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ABSTRACT

Iodling has been intercalaled into the axide superconductor Bi3SraCaCugOy. The indine
inlercalates epitaxially hetween the double Bi-0 sheets, and results in an expansion of the crystal in
the c-axis direetion and a shifl in the registration of the (‘1102-cnntaining blocks. Bath siage-1 and
stage-2 intercalated stuctiures bave heen synthesized and clurcicrized, No significant charge transfer
is ohserved from the iodine layers 10 the Cul), plancs, yel Teis slightly reduced by the
intercalation, from 90K 10 80K (siage-1) or 10 85K (stage-2). o stage- 1 struciures, the functional
form of the out-of-plane resistivity is changed from “semiconduetor-like™ 10 "metallic-like” upon

intercalation. ‘These results are compared Lo various tayer mocels for bagh-T, superconductivity.

1. Introduclion

Intercalation, the insertion of foreign atomic or molecular species into an “open” o loosely
bonded host stracture, is a powerful and unique method by which interaction parameters in the host
structure can be systematically explored. 1n a layered system such a graphite , for example, alkati
metal atoms can be intercalated hetween the graphite shccti, leading to charge transfer to the sheets
as well as a change in the physical separation of the sheets’. ‘These changes influence the
anisotropic structural and clectronic properties of the material. Intercalated graphite is a very low
temperature superconductor, whereas unintercalated graphite is not.

I'he highest-T,, superconductors have in common two-dimensional CuQ5 planes
incorporated in a loosely bonded matrix. For example, the 90K superconductor BigSraCuCurOy
(1i-2212) has closely spaced "double” CuQ4 planes in a common “biock”; these blocks are
separated by double Bi-O sheets. The CuO; planes are highly conducting, while the Bi-O sheets
serve as insulating spacers. This leads 10 a highly anisotropic electronic structure, characterized by
a metallic ab-plane resistivity and a c-axis resistivity that is large and has a "semiconductor-like”
temperature dependence. Several models of high-T, superconductivity are based on layer
interactions, either intralayer, intertuyer, or a combination of the two.

‘The ability to imercalate foreign species, such as jodine®+”, between the van der Waals
honded Bi-O double sheets of Bi-2212 sets the stage for the following possibilities: 1) changes in
the coupling between CuO5-containing blocks, 2) charge transfer from the iodine to the CuQy
planes, 3) changes in the anisotropic iransport and elastic properties, 4) changes in the
superconducting properties such as ransition temperture, flux pinning and critical current, 5)
in-situ fabrication of devices, such as Josephson junctions, and 6) testing of models of high-T,
superconductivity. 1lere we investigate some structural and electronic changes resulting from
ixdine intercalation of Bi-2212. Two competing layer models of high-Tg superconductivity are
explored.

2. Structural Changes Upon Intercalation

lodine is intercalated into single crystals of Bi-2212 using a vapor (ransport method =,
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Depending on the femperafure il which the reaction is cirried out, differens stage struciures ae
obtained. In stage- 1 material, iodine is intercalated between all the double ll‘HAO sheets. o ostage-2
material, iodine is intercalated between every other sct of doubleihi-0 shees™. For uxdine
intercalated Bi-2212, siruciures up to stage-5 hove been uhiserved, but so far only stiges 1 and 2
have been prepared in single-phase fonn.

Fig. 1 shows schematically the structures for pristine, intercalited stage-1, amd imeggubiued
stage-2 crystals. The drawings are pased on x-ray diffraction and TEM structural studies . Twa
notable structural changes resull [rom intereiiation. First, the (epitaxially situated) iodine atorns
expand the crystal dimension along the c-axis, thereby increasing the distinge between
CuOn-conaining blocks, Each intercalated ioding sheet separates e Bi-0 double sheets by 36A.
FFor the stage-) material, which has a stuichiometry llliierZCnCuz()x. this corresponds Lo an
expansion of (he crystal in the ¢ direction by 23%, compared to the pristine nuerial. I shipe-2
material, every other Bi-O bilayer is intercaluted, and the c-axis expansion is about 129%. The
stoichiometry of slage-2 malerial is I BipSryCaCuyOy. Itis important to note that i stage-1
material intercalation symectrically allers coupling in both ditections between adjucent
CuQy-containing blocks, whereas for stage-2 material this symmetry is broken and the coupling is
altered only in one direction.

Fig. 1 Stracture of g pristine, {1 stage-1 meecalated, and {¢) stige-2 intercalaed Bi-2212,



49

"The second important structural change induced by intercalation §s a shift in the regisiry of
the Culdq blocks. [n pristine material (Fig. 1a}, the Bi aoms in adjacent Bi-O sheets are staggered,
ar in other words the blocks themselves are not lined up along the c-uxts but rather they wig-zay
Back und forth, Imercataion shifts the blocks into registry by aligning the Bi atomns in adjacent
149-03 sheets, This st necessitates o redefinition of the unit cel o the erystal. In stage-1 nuterial,
the improved regastey at every B1-0 bilayer results in a rediction in the unit cell size wlong the
¢oaxiy, So, even with the 23% crystal expansion, the unit cell dimension for stage-1 muaterial is
15 9A, compared o 0.6A Tor the pristine matersal, I stage-2 matenal, the improved registry
tikes place at only every other Bi-O bilayer, Pronm an electronic band struciure point of view, the
shitting of mbjucent blocks mto registry could have important consequences, for example in tenns

of clevironie fransport,

An addinonal siructural feature concems the well known in-plane superlutice modulation of
pristing Bi-2212. Inrerestingly, intercalation appears w have no etffect on this modutation, which
suppests that the iodine induces a reluhvely minor elastic strain eld pertarbition. From a struciaral
peunt of view, it thus appears that iedine intercalation simply changes the relative {ab-plane and
¢ uxis) positions of Cut)y-containing blocks, but leaves the internal siructure of the blacks fully

IIISINE

3. lectronic Chngres

Lexting is stronply elecronegative and thus o reasonable question 1s 1o what extent indime
intervilation changes the charge concentration 1y the host crystal. Indeed, one of the origin!
aiotivations for performing iodine intercalation in Bi-2212 was 10 atempt injection of holes intothe
Culdq plunes viw sedine insertion between the Cufy planes themselves (not yet realized) or between
e Hi-O sheets. Charge carrier concentration is most directly determined by transpon
nzsuremetts, for example Tat! effect or electrical resistivaty, Tt elfect measurements have nol

vet Been pertornted, ot resistivity dat are available,

P 2o shows the ab-pline resistivity of @ Hi-2212 erystul before and after stuge- 1 iodme
intercibaiion. These data were btained using a contaetless eddy current Juss measurement probe®,
The advantage of tis method (over the more conventional wire-bonded contact wehnigue) is that it
provides an accurate measurement of the resistivity of the same crystal betore and aller
interealation. “The resistvity p, ?('I‘} fur the pristine marerial shows the well-known metallic

!

tunctional formy, with a drop o

e superconducting stite at T.=B0K, The intercabnted matenial has
I 3 ¢

wsliphtly higher resistivity, bot displays a similar wemperature dependence, T for the intercalated
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sample is about 80K, Stage-1 iodine intercalation thus depresses T, by uboul 10K, Although
intercalation appears to increase the ab-plane resistivity, it should be recalled that intercalation
cxpands the crystal along the c-axis. Since the CuGy plancs are believed 1o be e dominant chirge
wransport channels along the ab-plane direction, we normalize the measured resislivily to resistance
per CuO+ plane. This is shown in the insct Lo Fig, 2a, for both the pristine and interealaed
materials, As the insct shows, the resistance per CuQds plane is, throughont the entire emperatnre
range above T, unaffected by intcrcalation. A careful calibration of the resistance measuring
instrument at room temperature indicated identicat sheet resislances for the CuO; planes 10 within
1%, the experimental error. Trom this we conclude that intercalation has no ellect on the hole
carrier density in the CuO5 plancs, and hence that there is 5o significant chirge rransfer taking place
between intercalated iodine and the CuQO4 plancs,

1tis also interesting 10 note that the (weak) bonding propenies between the Bi-O double
sheels in the pristine material are not grossly affecied by iodine insertion. Intercalated specimens
are easily cleaved along the iodine layer, suggesting a weak (van der Waals) bond formed between
the indine and the adjacent 14-O sheet, If significant charge transfer between the iodine and the
close Bi-O sheet were taking place, a stronger ionic-like bond would form. lence we conclude
that the iodine is not to a very large extent electronically active in the host Bi-2212 structure.

I'rom the above discussion, one might expect iodine inlercalation to result 3 increase in
the out of plane elecirical resistance. If transport across the insulating Bi-O sheets sepresented o
hopping process, then increasing the thickness of the sheet structure could reduce the hopping,
probability and decrease the conduciivity,

Fig. 2b shows the cxgcrimcnlully determined ¢-axis resistivity p (T} for pristine arnd
intercalated stage-1 BBi-2212 material, measurcd using a more conventional conlact lechnigue.
p(T) for the pristine crystal shows the typicat "semiconductor-like” uptuen with decreasing
remperature. Close Lo room temperature, p,. for the intercalaled specinien is comparable in
magnitude 10 that for the pristine material, f1ence al high temperature, intercalation neither
significantly enhances nor impedes out-of-plane conduction. On the other hand, Ihe temperature
dependence of po(T) for the intercalated crystal is absolutely linear, decreasing smoothly with
decreasing temperature. The behavior is thus “metallic-like”, However, the magnitude of 1he
¢-axis resistivity, before or afler intercalation, it 100 large 10 be associated with 4 rue nxLallic
(i.c.coherent) transport across the blocks. In other words, if band theory were 1o apply, the high
resistivity would imply a mean free path for the out of plane carriers less than the interplane
scparation. laterestingly, a similar argument applies to the ¢-axis conduction of other high-T,.
layered cuperates. For the (slightly less anisotropic) material YHBa,Cua 07, some specimens again
show a linear "melallic-like" c-axis resistivily, despite the implicd very short mean free path. These
results suggest 1hat the out-of-plane transport in these marerials may be unconventional.

Figs. 2a and 2b show that T, remains a scalar quantily for intercalated specimens, with a
value of 80K for stage-1 malerial. We have performed de ind ac magnelization measureinents on
intercaluted stage-1 and stage-2 crystals. The results are consisicnt with resistivily measurements.
Fig. 3 shows tha ac magnetic sasceptibility, X, for prisiine and iodine intercalaled stage-1 and
stage-2 crystals. The respective T.'s are approximately 90K, 80K, and $5K, Hence the stage-2
crystal, which has only half of the Bi-o bilayers intercalated, has a T imemeediate to that of the
pristine and stage-1 inaterial.

4. Relevance to Madels of High-T, Superconductividy

The dominant effect of intercalation in 13i-2212 appears 1o be a change in interblock coupling
due to an increase in the physica separation of the blocks at the Bi-O sheets. Inira-block coupling
is unalfected. A number of models have been proposed that may be relevant 1o high-T,
superconductors, In some descriptions, low dimensional effects are inportant.

The "rounding” of the in-plane resistivity P4, (1) just above T, has been taken as strong
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evidenee tar low dinensional superconducting flucaions, {tis instructive w compare the detiled
bt 1) T havior in pristine wod stage-binterculmed H-22120 Since intercalaiion is expeeted w
decrease rerblock coupling (and thus slightly depress e, consequenee mipht be an
endincement © 2 13-like tluctuarions shove T,

Fig. A shesws T for pristine and slage- | ioding intercalated Bi-22120 I Fig 4o he
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e s that the curves roughly alipn w the midpomt of e resistivity dropat T Alhough sonw
devittions are apparent between the data sets, Big, b shows that mtercalinon does notsigmilicantly
thter the rounding of p,p,CEY above T hence any Auctations tiet may be playing arole 1 the
LS pUEt PEopeEtics ol 1{1c pristine material we relatively anal Tected by tntercalunon,

Two detitiled layer imodels have reeently begn proposed (o aceount for superconductiviy in
the copper oxides. The irsy, by Thinany Yu (1Y)7, is 1 BOS-hased model which includes m the
calculation of T, both intraplane Cully coupling and nearest-neighbor interplane Culdy coupling.
Nexi-nearest phine interplane coupling is neglecied, so the imeraction is fimited 10 the presumed
mde pendent blocks contaming the double Cul)y planes,
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Since lodine intercalation affeets only the mierblock voupling, it should, wecordimg © the 1Y
madel, have no effect on T, (on the other hand, if iodine had been interealated between the double
CuOy planes within the blocks, a large negative change in 1", would be expecled). Thus the 1Y
modc% cannot account for the experimental (indings of Fig, i’, where 1. does depend on the
strength of the interblock coupling. lnterblock for cquivalently, rAcxt-ncurcst neighbor coupling)
can be incorporated into the 1Y framework. The extended model? has been analyzed and 1t can
self-consistently account for u stage-2 T.. of 85K, using as input paramelers T =20K for pristine
material and T, =80K for stapge- 1 material, The strength of the tnterblock coupling pararmeer is
found to be 22% of the nearest-neighbor plane coupling. The model does not address trunspon
propertics.

A second maxdel iy based on the RV state, Wheatley, Hsu, and Anderson (WA JH nepledt
ntrapiane interactions and asseme contributions from both nearest neighbor interactions (between
the double Cuy planes) wnd next-nearest netghbors (interblock coupling). Without Illtkuﬁuil[it}il,
this mode! accounts for the Tu's of pristing, stage-1, and stage-2 muteriads, (and predicis™ 1.5 of
87K, 88K, and BYK for stages 3,4, and 5, respectively) using as filting parameters 8UK for
nearest-neighbor coupling and 10K for next-nearest neighbor in the pristine material (reducing to
aero in stage- 1 intercalated material), If lht'{}c sime pargmelers are used in the RYB holon-spinon
trunspon model of Anderson and Zowu (A7) predictions ¢an be made for the anisotrapic electrical
resistivity of pristine and interealated witerial, While rough agreement is found for the
experimentally determined resistivity wensor of pristine maerial, the inear (emperature dependente
of pe(T) of stage-1 Bi-2212 shown in Fig. 3 is i apparent confict” with the modet {the modc]
predicts & very strong 1/1-like lemperature dependence Tor material with a reduced inerblock
coupling).

5. Conclusion

lenercalation can be applicd 1o the layered Cupraies to gencrale new superconducting crystal
structures and 1o lest models of superconductivity, [t would be worthwhile 10 test further the
physical propertics of (he intercalated Bi-based superconductors. In particular, one might expect
changes in clastic, theemal, magnetic, and superconducting properties, )t should also be possible 1o
intercalate, wilh various foreign species, other layered high-T. superconductors, such as
thallium-based materials, infinite-layer structures, and “123° and 214" compounds.
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