSCCO: how does T¢ change for the different members of the BSCCO family on the
intercalation of iodine, and what effect does stage index have on the superconducting
properties of a particuiar member of the family?

T in pristine and intercalated samples of BSCCO can be determined using a
number of techniques. One uses the ac susceptibility measured using an rf resonant
magnetometer. Another method uses the dc susceptibility measured using a
superconducting quantum interference device (SQUID) magnetometer. This method
is particularly well suited for measuring the polycrystalline samples of the pnstine
and intercalated Bi-2201 and Bi-2223 materials. The temperature dependence of the
resistivity of single crysals of Bi-2212 and IBi-2212 has aiso been measured using
both contactless (eddy current) and direct 4-tesminal techniques. Cross-checks indicate
thas all measurements methods yield reproducible and consistent Tc's.

T, resuits for pristine and intercalated BSCCO materials are summarized in Table
9. Interestingly, all intercalated members of the BSCCO family remain



Original T, | Stage-1 T, | AT | Stage-2Tg AT,
220t 24 ~22 ~2 - -
2212 ~90 80 ~10 85 ~3
22 ~110 ~100 ~10 - -

Table 2 Tc's (K) for ail members of the RBSCCO family as weil as stage-1 and stage-2
iodine intercalaled materials,

superconducting after iodine intercalation, but with a slight depression in T¢. The
volume fraction of superconductivity, as determined from the Meissner fraction in dc
magnetization measurements, is unchanged by the intercalation. The onset T of the
stage-1 intercalated Bi-2201 compound is decreased by only 2 K with respect to Te =
24 K for the (La doped) pristine material. The T¢ of different pristine Bi-2212
samples is somewhat dependent on the detaiis of the crystal synthesis, ranging from
85 to 92 K. However the stage-1 intercalated 1Bi-2212 structure always has a T¢ of
78 - 80 K. Stage-2 intercalated Bi-2212 has a repreducible T¢ of 85K. The T¢ of the
stage-1 Bi-2223 intercalated sample is again depressed by ~10 K with respect to T¢ =
110 K for the pristine sample.

INTERLAYER COUPLING VERSUS CHARGE TRANSFER

The intercalation of iodine into the BSCCO structure couid alter T¢ in two
obvious ways. The first is a modification of the inter-layer coupling of the CuQ2
sheets from one block of the host structure 10 the next, and the second is a potential
charge transfer from the iodine layers to the CuO7 layers. A number of studies on
intercalated BSCCO have been performed to help determine the relative contribution
of each effect to the observed shift in T¢. Scveral experiments indicate that there is
litde, if any, charge ransfer from the iodine to the CuQ7 planes and the shift in T is
auributed entirely to changes in inter-layer coupling. Other measurements have been
interpreted as giving evidence that there is charge transfer.

If iodine intercalation results in charge-doping of the CuQ; planes, this should
be observable in in cxperiments that probe the electronic structure, including
transport measurements, photoemission, and x-ray absorption. The ab-plane
electrical resistivity is a relevant parameter, since the in-plane resistivity of pristine
BSCCO is assumed to be dominated by conduction through the CuO? planes with
essentially no contribution coming from conduction in the BiO and SrO planes.
However, because intercalation expands the c-axis of Bi-2212 by 23%, an increase in
pab upon intercalation is expected even in the absence of any change in the
conduction properties of the Cu07 planes. The relevant parameler o compare is the
crystal sheel resistance, RO = pA, where t is the thickness of the sample. This sheet
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Flg. 3 (a) Normalized ab-planc resistance versus temperature for pristine Bi-2212 (open
circles) and intercaiated I-Bi-2212 (solid diamonds). (b) c-axis resistivity versus
temperature for pristine Bi-2212 (open circles) and intercalated I-Bi-2212 (solid
diamonds).

resistance effectively measures the conductivity per CuOz plane because intercalation
only affects the spacing and not the number of planes. Fig. 3a shows for the same
Bi-2212 sample the crystal sheet resistance before and after stage-1 intercalation[20].
Over much of the normat siate temperature range, R is nearly identical for Bi-2212
and [Bi-2212. Careful checks indicate that the magnitudes of ROQ for Bi-2212 and
[Bi-2212 agree to within 1% at room temperature. These data suggest that
conduction along the CuQ7 planes is virally unaffected by the intercalation, and
that iodine intercalation results in no significant charge transfer to the CuQO7 planes.
Another transport parameter sensitive to charge transfer is the Hall coefficient.
Pooke et al[27] have compared the Hall coefficient of pristine Bi-2212 and stage-1
iodine intercalated Bi-2212 and find an apparent increase in carrier concentration with
intercalation. Huang et af.[28) similarly interpret Hall effect and T, measurements



under pressure, and suggest the number of holes transferred is 0.3 per iodine atom. It
is difficult to reconcile these data with the ab-plane resistivity resuits just described.

The observation of 13- in Raman measurements{24,25] suggests some charge
transfer from the iodine layer to some part of the host structure, but not necessarily
10 the CuO? planes. There is clear evidence that there is some charge transfer
between the iodine and the adjacent BiO bilayers. There is a significant shift in the
x-ray-absorption near-edge structuref29] for the Bi L3-edge in the iodine intercalated
compound compared 1o the pristine material, Recent x-ray photoemission and angle-
resolved ultraviolet photoemission spectra by Ma ef al{30] show that while the
clectronic structure of the normal states near the Fermi level is strongly affected by
iodine intercalation, the XPS Cu 2p core level data indicate that the hole
concentration in the CuQ planes is essentially the same before and after intercalation
in Bi-2212. Further evidence for charge transfer o the BiO bilayers comes from the
observation[20,27,28] of a dramatic change in the temperature dependence of the ¢-
axis resistivity upon intercalation, going from semiconductor-like to metallic-like,
indicative of a change in the transport characterisucs across these weakly bonded BiO
bilayers. This behavior is shown in Fig. 3b. Although the temperature dependence
of the resistivity tensor in intercalated Bi-2212 is metailic-like for both in-plane and
out-of-plane transport, it is important 10 note that the in-plane o out-of-plane
conduction anisotropy remains extreme. Indeed, as Fig. 3b demonstrates, the rough
order of magnitude of p¢ well above T¢ is quite comparable for pristine and
intercalated specimens. Near T the anisotropy is reduced by about one order of
magnitude but still remains quite large. lodine intercalation does not turn the BiO
bilayers into good electrical conductors.

By measuring the x-ray-absorption near-edge structure corresponding to the Cu
K-edge, Liang et al.{29] have determined that there is only a very smail (0.03 holes
per Cu) increase in the hole concentration on stage-1 iodine intercalated Bi-2212,
consistent with the XPS gndmgs of Ma et al.[30). Fujiwara et al.[31] have measured
the effect of hole doping in the iodine intercalated system by using the host structures
BipSryCay.x Y xCu20g with differing values of x. Since the Y concentration directly
affects the hole density in the CuQ2 layer, Fujiwara et al. were able 1o directly
measure the T vs. hole doping curve by using host samples with different values of
x. This study showed that there may be a charge doping of about 0.025 holes per
Cu. It also explicitly separates the effects of charge transfer and inter-layer coupling
since if the change in Tg is simply a charge doping effect then for some concentration
of x the original T¢ value should be obtained. The results indicate that the majority
of the change in Tc upon intercalation is due to the modification of the inter-layer
coupling and only a small amount is related to hole doping. Interestingly, other
studies of La-doped(32] and Y-doped(33] Bi-2212 have been interpreted as giving
evidence of substantial iodine-induced hole doping into the CuO2 planes.

A comparison of AT for 1Bi-2212 and IBi-2223 is instructive; it argues against
charge transfer io the CuQ2 planes. The amount of charge transfer from the iodine
to the CuOy planes would be expected to be the same in both cases. This
assumption is based on the observation that the local environment of the iodine is
the same in both sysiems and the x-ray and TEM studies show that the lattice
expansion upon intercalation is also identical, If charge doping where the sole cause
for the depression in T then one would expect that the IBi-2223 system would show
a noticeably smaller change in T¢ since the same amount of holes doped in must now
be shared among three Cu(Q? sheets whereas for IBi-2212 these extra holes would be



distributed over oaly two Cu07 sheets.

Taking all the available data into account, it appears that charge doping to the
CuQ layers cannot be ruled out as having some effect on the transition temperature.
However, a significant body of evidence indicates that charge wansfer is unlikely 1o
be the major cause of the observed depression in Tc in intercatated BSCCO, If this is
the case, then changes in interblock coupling of the CuQ7 planes dominate,

TESTING SOME INTERPLANE COUPLING MODELS

The shift in Tc upon intercalation and for different intercalation stage structures
can be used to estimate the size of the adjacent block coupling in pristine and
intercalated BSCCO. We assume that intercalation reduces the interblock coupling
due to an increase in the distance between the CuO2-containing blocks. Stage-1
intercalation reduces the adjacent block coupling in both directions along the c-axis,
while stage-2 intercatation preserves the original coupling in one direction for each
block. The coupling parameters for pristine and intercalated Bi-2212 are shown
schematically in Fig. 4. Since AT for the stage-1 malerial is -10K while AT for
the stage-2 matcrial is only -SK, empirically it appears as if next-block coupling
contributes about 5K o T¢ for each neighboring block of pristine Bi28r2CaCup0x.

Here we examine two prototypical layering models, both of which are capable of
explaining the behavior of T¢ upon multi-stage intercalation. No specific
microscopic mechanism is assumed, and the parameters in each model are determined

here phenomenologicaily.

The simplest layer coupling model is one where T varies linearly with the
interplane coupling. Each CuO2 plane is coupled to its neighbors in the ¢ direction,
and intraplane coupling is neglected. Wheatley, Hsu and Anderson (WHA)(34] have
introduced and used this.type of model to discuss superconductivity due to spinon-
holon scattering. Here we apply the layering scheme 10 the effects of intercalation
and exhibit the merits of this approach. Our analysis is not mechanism-specific.

In the linear layering model, the superconducting amplitude in plane i, 74,
depends on 74} and ;-1 and the couplings between the planes, A; j+1 and Afi-1.
For Bi2Sr2CaCu20y, there are two different couplings, Ao and A1, for nearest and
next-nearest planes respectively. The couplings are shown schematically in Fig. 4.
The nearest planes are within a block whercas the next-nearest planes are in adjacent
blocks. Since all the CuQ7 planes are equivalent, all the 7's are equal and the
eigenvalue equation for T, (Ao + A1) M = Ten, yields

Tc{pristing) = Ag + Al. e}

For stage-1 1BigSraCaCu20yx, the model is the same but with A replaced by
A1’ since the next-nearest planc coupling is assumed to be grossly affected by the
intercalation. The predicted stage-1 T is then Ao+ Al

For stage-2 IBigSr4CaCuqOx, the CuQ2 planes are no longer equivalent; there
are planes (a) coupled by Ag and A1, and planes (b) coupied by Ag and A1". The
eigenvalue equation for T is then
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Fig. 4 Schematic of interplane coupling parameters in pristine and intercalated Bi-2212,
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If we assume intercalation compietely destroys the next-nearest plane coupling, then
A1'—0, and the measured Tc(stage-1) yields Ao = 80K. With Tc(stage-2) = 85K, Ao
= 80K, and A1’ = OK, we find A} = 9.7 K. This is consistent with the results for the
pristine material where T is typically 90K [ = (hg + M.

It is possible to use the above analysis to predict the Tc's for higher stage
compounds. Assumingshg = 80K, A] = 10K, and A1 = OK, the predicted T¢'s for
stages 2, 3,4, and 5 are respectively 85, 87, 88, and B9K. With increasing stage
number these rapidly approach the T¢ for the pristine materiai, as expected.
Although stage-3 and higher structures exist for iodine intercalated Bi2Sr2CaCu20x,
it has not been possible to retiably determine the T¢'s for these minority phases,

Anderson and Zou (AZ)(35] have applied the layer model just described to the
specific mechanism of spinon-holon scattering and used it to make predictions for the
normal state ransport. The experimental studies presented here can be used to
examine these predictions and to provide information about microscopic interactions
in these systems. Any viable model must account for both the small shift in T¢ and
the dramatic change in the out-of-plane conduction induced by intercalation.

The couplings Ag and A1 have the form 20,1 —-|TJ_0’1i2ﬂ. where iT ! is the
interlayer hopping matrix element for nearest-neighbor planes (o) and next nearest-
neighbor planes (1), and I is the spinon bandwidth. If A1 — 0. then either Ti11-0
or ] — ee, J depends only on the structure of the spinon energy spectrum which in
tumn is determined solely by the CuO2 planes. The condition J — oo is not physical
nor is it reasonable as will be shown in the discussion of pab below, Thus, we are
left with the conclusion that T| 1 — 0 or at least is greatly reduced upon iodine
intercalation.

We examine the anisotropic electrical resistivity. In the AZ calculation[35], the
resistivity in the ab-plane is caused by the scattering of holons by spinons. Thus,
Pab is a probe of the in-plane interaction and the densities of states of the spinons and



holons. Specificatly,

Pab = (mp/n e2h)t2gsgT 3)

where mg is the effective mass of the holons, 2 is the holon density, t is the in-plane
scattering matrix element between holons and spinons, and gg (gb) is the spinon
(holon) density of states. The value of pah for the intercalated samples demonstrates
that the resistance of the CuQ? planes is unchanged by the intercalation.
Furthermore, the values of t, g, b, and J depend only on the spinon-holon local
environment in the CuO2 planes, and would remain constant unless the intercalation
affected the structure of the material in those planes. The near-plane interlayer
hopping matrix element (T 1) also only depends on the local environment of the
closest spaced CuQ7 planes. Thus, we can assume that ¢, J, gs, gb, and T} ; are not
affected by the intercalation. This supports the proposition that Ag is not altered by
the intercalation, and that the observed depression in T¢ is due to a reduction in A}
through a decrease in IT (|1,

The out-of-plane resistivity pc , however, poses a problem to an nterpretation
based on the AZ calculation. As shown in Fig. 3b, intercalated samples display a
metallic-like pc down to Tc. The AZ caiculation for p¢ in a single-plane system,
following a similar development as for pgh, gives

P = (he?)(ablo)(IT L 2gsgp2T7"! @)

where T | is the interlayer mawix element for the scattering of spinons and holons,
ab is the area of the Cu-Cu square in the ab-piane, and ¢ is the interlayer distance.
Since in this interpretation Bi-2212 should have two types of c-direction tnneling --
from nearest neighbor planes and next nearest neighbor planes -- Eq. (4) is logically
extended to give

pe ~ (o)L + (A1 T) 1 &)

where « and B include factors of the densities of states, J, and the different c-axis
spacings for next nearest neighbor and nearest neighbor Cu07 planes.

In view of the Tc and pap measurements, if A decreases we would expect pe for
intercalated Bi-2212 to have a dramatically increased 1/T-like behavior, whereas
experiment shows no evidence for any 1/T-like behavior (sce Fig. 3b). In addition,
the T measurements indicate that Ao = 941. Assuming the A1 term has been
replaced by some other mechanism with the appropriate icmperature dependence, one
would stitl expect 1o see a small I/T contribution to the resistivity from the Ao term
ncar Tc. However, this is not observed experimentally.

Another approach to interplane coupling and T¢ incorporates interplane
interactions into a BCS-like framework. Such a model has been advanced by Ihm and
Yu (IY)(36]. IY neglect interblock coupling. Since the intercalation results indicate
that this coupling cannot be neglected, such a coupling may be incorporaled(19] into
a phenomenological model that is essentially an extension of the original I[Y work.

In the 1Y model the transition temperature is pgiven by
kT, = 1.14hw exp(-F) where fi() is the range of the pairing mechanism and F is

obtained by solving the following set of gap equations



Ag[1 - AF(A)]= ; AphF(Ay) ©

fio ‘mh{(ez N A%)m Ak-r]
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where Ay is the gap associated with a given layer 0. F(Ay is the gap function, ¢ is
energy, k is Bolzmann's constant, A, [Aer] is N(gf)Va [N(€f)Ver), the intra-plane and
nearest (within the same block) CuQ2 plane couplings, V is the strength of the
interaction. and N(gf) is the density of states at the Fermi level and is assumed to be
the same for all CuO7 planes. The smallest positive F produces the lowest free
energy and hence the highest T so the desired solution is this value of F.

We extend the 1Y model by including the effects of the next-nearest plane
coupling into the calcutation. This introduces an additional coupling constant, An
corresponding to the next-nearest plane coupling, i.e., the coupling between the
CuO planes in adjacent blocks. Just as in the linear coupling model discussed
above, we assume that the effect of intercalation is to change Ap —> An'~ 0. Thatis
to say, the coupling across an intercalated layer has been reduced so far that it can be
treated as zero. Given this assumption, we derive[19] the following results,

. 1
F(P“S““°)=(m] ®
a cr n
1
F{stage-1) = (m‘“) ®
a =
F(stage-2) = 1 (10
?"a + le‘. + 7
1
F(Bi-2223) = 11
® ) (la+ﬁku+kn) ah

Notice that the results of our calculation for stage-1 agrec with the 1Y results for
pristine Bi-2212 as they should since in both cases the effects of inter-ptane coupling
are ignored. If we fit the coupling parameters Aa, Aer, and Ay for hw= 0.1 eV (from
1Y) to the experimentally determined T¢'s of pristine Bi-2223 (T¢ = 110 K) and the
pristine Bi-2212 (T¢ = 90 K) and stage-1 1Bi-2212 (T¢ = 80 K} compeunds, we
obtain Ay = 0.2840, Aer = 0.0725, and Ap = 0.0156. Although Ap is smail (~5% of



Xa). it is over 20% of the size of ey and therefore not negligible. Inserung these
parameters into Eq. (10), this model predicts the stage-2 T¢ to be 849K, in excellent
agreement with the experimentally determined T¢ = 85 K. Hence with the interblock
coupling included, a BCS-like model accounts well for the intercalation-induced shift
in T for the stage-2 material. The model can also be extended to predict the T¢'s of
higher stage compounds, although the dependence of F on the coupling is much more
complex than for lower stages.

Therefore we conclude that the effects of interblock coupling are indeed impertant
in determining the transition temperature in the BSCCO system. The microscopic
mechanism giving rise to the unusual normal state transport, and ultimately the
superconductivity, remains unciear.

Magneto-transport

The layered nature of the oxide superconductors is belicved to play a role in the
(unusual) magnetotransport. In YBCO the intrinsic anisotropy, though large, is not
so great as 1o invalidate the three dimensional mean field treaunent of Ginzburg-
Landau (GL) theory(37], provided one is close to Tc. To accommodate this

anisotropy, one replaces the original scalar effective mass m” in the GL theory with

an effective mass tensor L. This results in an anisotropic penewation depth and
coherence length thereby distorting the Abrikosov flux lattice. In YBCO the
measured anisotropy in the coherence iength is Ec(0) ~ 2 A and Eab(0) ~ 12 A[38].
Therefore, since the separation between the important CuO? layers is ~ 4.2 Ain the
¢ direction, this approximation is only marginally justified except near T, where
£ diverges as (1-()'0-5, with t = T/Tc. For BSCCO the anisotropy is so extreme
that "the three dimensional continuum picture is not a good approximation at
all"(39). In fact, defining the cross-over temperatuse, Teo. as the temperature at
which &c(T) is equal to the separation between CuQ2 planes in adjacent blocks, one
finds[40] Tc - Tco = 0.3 K!

We consider BSCCO not as a thres dimensional system but as a series of two
dimensional superconductors coupled together via weak Josephson coupling. This is
the approach put forth in the Lawrence-Doniach (LD) model{41]. In this model the
layers are in the ab-plane and the weak Josephson coupling occurs along the ¢
direction. If the coherence length & perpendicular to the layers is greater than the
separation of the layers d, this model esscntially reproduces the results of the
anisotropic GL model. If, however, Ec < d then the resuits of this model differ
significantly from the GL three-dimensional mean field approach.

One important prediction of the LD model is the possible coexistence of two
different types of flux lattices(42]. For the ficld component along ¢ the flux lattice is
the standard Abrikosov lattice. However, for the field component along the planes
there exists a Josephson vortex lauice. These Josephson vortices lie in the space
between the superconducting sheets and have a width = ®g/H\id where Hy| is the
component of H along the planes and d is the separation between the superconducting
planes. A Josephson vortex is uniguely different from an Abrikosov vortex in that
the former does not have a normal core. Recently, evidence for these Josephson
vortices has been observed in the c-axis [-V's for pristine Bi-2212{43). In addition,
Clem has proposed{44} that if the ficld is aligned at some angle out of the ab-plane



then the vortices must cut through the planes at some point producing "pancake
vortices" in the CuQ2 planes.

If one accepts that the excess field-induced dissipation arises from flux motion
induce by a Lorentz force JxH, then one would anticipate that the resistivity would
vary as sin2@. where @ is the angle between the current J and the field H.
Surprisingly, lye et al.[45] and others have clearly shown that the dissipation in
BSCCO is compietely independent of © when H and J are both perpendicuiar to the
¢-axis. In contrast to this[46], YBCO shows some sin2@ dependence and standard

conventional flux flow superconductors show essentially a complete sinZ@ angular
dependence. This would imply that the source of this discrepancy is coupled to the
strong layered nature of YBCO and the extreme layered nature of BSCCO. To
account for this behavior, Kes et al. have proposed[47] that the observed dissipation
is due to an angular misalignment of less than 1° which would produce many
"pancake vortices”. These vortices then interact with the transport current to yield
the @ independent dissipation, lye ef al. argue that even without misalignment, there
may be enough thermally activated pancake vortices to account for the dissipation.
Finally, Kim et al. have proposed([48] an allernate explanation. [n their model the
dissipation is not duc to tluxon motion, but instead it is the result of the reduction in
the Josephson critical current between the layers cause by the field-induced depression
of the order parameter in the grains. This reduced critical current then causes an
increase in the dissipation. One must conclude that there 1s no true consensus on the
physical cause of the field-induce dissipation (for all orientations of current and field)
in the BSCCO system, and by analogy in any other oxide superconductor.

MAGNETORESISTANCE OF IODINE-INTERCALATED Bi-$r-Ca-Cu-0

If we assume that dissipation in the BSCCO system is critically related to the
two-dimensionality and in particular to the large separation of the CuQ layers, one
is naturally led to the question of how the dissipation mechanism in BSCCO might
be affected by increasing this separation via intercalation. By further decoupling the
superconducting CuO?2 planes one may affect both the field penetration and the
dynamics.

ab-plane Magnetoresistance

As shown in Fig. 3a, in zero applied magnetic field the ab-plane resistivity,
pab. is essentially identical in pristine Bi-2212 and in the stage-| jodine intercalated
material , aside from the shift in the T¢ of ~-10K . We here investigate the effect of
finite applied magnetic field H. The accuracy of the alignment of the sample with
respect 1o the field is estimated (o be < 1-2°,

Fig. 5 shows the ab-plane resistivity of pristine Bi-2212 for various magnetc
field magnitudes and orientations with respect 10 the crystal axes and the direction of
the transport current density J[49]. Fig. 6 shows analogous data for stage-1 iodine
intercalated Bi-2212. If one focuses on the broadening of the transition defined here
somewhat generally by looking at the 5% points of the magneto-resistance curves for
the different fields compared to the 5% point for the zero field case, it is clear that the
extent of the broadening has not been noticeably affected by the intercalation process.
This would imply that the mechanism responsible for the anomalous resistive
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Flg. 5 ab-plane resistivity versus temperature in pristine Bi-2212, for different appiied
H-fields. Adapted from Palstra et al,, ref. [49].

broadening is not closely coupled to the details of the spacer layers between the
Cu07 layers. This does not appear consistent with the model of Kim ez al.[48) where
the dissipation is due Io changes in the Josephson critical current density between the
Cu07 layers and one would expect that the insertion of iodine between the BiO
bilayers would modify this coupling. In addition, it has aiready been shown that the
c-axis resistivity has been changed from a semiconducting-like to a metailic-like

temperature dependence which also would also imply that a change in the dissipation
behavior through thisemechanism should be observed. On the other hand, these
results are consistent with the models of Kes and Iye mentioned above since the
dissipation in these models is due to pancake vortices in the CuQ layers and they are
not expected to be significantly affected by the intercalation process.

Comparing Fig. 6a where the field gecometry is such that there exists a
macroscopic Lorentz force and Fig. 6b where there is no macroscopic Lorentz force,
it is clcar that the resistive broadening is still Lorentz force independent. This is
consistent with the picture that the insensitivity to the angle © between the current
density J and the ficld H is correlated with the two-dimensionality in this system. As
mentioned previously, after intercalation the anisotropy in the resistivity pab/pe is
still on the order of 1000 at T¢ and the transition temperature itself is still roughly
comparable to that in the pristine Bi-2212, both of which when combined with the
observation that IBSCCO still has a micaceous morphology strongly indicates that
this material is stilt extremely two-dimensional,

{ntercalating iodine into the BSCCO structure does not appear Lo significandy
alter the extent to which the transition is broaden due (o a magnetic field. In
particular, it does not alter the angular independence of the dissipation for H and J in
the ab-plane. This independence puts constraints on any theory that attempts to
explain the anomalous magneto-resistance in the high T¢ compound by consaining
it 1o be insensitive 1o the physical spacing between the CuO7 planes and to the
magnitude and temperature dependence of the c-axis conductivity,
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c-axis Magnetoresistance

Fig. 7a shows the c-axis resistivity of a pristine Bi-2212 sample for various
applied magnetic ficlds oriented in the ab-plane. Fig. 7b shows similar data for a
stage-1 iodine intercalated crystal. For both sets of data the magnetic ficid is parailel
to the ab-plane. Comparing Figs. 7a and 7b it is clear that there is a significant
difference between the pristine and intercalated sampies for fields £ 3.5 T. In the
pristine Bi-2212 data the curve for H=0.5T s essentially identical with that for H=
0 T. If we again compare the points at which the resistance has fallen to ~5% of the
value at the onset of the transition, then the difference in temperature of these 5%
points for H=0T vs. H= 05T is AT59 < 0.5 X. In contrast 10 this, the 1Bi-2212
data show that the H = 0.5 T is significamly different from the zero field case with a
difference in the $% points of approximately AT5% = 5 K. Therefore, cne sees an
increase in the widih of the transition for H = 0.5 T of more than one order of
magnitude when compared to the pristine matenial. For H= 3.5 T the intercalated
sample still shows a significantly broader transition but the difference in the 5%
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tercalated samples is now somewhat less than one
order of magnitude. When the ficld is increased still further this difference essenually
disappears with both materials showing 2 ATs5q, = 20-25 K for H = 7.0 T. This also
may imply a very real difference in the ficld dependence at high ficlds (H> 7 T) in
that for the pristine material the broadening is rapidly increasing with field whereas
for the intercalated material it appears o be saturating. It is not clear, however, if for
much larger ficlds the two sets of data would coalesce or if the pristine material
would start to have broader transitions. One problem with interpreting the measured
high field data is that the pristine material continues o show this normal-state-like

uptum below the zero field onset iemperature for these large fields. Since this tends
to "pull” the whole curve up, it is not clear whether it is relevant to continue to look

points between the pristine and in



at the width as defined by the 5% points of the onset temperaturé or instead ona,
should look at the 5% points of the maximum resistivity value. One fact is clear,
however, and that is that the low field (H < 3.5 T) behavior is sigmificantly affected
by the intercalation of iodine into the structure,

It has been proposed[50] that the dissipation in pc for H L ¢ is due 1o the sliding
of Josephson vortices along the ab-plane. In this picture each coreless Josephson
vortex has a width = ©g/H|id, where d is the distance between the supercenducting
layers and Hj| is the component of H parailel to the ab-plane. The model interprets
the threshold behavior seen in the [-V curves[50] as being due to the Josephson
vortices remaining fixed for low currents because of a pinning potential. As the
current is increased one reaches the point where the Lorentz force on the vortex
overcomes the defect pinning force and the vortices slide in the direction of the
Lorentz force, i.e., in the ab-plane, Using this model one would conciude that one
effect of the intercalation of iodine into BSCCO would be to decrease the width of the
Josephson vortices by ~23% since the separation of the CuQ planes is increased by
this amount. In addition the character of the Josephson vortex may change because
of a change in the Josephson coupling between the CuQ1 pianes. Finally, the iodine
may modify the distribution of pinning forces, especially in the neighborhood of the
BiO bilayers. At present, this model is not suficiently developed to be able to
determine whether the pronounced increase in the low field resistive broadening in
[Bi-2212 is consistently explained. However, these data do provide fertile ground for
future developments of this model.

The Future of Intercalation in Oxide Superconductors

Since the initial discovery{17] that iodine couid be successfully intercalated into
the BSCCO host structure yielding high-quality phase-pure compounds, numercus
researchers have succeséfully repeated the intercalation process with iodine and have
made some progress in intercalating other "guest” specics into the oxide
superconductors. We here briefly review these efforts and identify some promising
directions for the future.

Several groups{51-54] have been pursuing electrochemical intercalation of the
alkali-metals into BSCCO. One group also reported continuing efforts on
electrochemical intercalation of Cu[55,56] Grigoryan et al.[57-61] have devoted
considerable efforts towards intercalating ring-shaped organic molecules like benzene
and the metal-phthalocyanines into BSCCO, but to date they have not been
successful in obtaining uniformly pure materials. Numerous repons exist for
intercalation attempts using other halogens. Evidence has been reported(56,62,631
for the successful intercalation of Br into BSCCO, but the resulting material is
unstable in air and cannot be made phase pure since the reactivity of Br makes the
samples too fragile for concentrations x 2 0.3, where x is defined by
BrgBipSrpCaCu20§. Recendy, Mochida et al.[55] reported the successful
intercatation of the combination of [Br with a lattice constant expansion only
slightly larger than that found for Br alone. Important new developments in BSCCO
intercalation are the successful synthesis of Agly-Bi-2212 intercalation complexes.
Kumakura ef al.[64] have reported the insertion of Agly into Bi-2212 with &
resulting increase in the lattice constant of more than twice that found in the pure
iodine intercalated Bi-2212 system. The intercalated Aglg compound is apparenty
very phase pure, displaying extremely sharp diffraction peaks. The resuiting change
in Tc for this material is reported to be AT = -26 K, but at present it is unclear if



charge transfer effects are playing any role. Choy et al{65] have produced the related
material Agl-Bi-2212. This material again has a dramatic expansion along the c-axis
of 7.35A, and the depression in T¢ upon intercalation is about 10K, similar o that
found for pure iodine intercalation.

To date, no other high Te compound apart from BSCCO has been successfully
intercalated. It would be desirable to examine the effects of intercalation on other
high T¢ compounds. The obvious choices are the closely related Tl- and Hg-based
families. Unfortunately, the Tl-system differs from the BSCCO system in one
important respect: the binding between the Tl bilayers is considerably stronger than
in BSCCO. One simple way to see this is to compare the lattice spacing of these
layers: in pristine BSCCO the BiO-BiO separation distance is 3.24 A, whereas for
the Tl compound the T1O-TIO separation distance is only ~2.0 A which is
comparable 1o all the other layer to layer spacings in this material. Therefore, the Ti
compound docs not have a micaceous morphology and therefore may be somewhat
difficult to intercalaie. Of course, the flip side is that if the Tl-based material could
be intercalated there is no a priori reason for the intercatant 1o inject between the TIO
bilayer and it may in fact locate much closer 10 the important Cu( layers, As for
other high-T compounds, some claims of fluorine intercalation into YBayCu3Oy
were reported but subsequent studies showed that this was a substitutional effect
where the apical oxygen atoms located above the Cu atoms in the BaO plane were
being replace by fluorine.

The intercalation of oxide superconductors has become a growing sub-field in
high T research and it shows Lhe promise of not only generating novel materials
but also in shedding light on the poorly understood mechanism of high-T¢

syperconductivity.
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