
Intercalation In Layered Materials 
M.S. Dresselhaus 

Introduction 
There is great current interest in layered 

anisotropic materials. Much of the interest 
relates to the possibility of an approximate 
decoupling of 3-dimensional (3D) behavior 
into 1D properties perpendicular to the 
layer planes and 2D properties associated 
with the layer planes. Since this decou­
pling in layered materials is enhanced by 
intercalation, much attention has been 
given to intercalation Compounds in recent 
years as a means to study interesting ques-
tions of low dimensional physics.1 Since 
many deliberately structured materials also 
are prepared in layered sequences, there 
are many close connections between the 
properties of intercalated layered materials 
and deliberately structured materials. This 
article will focus on several important con­
nections between intercalated layered ma­
terials and multilayered superlattice 
structures prepared by molecular beam 
epitaxy (MBE) and metalorganic chemical 
vapor deposition (MOCVD). 

Interest in intercalation Compounds has 
led to three lively MRS symposia on this 
topic (Fall 1982, Fall 1984, Fall 1986)2"4 and a 
number of Summer schools and Work­
shops, one of which was held in July 1986 
at Erice, Sicily, under the auspices of 
NATO and the European Physical Society. 
The published lecture notes1 from this 
summer school provide a useful introduc­
tion and reference for students and others 
interested in this field. 

Intercalation Compounds are formed by 
the insertion of atomic or molecular layers 
of a guest chemical species between layers 
in a host material. This is illustrated in Fig­
ure 1 for potassium-intercalated graphite. 
The intercalation process occurs in highly 
anisotropic layered structures where the 
mfraplanar binding forces are very strong 
and the mterplanar binding forces are very 
weak. When these conditions prevail, en-
tire layers of guest species can be inserted 
between layers of the host material. Exam-
ples of host materials for intercalation Com­
pounds are numerous, including graphite, 
transition metal dichalcogenides, III-VI lay­
ered semiconductors, some Silicates, Ox­
ides and metal Chlorides, clays, polymers, 
and gels. An even larger number of inter-
calant guest species have been identified. 
For example, several hundred different 
chemical species are known to intercalate 
into graphite. By proper choice of the host 
material, the intercalant species and its 
concentration, a large number of different 
intercalation Compounds with interesting 
properties can be prepared.1"* 

For the transition metal dichalcogenides 
TX2 where T is a transition metal and X=S, 
Se or Te, the host material is arranged in 

XTX Sandwiches which are weakly coupled 
by van der Waals forces.7 The intercalant is 
introduced in the van der Waals gap be­
tween the XTX Sandwiches. Only electron 
donor species have been intercalated into 
transition metal dichalcogenides. Since the 
lowest lying empty energy levels occur in 
the 3d-bands, intercalation can be used as a 
controlled means to vary the band filling 
and the Fermi level. Thus intercalation can 
produce a semiconductor-metal or metal-
semiconductor transition depending on 
the host, the intercalant species, and inter­
calant concentration. Changes in band fill­
ing can result in Fermi-surface driven 
instabilities such as Charge density waves 
and the Peierls instability. Transition 
metais from Groups IV, V, VI, VII, and VIII 
of the periodic table form layered dichalco­
genides. Intercalation can be accomplished 
with alkali metal atoms (Li, Na, K, Rb, Cs), 
noble metais (Cu, Ag), divalent metais (Ca, 
Sr, Ba), column III metais (AI, Ga, In, Tl), 
transition metais (V, Cr, Mn, Fe, Co, Ni), 
column IV species (Si, Ge, Sn, Pb), and 
various organic molecules (such as amines, 
Pyridine, ammonia, hydrazine).7 

While the fundamental structural unit 
for the graphite host is an atomic mono-
layer, and that for the transition metal 
dichalcogenides is a three-layered Sand­
wich, the alumino-silicate clays (or sheet 
Silicate clays) require as many as seven 
planes to define a Single constituent sheet, 
making clays relatively rigid against trans-
verse layer distortions.8 Clays are interca­
lated by positively charged cations with or 
without waters of hydration to form clay 
intercalation Compounds (CICs). Almost 
every element of the periodic table can be 
intercalated into clays. Thus, a much larger 
number of CICs than GICs can be synthe-
sized. 

Layered III-VI Compounds such as InSe 
also provide interesting host materials for 
intercalation. For example, lithium or silver 
can be intercalated into InSe by a sponta-
neous reaction in n-butyllithium via an 
electrochemical process.9 This System is of 
interest as a Li solid-state battery. The Li 
ions in InSe are intercalated on tetrahedral 
sites, and optical measurements have 
shown a high degree of in-plane ordering 
in these intercalation Compounds. 

1D Properties 
In the intercalated layered materials, 

superlattice formation perpendicular to the 
layer planes arises from the Staging phe-
nomenon, which is defined by a periodic 
arrangement of n layers of host material be­
tween sequential intercalate layers, where 
« is the stage index (see Figure 2). Of the 
various host materials, graphite exhibits 

the most pronounced occurrence of Staging 
and the highest degree of Staging fidelity. 
The physical basis for the Staging phe-
nomenon in intercalation Compounds is 
the strong interatomic intercalant-
intercalant binding relative to the binding 
between the intercalant and the host mate­
rial, favoring a close-packed in-plane inter­
calant arrangement. The introduction of 
each intercalate layer into the host material 
adds a substantial strain energy as the crys-
tal expands to accommodate the intercalate 
layer. The resulting interlayer intercalate 
repulsion favors the insertion of a mini-
mum number of intercalate layers, consis-
tent with a given average intercalate 
concentration. Thus for a given intercalate 
concentration, the minimal energy State 
corresponds to a close-packed in-plane in­
tercalate arrangement with the largest pos-

Continued 

Figure 1: Model for an intercalation Com­
pound. Illustrated is the graphite host 
material (denoted by honeycomb layered 
Sheets) between which monolayers of al­
kali metal guest species (open circles) 
are inserted. 
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Figure 2: Schematic diagram illustrating 
the Staging phenomenon in K-GICs for 
stages 1 > n > 4. The potassium layers 
are indicated by dashed lines and the 
graphite layers by solid lines connecting 
open circles, and indicating schemati-
caily a projection of the carbon atom 
positions. For each stage, the distance /c 

between adjacent intercalate layers is 
indicated. 

sible Separat ion be tween a min imum 
number of intercalant layers. This combi-
nation of conditions results in the Staging 
phenomenon and c-axis superlattice for-
mation. In practice it is possible to prepare 
single-staged graphite intercalation Com­
pounds (GICs) with only small (1-5%) ad-
mixtures of secondary-staged regions. A 
number of other host materials also exhibit 
the Staging phenomenon, but usually to a 
lesser degree, consistent with their lower 
bonding anisotropy.1 

The simplest method for stage character-
ization of intercalation Compounds is x-ray 
diffraction based on (00/) reflections. Such 
measurements show that well-staged GIC 
materials can be prepared up to stage 
n —10, indicat ing a repeat dis tance lc 

between consecutive intercalate layers of 
Ic - 4 0 Ä. 

Analysis of (00/) x-ray diffractograms by 
means of Bragg's law 

/ \ = 27csin0, (1) 

shows that the c-axis repeat distance Ic for 
GICs obeys the very simple relation 

lc=ds + (n-l)c0 (2) 

where ds is the dis tance be tween two 
graphitic layers between which the inter­
calant layer is sandwiched, n is the stage 
index and c0 (3.35 A) is the interlayer Sepa­
ration in pristine graphite. Since ds and c0 

are usually found to be independent of 
stage, the graphi te intercalation Com­
pounds can be considered as layered 1D 
superlattice structures formed by two con-
sti tuents: the intercalant monolayer or 
Sandwich and the n host material layers 
where n is the stage index (see Figure 2). 

The (00/) diffractograms yield Informa­
tion on the overall c-axis lattice constant 
Ic=d, the thickness of the individual con-
stituents (e.g., dA and d2 of constituents M] 
and M2 where d =d1+rf2), the in-plane inter­
calant density as well as the deviations 
from the superlattice periodicity through 
analysis of relative line intensities and 
linewidths, and modeling of the structure 
factor. For multiple (e.g., three) layer inter­
calant Sandwiches, the (00/) peak intensi­
ties also p r o v i d e Informat ion on the 
sequencing of the layers and on the layer 
Separation within the intercalate Sandwich 
and the Separation between the intercalant 
and adjacent graphitic layers. For example, 
the air stable SbCl5-GICs contain a three 
layer intercalate Sandwich structure con-
sisting of an Sb layer surrounded by two Cl 
layers which in turn interface with the 
graphite bounding layers. 

Through controlled layer-by-layer depo-
sition of the constituent species under high 
vacuum conditions and Computer con-
trol,10 deliberately structured heterostruc-
ture superlattices can be prepared (see 
Figure 3) where d is the superlattice period­
icity, comprising a distance du of material 
M], and d2 of material M2. Deliberately 
structured superlattices can be formed 
from a large variety of materials Ml and M2, 
including: two semiconductors with band 
offsets of the same sign (Type I-GaAs/ 
ALjGa^As) or of different sign (Type II-
InAs/GaSb); the same semiconductor (e.g., 
GaAs) with alternating n- and p-type re­
gions ("nipi" superlattice); metal/semicon-
ductor or magnetic metal/semiconductor or 
superconductor/semiconductor sequences; 
two different metals or superconductor/ 
normal metal or magnetic/nonmagnetic 
sequences of materials; or two different 
amorphous materials. 

In the typical semiconductor superlattice 
sample (thickness ~1 /im), the periodic 
unit of distance d =d^+d2 is repeated many 
times (e.g., 100 times). Each period typi-
cally varies between a few layers and many 
layers (10 A to 500 Ä). Superlattices of 
these types are today the subject of an ex-
tremely active international research field, 
from both the point of view of fundamental 
physics and for practical applications. 

The characteristics of the layered interca­
lation Compounds and the deliberately 
structured superlattices are more comple-
mentary than similar. Because of the layer-
by-layer deposition sequence of MBE or 
MOCVD, it is possible to form periodic 
multilayer structures from a very large 
number of constituents and to make the 
thickness of the constituent layers as large 
as might be of interest for a specific appli-
cation (e.g., 500 A). On the other hand, the 
layer-by-layer insertion characteristic of the 
intercalation process promotes the intro-
duct ion of Single layers of gues t con­
stituents with atomically sharp interfaces, 
two limits that are very difficult (or per-
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haps not possible) to achieve with many 
deliberately structured materials. Even 
with the constraints of the intercalation 
process, considerable Variation is possible 
in the intercalated layer thickness, ranging 
from 0.36 A for Li in graphite" to —57 Ä for 
n-octadecylamine(C18) in TaS2.'2 Some host 
materials such as Silicate clays accommo-
date multiple sequential intercalate layers, 
though in such cases, Staging fidelity is not 
high. Furthermore, the bi-intercalation 
process in graphite makes it possible to in-
crease the c-axis Separation of a given 
chemical species; for example, a stage 1 bi-
intercalation Compound consisting of the 
sequence G/CoCl2/G/GaCl3/G allows in-
creased Separation between sequential 
magnetic cobalt layers through the intro-
duction of nonmagnetic GaCl3 layers be­
tween alternating graphite (G) layers.13 

2D Superlattices 
Various types of ordering also occur in 

the two-dimensional layer planes. This or­
dering can be divided into three main 
classes: commensurate, incommensurate, 
and discommensurate ordering. Commen­
surate ordering with perfect interlayer reg-
istry is found at the interface of materials 
M\ and M2 in a heterogeneous semiconduc­
tor superlattice structure when the lattice 
constants are matched al=a2). The great 
popularity of GaAs/AlrGa,_vAs in deliber­
ately structured superlattices is partly due 
to the high degree of lattice matching of 
these two constituents and the resulting 
dislocation-free commensurate interfaces 
that can be prepared with abrupt composi-
tional discontinuities on an atomic scale.10 

The strained-layer superlattice Supports 
commensurate ordering at the interface 
even for materials M] and M2 with a lattice 
constant mismatch of 1% or more.14 In this 
case the c o m m e n s u r a t e i n t e r f ace is 

Continued 
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Figure 3: Heterojunction superlattice of 
periodicity d. Each superlattice unit cell 
consists of a thickness d, of material M, 
and d2 of material M2. 
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Figure 4: Schematic representation of a 
strained-layer superlattice.14 

achieved by stretching thin layers of the 
smaller lattice constant constituent while 
compressing thin layers of the larger lattice 
constant material (see Figure 4). The for-
mation of a commensurate interface in an 
intercalation Compound is closely related 
to the c o r r e s p o n d i n g s t r u c t u r e in a 
strained-layer superlattice. In the intercala­
tion Compound the guest species seek a 
location at a potential minimum which for 
the graphite host material is over (or be-
neath) a hollow in the graphite honeycomb 
structure. 

A second constraint on the intercalant in 
the intercalation Compound is the attrac-
tive nearest neighbor force and hard core 
repulsion that collectively favor an in-plane 
nearest neighbor Separation similar to 
that in the bulk Compound. If both con-
straints can be approximately satisfied 
simultaneously with a small stretching or 
contraction of the intercalant layer, a com­
mensurate intercalation Compound results, 
as shown in Figure 5 for stage 1 potassium 
intercalated into graphite.5 

In the context of the strained-layer su­
perlattice, most of the expansion (or con­
traction) for GICs occurs in the intercalate 
layer because of the unusually high stiff-
ness of the graphite layers. In contrast, for 
strained-layer superlattices prepared by 
MBE, both strained-layer constituents par-
ticipate significantly in the expansion/ 
contraction needed to form the commensu­
rate interface. 

Another difference between the com­
mensurate interfaces in the MBE strained-
l a y e r s u p e r l a t t i c e s a n d g r a p h i t e 
intercalation Compounds relates to the rela­
tive sizes of the in-plane unit cells of the 
two constituents. These unit cells are usu-
ally the same for the strained-layer super­
lattices, but for the graphite intercalation 
Compounds the large size of the intercalant 
atoms relative to carbon atoms results in an 
in-plane 2D superlattice in which the inter­

calant unit cell area is a multiple (e.g., 3, 4, 
7, 9, etc.) of that of the graphite host mate­
rial, similar to the Situation of adsorbed 
rare gas species on a graphite surface. For 
example, in the (2x2) superlattice structure 
of a stage 1 K-GIC (Figure 5), the unit cell 
area of the intercalant is four times greater 
than that of the graphite host. 

In the layer planes, zone folding effects 
have been observed for commensurate in­
tercalation Compounds where the interca­
late lattice constant is a multiple of that of 
the host material. The in-plane zone fold­
ing maps k 7̂  0 points into the zone center, 
giving rise to new interband transitions for 
the electronic properties and new phonon 
modes in the Raman spectra.1 

From a materials point of view, the for-
mation of commensurate 2D interfaces 
permits synthesis of new metastable struc-
tures. For example, the (2x2) structure 
shown in Figure 5 for an alkali metal layer 
sandwiched between graphite layers does 
not occur in any bulk alkali metal phase. 
An example of a metastable structure in a 
deliberately structured metallic multilayer, 
is the Nb/Zr superlattice where it is possi-
ble to grow a phase of bcc Zr on a bcc Nb 
Substrate,15 in contrast to the hexagonal 
structure found in bulk crystalline Zr. The 
study of novel metastable metallic phases 
is one exciting research area that will be 
greatly enriched by the wider availability of 
metallic superlattices and multilayers. 

Relatively large lattice mismatches can 
be accommodated in strained layer super­
lattices for small thicknesses d, and d2 of 
the constituents.14 When the mismatch or 
layer thicknesses become too large to Sup­
port lattice accommodation, incommensu­
rate s t ructures with a high densi ty of 
dislocations are formed. For such inter­
faces in deliberately structured materials at 
room temperature, a significant amount of 
interdiffusion occurs, so that the interfaces 
become smeared out over several atomic 
layers normal to the interface. Such incom­
mensurate structures commonly occur in 
metal superlattices where the two metals 
have the same crystal structure but a large 
lattice mismatch, or where the two metals 
have different crystal structures.1617 

For GICs, incommensurate structures 
occur when there is a large lattice mis­
match between the intercalate lattice con-
stants and the possible commensura te 
structures that are compatible with the 
g r a p h i t e h o n e y c o m b s t r u c t u r e ( e .g . , 
(V3xV3)R30° (2x2)R0°, (V7xV7)R19.1°, 
etc). For incommensurate GICs, the lattice 
constant of the intercalant usually remains 
essential ly u n c h a n g e d relat ive to the 
pristine parent material. In contrast to the 
smeared out interface for deliberately 
structured heterostructures, the interface 
between the graphite and incommensurate 
intercalant layers is atomically abrupt . 
Even t h o u g h the in te rca lan t and the 
graphite layers have different lattice con-

stants, the incommensurate intercalant lay­
ers can remain orientationally locked to the 
graphite, as evidenced by the spot diffrac-
tion patterns characteristic of most incom­
mensurate GICs. This phenomenon in 
incommensurate GICs is yet another mani-
festation of the independence of positional 
and orientational ordering in 2D Systems. 
Thus incommensurate intercalation Com­
pounds form an interesting, limiting case 
of deliberately structured superlatt ices 
where atomically sharp interfaces can be 
achieved. 

For in te rmedia te cases where some 
accommodation occurs between the two 
constituents at an interface, a discommen-
surate structure is achieved because of sig­
nificant interactions between atoms in 
materials Ml and M2 at the interface. This 
accommodation is achieved over a com­
mensurate domain, and the lattice mis­
match is accomplished by the insertion of 
an extra lattice plane of the small lattice 
constant material in the domain walls. As 
the c o m m e n s u r a t e d o m a i n s b e c o m e 
smaller , or the domain walls become 
larger, greater lattice mismatches can be ac­
commodated. When the insertion of the 
extra lattice planes is periodic, a striped do­
main phase is achieved.18 Discommensura-
tion phenomena have been frequently 
reported in alkali metal GICs.19 Because of 
the quasi-2D properties of the intercalant 
layers, much attention has been given to 
the study of phase transitions in intercala­
tion Compounds.19 

Charge Transfer 
Intercalation causes large changes in 

electron concent ra t ion because of the 

Continued 

Figure 5: Hard sphere model for the first 
stage C8K intercalation Compound, using 
the metallic K radius. The upper figure 
shows an x-z cross section while the 
Iower figure shows an x-y projection. The 
unit cell for the (2 x 2) in-plane superlat­
tice is indicated.5 
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transfer of Charge between the intercalant 
and host material. Charge transfer intro-
duces electrostatic forces which play a role 
in the intercalation process and also con-
tribute in a major way to the binding of the 
intercalation Compound. For semiconduct-
ing host materials, such as selected transi-
tion metal dichalcogenides, intercalation 
can cause an insulator-metal transition.7 

For conducting host materials, intercala­
tion usually results in an increase in con-
ductivity, as for graphite host materials. 

By transferring carriers from regions of 
low mobility (the intercalant) to regions of 
high mobility (graphite), large increases in 
the electrical conductivity can be achieved, 
in analogy to the charge transfer process in 
modulation-doped semiconductor super-
lattices discussed below. The charge trans­
fer process in donor GICs can be readily 
understood on the basis of Figure 6. Sup-
pose for example that the intercalant spe­
cies is the alkali metal potassium. Each 
potassium atom has one valence electron. 
If this electron is totally transferred to the 
graphite layers, the intercalate layer be-
comes positively charged, attracting elec-
trons to the graphite layers. Thus most of 
the t ransfer red charge res ides in the 
graphite bonding layers adjacent to the in­
tercalate. Because the in-plane intercalate 
concentration in a stage 1 Compound QK is 
l of the carbon concentration in a graphite 
layer, intercalation can achieve as much as 
a three order of magnitude increase in the 
carrier concentration. 

Modulation doping in deliberately struc-
tured materials is completely analogous to 
charge t ransfer in in terca la t ion Com­
pounds. For a semiconductor heterostruc-
ture superlattice such as GaAs/AljGai-, As, 
the d o n o r impur i t i e s are i n t r o d u c e d 
through a shutter in the MBE System while 
growing the wide gap semiconductor lay­
ers, but no donor impurities are introduced 
into the narrow gap semiconductor layers 
during their growth. Electron charge is 
transferred from the large bandgap semi­
conductor to the small gap semiconductor 
to achieve a lower electron energy State. 
Thus the donor defects are only present in 
the A l j G a ^ A s region, while the carriers 
are in the GaAs region, which is spatially 
separated from the donor defects. By this 
mechanism, very high mobilities can be 
achieved, since the carriers are confined to 
the high mobility layers while the ionized 
impurity scatters are in the wide bandgap 
layers. 

Further tailoring the superlattice struc-
ture by inserting undoped AlxGai_, As lay­
ers between the doped AltGa,-.rAs layers 
and the GaAs layers yields even higher 
mobility materials. The greatest increase in 
mobility is found at low temperatures, 
where scattering from ionized impurities is 
the dominant mechanism for reducing the 
mobility in uniformly doped material. Im-
proyements in compositional tailoring of 
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Figure 6: Schematic diagram of elec­
tronic Charge distribution in the graphite 
layers of a stage 5 donor Compound. /, 
Gb, and G, refer, respectively, to interca­
late, graphite bounding, and graphite in­
ferior layers. 

the superlattice unit cells have increased by 
approximately three Orders of magnitude 
the low temperature in-plane mobility 
within the GaAs region. Low temperature 
mobility values up to 2x l0 6 cmWs have 
been measured, close to the theoretical 
limit.20 The high in-plane mobility of this 
GaAs material has been exploited in such 
devices as modulation-doped field-effect 
high electron mobility transistors (HEMTs) 
which have high switching speeds and low 
power consumption.21 Modulated doping 
can also achieve high mobility p-type mate­
rial. This is an important technological ad-
vance for making possible ultralow power 
logic based on n- and p-channel transis­
tors, with high transconductance. 

Intercalation results in major changes in 
the transport properties of the host mate­
rial.1 Of the various layers within the unit 
cell (see Figure 6), the conductivity of the 
graphite bounding layers (adjacent to the 
intercalant) is dominant because of the 
high carrier density in these layers relative 
to the graphite interior layers, and because 
of the much higher carrier mobility in the 
graphite bounding layers relative to the in­
tercalate layer. The in-plane conductance 
of a GIC can be approximated as a super-
position of parallel conductances associ-
ated with each type of layer in the unit 
cell.5 Typically, the in-plane electrical con­
ductivity <r„ of GICs increases from that for 
graphi te by an order of magni tude or 
more. The magnitude of the increase of the 
cr„ depends on the intercalate species and 
its concentration. Room temperature val­
ues of <ra exceeding that of copper have 
b e e n r e p o r t e d for AsF 5 i n t e r c a l a t e d 
graphite.22-23 

It is believed56 that the alkali metal inter­
calants donate essentially all their free car­
riers to the graphite layers for the higher 
stage Compounds (ns2) , though the do-
nated electrons remain predominantly in 
the graphite bounding layers which then 
screen the positively charged intercalate 
layers. A rapid decrease in carrier density 
occurs with distance into the graphite inte­
rior layers. The Screening is calculated ex-
plicitly through the charge distribution 
given by self-consistent band calculations. 

The charge transfer in donor Compounds 
is often one or two electrons (for monova­
lent or divalent species) per intercalate unit 
but in some cases the charge transfer is in-
complete. Generally the transfer for donor 
GICs is greater than that for acceptor Com­
pounds. For acceptor Compounds, the in­
tercalate layer becomes negatively charged 
by extracting electrons predominant ly 
from the graphite bounding layers, in con-
trast to the Situation shown in Figure 6 for 
the donor Compounds. Thus a high hole 
concentration is found in the graphite 
bounding layers, and the hole concentra­
tion decreases rapidly with distance into 
the graphite interior layers. The electronic 
charge distribution in the graphite and in­
tercalate layers has been calculated self-
consistently for a number of GICs. 

Hall effect measurements in GICs show 
that the sign of the dominant carrier can be 
positive (for acceptors) or negative (for 
donors) . Thus intercalation causes the 
Fermi level to rise (donors) or to fall (accep­
tors). For many GICs one carrier type pre-
dominates, and qualitative results for the 
carrier density and carrier mobility can be 
obtained approximately from Hall effect 
and magnetores i s tance measu remen t s 
through the two carrier type model.5 

As the temperature T is lowered, the in­
plane electrical conductivity cr„ for GICs in­
creases. Quantum oscillatory phenomena 
can be observed readily in both donor and 
acceptor GICs at low temperatures. Quan­
tum oscillatory phenomena are also used 
to study the constant energy surfaces of 
semiconducting superlattices in deliber­
ately structured materials.10 

Quasi 2D Magnetism and 
Superconductivity 

Intercalation Compounds and metallic 
superlattices offer many opportunities and 
challenges for the study of new physics 
and new materials science. Some of the 
new physics involves novel behavior in 
low dimensional (anisotropic) magnetism 
and superconductivity.1 In general, the in­
tercalation of magnetic species into a host 
material results in a magnetically ordered 
intercalation Compound below a magnetic 
ordering temperature Tc. The intercalation 
of superconducting intercalants generally 
results in superconducting intercalation 
Compounds. Varying the Separation be-

Continued 
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tween sequential magnetic layers through 
the Staging mechanism can reduce the in-
terplanar magnetic coupling in a controlled 
manner to very small values, providing a 
convenient System for studying the transi-
tion between 3D and 2D magnetism. Simi-
larly, increasing the Separation between 
intercalate layers can achieve quasi 2D 
superconductivity in an intercalation Com­
pound. 

The ability to form atomically sharp In­
terfaces in intercalation Compounds allows 
the explicit Separation of individual mag­
netic layers so that the interlayer exchange 
coupling can be reduced by several Orders 
of magni tude. Thus intercalation Com­
pounds offer special advantages for study­
ing low dimensional magnet i sm. This 
property has been exploited in transition 
metal dichalcogenides, where a large num-
ber of different transition metal species can 
be introduced as monolayers either directly 
as a constituent of the host material or as 
an intercalant.7 To produce a magnetic su­
perlattice, the GICs are preferred because 
of their ability to stage. 

In addition, by proper choice of inter­
calant, the spin dimensionali ty can be 
varied. As the stage index increases, the 
interplanar exchange and anisotropy cou-
plings / ' and /'^become very small, so that 
the magnetic interactions are largely con-
fined to a Single plane and 2D magnetic be-
havior resul t s . When the in t r ap lana r 
anisotropy term ]Ä is small, then the ex­
change couplings are essentially isotropic 
and a Heisenberg spin System results. If 
the anisotropy term /,, is of comparable 
magnitude and of opposite sign to the ex­
change interaction /, then only the x and y 
spin components are important and the 
System is descr ibed by an XY model 
whereby the spins lie in the magnetic 
planes. Finally, if ]A is large and of the 
same sign as / , then the z components of 
the spin are dominant and the System is 
described by an Ising model whereby the 
spins are directed perpendicular to the 
magnetic planes. As the temperature and 
magnetic field are varied, unusual mag­
netic phase transitions are observed for the 
various types of spin alignments that can 
arise in these low dimensional Systems. 

Superlattices formed from deliberately 
structured magnetic Systems offer a wealth 
of complementary opportunities for mag­
netic studies. For example, with MBE it is 
possible to prepare superlattices of mag-
netic/nonmagnetic conductors (or insula-
tors) or superlattices with consti tuents 
exhibiting different types of magnetism 
(such as AF/F heterostructure superlattices 
where AF and F denote, respectively, anti-
ferromagnetic and ferromagnetic con­
stituents). One interesting superlattice 
System that has been studied extensively is 
the Dy/Y System where the Dy forms a Spi­
ral spin configuration and the Y is nonmag-
netic. Long ränge coupling of the Dy spins 

across the nonmagnetic Y layers has been 
established by study of the magnetic order-
ing as the layering distances dx and d2 of the 
Dy and Y layers were varied in relation to 
the magnetic spiral distance.24 

Because the coherence distances of the 
superconducting wave function are large 
compared to interatomic distances, large c-
axis repeat distances are highly desirable 
for the study of low dimensional supercon­
ductivity. This condition was first achieved 
by the intercalation of n-octadecylamine 
into TaS2, achieving an intercalated transi­
tion metal dichalcogenide with an inter­
layer repeat distance of ~57Ä.1 2 More 
recently, detailed and elegant studies of 2D 
superconductivity were carried out using a 
deliberately structured superlattice of Nb/ 
Ge where the thicknesses of the semicon-
duc t ing Ge and s u p e r c o n d u c t i n g Nb 
constituents were varied.16 By using MBE 
techniques it would be possible to decrease 
the thickness of the interface so that more 
quantitative studies of 2D superconductiv­
ity could be carried out. Though no super­
c o n d u c t i n g GICs w i th c-axis r e p e a t 
distances /, greater than the superconduct­
ing coherence distance f, have yet been 
synthesized, the atomically sharp inter-
faces in s u p e r c o n d u c t i n g GICs offer 
promise for s tudies complementary to 
those made possible by deliberately struc­
tured superconducting superlattices. Addi-
tional Stimulus to these studies will be 
provided by the recently discovered high-
temperature superconductivity T,. —98 K) 
in layered oxide Compounds.25 At present, 
the role of the layering in achieving these 
high Tc values is unclear. 
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