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High-T_ Superconductors in the
Two-Dimensional Limit: [(Py-C H,, . ,).Hal,]-.
Bi,Sr,Ca,,_,Cu,,0, (m ="1and 2)

Jin-Ho Choy,* Soon-Jae Kwon, Gyeong-Su Park

The free modulation of interlayer distance in a layered high-transition temperature
(high-T_) superconductor is of crucial importance not only for the study of the super-
conducting mechanism but also for the practical application of high-T_ superconducting
materials. Two-dimensional (2D) superconductors were achieved by intercalating a long-
chain organic compound into bismuth-based high-T cuprates. Although the interca-
lation of the organic chain increased the interlayer distance remarkably, to tens of
angstroms, the superconducting transition temperature of the intercalate was nearly the
same as that of the pristine material, suggesting the 2D nature of the high-T_ super-

conductivity.

Since the appearance of layered cuprate
superconductors, much attention has been
given to elucidating the origin of high-T.
superconductivity, such as the interlayer
coupling effect (1-3), in-plane charge car-
rier density (4-6), or both. According to
the model of Wheatley, Hsu, and Ander-
son, the superconducting transition temper-
ature T_ of a layered cuprate superconduc-
tor is expressed as

To=N\+ N (1)
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where A, is the interlayer coupling be-
tween the nearest CuO, planes (intra-
block coupling) and \, is the interlayer
coupling between the next nearest planes
(interblock coupling) (I). However, Ue-
mura et al. have suggested a close correla-
tion between T. and 2D carrier density
(n/m*, where n_ is the superconducting
carrier density and m* is the effective
mass) in the layered high-T_ superconduc-
tor (4). The issues are still controversial.
To solve such problems, a way to freely
modulate the interlayer distance without
perturbing the superconducting oxide
block is needed. Here, we developed mod-
el compounds where organic modulation
layers are intercalated into Bi,O, double
layers of the high-T_ cuprate superconduc-
tors, Bi,Sr,Ca,,_,Cu,O; (m = 1 and 2;
Bi2201 and Bi2212). In such intercalates,

:

the interlayer distance of the supercon-
ductive CuO, layer can be easily con-
trolled by changing the number of carbon
atoms in the organic chain. The present
organic intercalates with remarkable layer
separation can be regarded as 2D limit
cuprate superconductors, taking into ac-
count the small out-of-plane coherence
length (&) in the pristine materials (7).
The magnetization studies on the interca-
lates reveal that the high-T_ superconduc-
tivity is retained even in the nearly isolat-
ed CuO, plane. The organic intercalates
are also regarded as weakly coupled Jo-
sephson multilayers, where the barrier
width greatly influences the diamagnetic
shielding fraction. In this respect, the
present organic-inorganic hybrids can be
an ideal model compound to investigate -
low-dimensional superconducting theories
such as the Kosterlitz-Thouless transition
(8) and the Lawrence-Doniach model (9)
in high-T_ materials. Moreover, the inter-
calation of long-chain organic molecules
can minimize the interaction between the
cuprate building blocks, leading to an iso-
lated single sheet by exfoliation. The su-
perconducting nanoparticle, obtained in
such a way, can be a precursor for the
fabrication of ultrathin superconducting
films.

We intercalated long-chain organic
compounds into Bi-based high-T. cup-
rates in the form of the complex
salt bisalkylpyridinium tetraiodomercurate
[(Py-C,H,, . 1),Hel,]. The x-ray diffraction
(XRD) analyses and the high-resolution
electron microscope (HREM) images of
these intercalates show that the organic
spacer layers with various thicknesses are
stabilized in between the Bi,O, double lay-
ers of Bi-based high-T cuprates.

The Bi-based cuprate superconductors
have weakly bound Bi,O, double layers that
make it possible to intercalate various guest
species without introducing any substantial
changes to the superconducting block (10—
14). The pristine Bi,Sr,Ca, _,Cu, O, (m
= 1 and 2) compounds (I15) were syn-
thesized by conventional solid state reac-
tion with the nominal compositions of
Bi,Sr, (Lay ,CuO, (Bi2201) for m = 1 and
Bi,Sr, sCa; sCu,O; (Bi2212) for m = 2,
where the Sr ion is partially substituted
by the La ion or Ca ion to-obtain single-
phase samples. ‘The intercalation of an
organic chain’ into the pristine material
was achieved with the following step-
wise synthesis. First, the Hgl,-intercalated
Bi,Sr,Ca,,_Cu, O, (m = 1 and 2; Hgl,-
Bi2201 and Hgl,-Bi2212) compounds were
prepared by heating the guest Hgl, and the
pristine materials in a vacuum-sealed Pyrex
tube, as reported previously (13). Then, the
intercalation of the organic chain was car-
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ried out by the solvent-mediated reac-
tion between Hgl, intercalates and alkyl-
pyridinium iodide. The reactants of Py-
CH, .. l1(n=1,2 4,68, 10, and 12)
were obtained by reacting alkyliodide with
1 M equivalent of pyridine in diethyl-ether
solvent. The Hgl, intercalates were mixed
with two excess reactants of Py-C H,, I,
to which a small amount of dried acetone
(0.5 ml per 1 g of the mixture) was added.
Each solvent-containing mixture was react-
ed in a closed ampoule at 40°C for 6 hours
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Fig. 1. Powder XRD patterns for (A) pristine
Bi2212, (B) Hgl,-Bi2212, and (C and D) the (Py-
C,H,,1),Hgl,-Bi2212 series withn = 6 (C) and n
= 12 (D), respectively. arb. units, arbitrary units.

and washed with a solvent blend of acetone
and diethyl-ether (1:1 volumetric ratio) to
remove the excess reactant of Py-C H,, ;1.
The resulting products were dried in vacu-
um. The samples are all air-stable.

The formation of single-phase stage 1
intercalates was confirmed by powder XRD
analyses and also by cross-sectional view
of HREM images. According to electron
probe microanalysis and elemental analyses
for C, H, and N, the chemical formulas of
organic intercalates were determined to be

[(Py-C,H,,),Hgl,lo 35B1,5r, ¢Lag ,CuO

[(Py-C.H,,.,),Hgl,-Bi2201] and [(Py-

C Hzn+1)2HgI4]o 35B‘sz1 5Ca, sCu,0, [(Py-

H,,..),Hgl,-Bi2212], which are identi-
cal to the nommal compositions within the
limit of experimental error, indicating that
the inorganic host lattice is not chemi-
cally modified after the intercalation. The
effect of intercalation on superconductivity
was examined by a dc superconducting
quantum interference device (SQUID)
magnetometer.

The powder XRD patterns for the pris-
tine Bi2212, Hgl, intercalate, and (Py-
C,H,,.1),Hgl, intercalates (n = 6 and
12) are shown in Fig. 1. There is no trace
of the pristine phase in the XRD patterns
of all of the present intercalates, indicat-
ing that Hgl, and organic complexes are
intercalated homogeneously into the host

“lattice. ‘According to the least squares fit-

ting analysis, each intercalated organic
spacer layer expands the unit cell along
the c axis by 10.8, 11.3, 13.7, 17.7, 22.9,
26.7,and 31.6 forn =1, 2, 4, 6, 8, 10, and

Fig. 2. (A) An HREM image of the thin cross section of a (Py-CH,,,, 1),Hgl,-Bi2212 (n = 12) particle and
(inset) its Fourier diffractogram revealing periodic arrangement of the layered nanocomposite. The basal
spacing (1/2c ~ 47 A ) is consistent with the XRD and c* represents [001]g;,,,, Orientation. The HREM
image was obtained with H-9000ONA equipment at an accelerating voltage of 300 kV. (B) A high-
resolution plane view of the organic intercalate (n = 12) and (inset) its electron diffraction pattern, where
the organic material (Py-C H,,.,),Hgl, on the surface of the sectioned plane was cleaned with

chloroform.
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12, respectively. An HREM image with a
Fourier diffractogram of the cross section
of an organic-inorganic nanocomposite
particle obtained by ultramicrotomy is

shown in Fig. 2A. It appears to feature

well-aligned planes with detailed texture
in the form of discrete bright lines, illus-
trating the presence of organic bilayers.
Moreover, the high-resolution plane view
of the organic intercalate (n = 12) and its
electron diffraction pattern illustrating
atomic arrangement of the [100]g;,,,, and
[010]g,5,1, orientations show that the cup-
rate lattice is not perturbed upon organic
intercalation (Fig. 2B). The relation be-
tween the hydrocarbon chain length and
the interlayer distance d in the organic
intercalates, where d is linearly propor-
tional to the number of aliphatic carbon
atoms (n) in the range n = 4 to 12 of
Py-C.H,, ., is shown in Fig. 3A. On the
basis of the calculated slope of Ad/n =
2.42 A, it is suggested that the bilayered
alkyl chains are stabilized in between
Bi,O, layers with a tilting angle of 70°
with respect to the basal plane (Fig. 3, B
and C).

To understand the effect of intercala-
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Fig. 3. (A) Interlayer distance (d) as a function of
the number of carbon atoms in aliphatic chains of
the intercalant for (Py-C,H,,.),Hgl,-Bi2201 (O)
and (Py-C H,,.,),Hgl,-Bi2212 (@). As the ali-
phatic chain length increases (n = 4), the basal
increment becomes larger because of the Van der
Waals energy gain between organic chains. (B
and C) Schematic illustrations of the decylpyri-

- dinium (n = 10) derivative of Bi2201 intercalate (B)

and that of the Bi2212 intercalate (C), where the
anions (Hgl,2~) are sandwiched in between the
pyridinium cations but omitted here for simplicity.
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tion on the electronic structure of the
superconducting CuO, layer, we measured
the Cu K edge x-ray absorption near-edge
structure (XANES) spectra for the pristine
Bi2212 and its intercalates. Figure 4, A
and B, represents the Cu K edge XANES
spline and the second derivative spectra
for Bi2212 and (Py-C H,,,,),Hgl,-
Bi2212 (n = 1 and 12), respectively, to-
gether with those for some references. As
shown in Fig. 4, the organic intercalates
exhibit the characteristic peaks of the Bi-
based cuprate corresponding to the dipole-
allowed transitions from core 1s level to
unoccupied 4p states, which are denoted
as A, A’, B, and C, together with the
pre-edge peak P corresponding to the quad-
rupole-allowed transition of 1s — 3d.
Among these states, the position and in-

Absorption Coefficient (arb. units)

L L
9000 9020

Energy (eV)

L
8980

9020 8980 9000

Energy (V)
Fig. 4. (A) Cu K edge XANES spline and (B) sec-
ond derivative spectra for (a) the pristine
Bi2212, (b and c) the organic intercalates (Py-
C, Hopiq)oHgl,-Bi2212 withn = 1 (b) and n = 12
(), and other reference compounds [Cu,O (d),
CuO (g), and Cu(OH), (f)].
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tensity of peak A have been known to
reflect sensitively the local structure
around copper (16). On the other hand,
according to the Bi Lj; edge XANES
study, the overall spectral features of the
organic intercalates are similar to those of
the pristine material.

The local structure of Hg in the inter-
calated layer was investigated by perform-
ing the Hg L,; edge extended x-ray
absorption fine-structure analysis for the
organic intercalates and the reference (Py-
C.H,, 1),Hgl,. Although the intercalat-
ed Hgl, in Hgl,-Bi2212 has been revealed
to have a two-coordinate linear structure
(13, 14), the present results indicate that
the Hg species of the organic intercalates
is stabilized as a Hgl,*~ tetrahedron (17,
18), confirming the formation of complex
salt between Py-C H,, ,,I and Hgl, in the
Bi,O, interlayer space. In this respect, the
intercalation mechanism for the complex
salt is suggested to be quite different from
that for iodine (10-12) and mercuric ha-
lides (13, 14), where a small fraction of
electronic charge is transferred from the
cuprate block to the intercalant layer. In
the present organic intercalates, the major
driving force of intercalation is considered
to be a negative enthalpy change (AH)
during the formation of a tetraiodomercu-
rate complex anion (Hgl,*”): For Hgl, +
21" — Hgl,*~, AH = —95 8 kJ/mol (19),
and, in the course of this reaction, the
organic cation is also inserted into the
Bi,O, layer to meet the condition of
charge neutrality. Considering the ionic
character of the guest species, it is suggest-
ed that there is a partial distortion of local
charge (local charge separation) in the
Bi—O charge reservoir plane, giving rise to
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a weak electrostatic attraction between
guest and host.

The zero-field-cooled (ZFC) dc magne-
tizations of the pristine Bi2212 and its
intercalates were measured as a function of
temperature (Fig. 5A). In spite of a re-
markable expansion of basal spacing, all of
the organic intercalates exhibit supercon-
ductivity with an onset T_ of 81 to 82 K,
which is higher than those for the iodine
intercalate (10-12) (T~ 63 K, Ad =~ 3.6)
and the Hgl, intercalate (T, ~ 68 K, Ad =~
7.2) and even slightly greater than that for
the pristine material (T, ~ 78 K). Because
the organic intercalates are made by the
reaction between the Hgl, intercalate and
alkylpyridinium iodide, there should be, if
any, the same amount of unintercalated
remnant of the pristine Bi2212 in both
type of intercalates, resulting in similar
magnetic behavior near the transition
temperature (78 K) of the pristine mate-
rial. However, Hgl,-Bi2212 and (Py-
C,H,,1),Hgl,-Bi2212 exhibit different
magnetic behavior at around 78 K (Fig.
5A). Furthermore, the organic intercalates
show higher onset T_ values compared
with the Hgl, intercalate. Figure 5B shows
the relation between T_ and the separa-
tion between the CuO, planes in adjacent
blocks, where the T_ values of the inter-
calates are insensitive to the interlayer
distance but are mainly dependent on the
nature of the intercalant. Such findings
are very interesting in light of the inter-
layer coupling theory in high-T_ supercon-
ductivity, which predicts that T_ is pro-
portional to the coupling strength be-
tween adjacent superconducting layers,
that is, inversely proportional to the layer
separation [k T, o (ed)™!, where kg is the

50

Fig. 5. (A) Temperature T T T T
dependence of ZFC mag- :
netization with an ap-
plied magnetic field of
10 G, measured with
a SQUID magnetome-
ter. Data points repre-
sent Bi2212 (W), IBi2212
(#), Hgl,-Bi2212 (@),
and (Py-C,H,,.),Hal,-
Bi2212 series [n = 1 (O),
4 (d), and 12 (V)]. For
simplicity, data points for L
n =268, and 10 are ST . [ 5.3 Hglp-Bi2201 i B ]
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" Boltzmann constant and € is the dielectric
constant] (2). The broadness of the super-
conducting transition observed for the or-
ganic intercalates (Fig. 5A) is attributed
to the thermal fluctuation in the true 2D
superconductor (20).

The depressed T, value upon Hgl, in-
tercalation is recovered by the intercala-
tion of organic salt, which can be under-
stood as a result of charge restoration of
the host block. Because of the ionic-bond-
ing character of the guest species (Py-
C,Hj,.1),Hgl, itself, a charge transfer be-
tween host block and intercalant layer
would not be expected (21), in contrast to
the halogen or mercuric halide interca-
lates (10-14).

To investigate the evolution of super-
conductivity in a single-layer super-
conductor, we also measured magnetiza-
tions for the organic intercalates of (Py-
C,H,41),Hgl-Bi2201, where the basal
increment (Ad) corresponds to 10.9, 13.1,
22.4,and 31.9 A forn = 1, 4, 8, and 12,
respectively. The supe1conduct1v1ty of
Bi2201 is also retained upon intercalation
of a long-chain organic compound. More-
over, although T. is depressed (AT, =~ 4
K) upon iodine and Hgl, intercalation, all
of the organic intercalates of Bi2201 show
superconductivity with onset T, values of
27 to 28 K, comparable to that of the
pristine Bi2201 (T. = 26 K) (Fig. 5B).
Such results allow us to conclude that T,
in the layered cuprate is essentially gov-
erned by the intrinsic property of a single
CuQ, plane rather than by the interlayer
electronic coupling effect. Because there is
only one CuQ, plane per cuprate building
block, the long-organic-chain—intercalat-
ed Bi2201 is believed to be a genuine
single-layer superconductor because of the
large interlayer distance compared with
the c-axis coherence length of layered cup-
rates (d >> £). On the basis of these
findings, it becomes clear that a 2D single
cuprate sheet in the organic intercalate
exhibits high-T. superconductivity.

The superconducting shielding frac-
tions of the pristine Bi2212 and its inter-
calates are represented in Fig. 5C as a
function of distance (d) between inter-
block CuO, planes, where the shielding
fraction decreases drastically as d increas-
es. A modification of interlayer distance
has a more substantial effect on the dia-
magnetic shielding fraction than on the
volume fraction of the CuO, layer. The
present superconducting compounds in-
terstratified with organic spacer layers can
be regarded as weakly coupled Josephson
multilayers, because their structures are
periodic sequences with a fashion of
superconducting-insulating-superconduct-
ing. In the present setup of magnetic prop-
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erty measurement, all of the grains in poly-
crystalline samples are randomly oriented
with respect to the applied magnetic field.
In this respect, such a decrease of shield-
ing fraction with increasing d can be ex-
plained by the exponentially decreasing
Josephson tunneling rate with increasing
insulating barrier (22). This explanation is
supported by our previous magnetization
study on the grain-aligned Hgl,-Bi2212
(23), where the shielding fractions of the
aligned samples at 10 K are 67% for the
pristine Bi2212 (d ~ 12 A) and 61% for
Hgl,-Bi2212 (d =~ 20 A) whereas those of
nonaligned samples are ~42% for the
former and ~21% for the latter. The dif-
ference between the aligned sample and
the nonaligned one is attributed to the
contribution of c-axis tunneling, because
the superconducting planes are perpendic-
ular (in-plane supercurrent) to the applied
field in the former, whereas they are ran-
domly oriented (both in-plane and Jo-
sephson supercurrent) in the latter. Such
results allow us to conclude that the in-
creasing barrier thickness is mainly re-
sponsible for the drastic decrease of dia-
magnetic shielding fraction in the interca-
lated system.

Until now, the interlayer coupling ef-
fects and low-dimensional properties of
high-T. superconductors have been inves-
tigated by the sequential deposition of
alternating layers of a superconducting
YBCO layer and an insulating PrBCO lay-
er in vacuum (3, 24). In such a YBCO-
PrBCO superlattice compound, however,
there exist other factors affecting T, such
as strain effect by lattice mismatching,
interdiffusion of Y and Pr atoms, proxim-
ity effect, and hole doping between sub-
lattices, in addition to a change in the
interlayer distance. The present organic
intercalate has no substantial stress on the
superconducting layer because of the weak
interaction between host and guest. Fur-
thermore, the hydrocarbon chain in the
intercalant layer is a true insulator. In this
regard, these intercalates have provided a
clue that high-T superconductivity of lay-
ered cuprate is an intrinsic 2D nature as in
the case of low-T, TaS,-amine compounds
(25). And the cuprate layers separated by
an organic barrier are surely believed to be
molecular-level thin films of a high-T,
superconductor, which are most suitable
for studying the weakly coupled or de-
coupled vortex behavior (26) in the type
II superconductor because of their freely
modifiable interlayer distance. In addi-
tion, the present multilayered supercon-
ductors are anticipated to be ideal model
systems for understanding the c-axis prop-
erties of layered superconductors (27) in
relation to the still controversial issues in
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the high-T_. mechanism. It is now expect-
ed that the newly synthesized organic cu-
prate hybrids will provide substantial data
for testing various existing theories ex-
plaining the 2D superconductivity.

From the viewpoint of applications, the
intercalation of a large molecule into a
layered superconductor can be a new route
to the nanoengineering of a high-T, super-
conductor, because it can offer a method for
separating the layered superconductor into
isolated single sheets. Moreover, the syn-
thetic technique developed through this
work is expected to be quite useful in the
synthesis of many other new intercalation
compounds.
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