Modifying materials
by intercalation

By inserting layers of guest molecules into anisotropic materials such
as graphite, materials scientists are producing compounds with controlled
electronic, magnetic, structural and thermal properties.

For the past decade, materials research
has focused on synthesizing new mate-
rials and generating new structural
arrangements that exhibit specific de-
sired properties. Some of the greatest
advances in this area have come out of
work on intercalation compounds,'™
which are formed by the insertion of
atomic or molecular layers of a guest
chemical species—an intercalant—
between lavers in a host material.
Figure 1 illustrates the basic structure
of intercalation compounds. Part a of
the figure depicts graphite intercalated
with lithium; this structure is de-
scribed as “commensurate,” because
the atoms in each layer of guest materi-
al are in registry with those in the
neighboring layers of the host material.
Part b of the figure shows the incom-
mensurate nature of graphite interca-
lated with ferric chloride. Although
graphite intercalation compounds have
been synthesized for over 150 years, it
is only very recently that methods have
been perfected to the point that one can
prepare materials with specific struc-
tures and properties. These advances
in materials synthesis, coupled with
current theoretical interest in two-
dimensional physics, have contributed
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to the current high level of interest in
graphite intercalation compounds.

Because of their unusual ordering,
intercalation compounds offer oppor-
tunities for the study of new types of
phenomena. For example, novel phase
transitions arise through the “staging”
phenomenon, in which a constant num-
ber of layers of host material are
sandwiched between sequential inter-
calate layers, as figure 2 shows. This
phenomenon gives a periodic array of
intercalate sheets that can indepen-
dently undergo two-dimensional order—
disorder and structural phase transi-
tions. Staging allows one to control the
separation between the intercalation
layers, and thereby to produce systems
in which it might be possible to study
two-dimensional magnetism or two-
dimensional superconductivity. The
current growing interest in submicron
technology has also drawn attention to
graphite intercalation compounds and
their natural submicron structures.
Intensive studies of intercalation com-
pounds are now under way in many
places, and in the next few years we can
expect to see great progress in under-
standing these materials and in utiliz-
ing their special properties.

In this article, [ describe how interca-
lation compounds are synthesized and
how their structures are determined,
and | will discuss novel structural
phase transitions. | look at the elec-
tronic structure and the associated
unique electrical and thermal trans-
port properties of these new com-
pounds. And I discuss the particularly
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interesting magnetic and supercon-
ducting properties of intercalation
compounds. First, however, I give a
brief overview of the subject.

Intercalation occurs in highly aniso-
tropic lavered structures where the
intraplanar binding forces are large in
comparison with the interplanar bind-
ing forces. The guest species in an
intercalation compound exhibits order,
whereas the guest species in a doped
compound tends to occupy random
locations. Examples of host materials
for intercalation compounds are graph-
ite'—which will serve as the main
example in this article—transition
metal dichalcogenides,” some silicates,
and metal chlorides. At present, sever-
al hundred different chemical species
are known to intercalate into graphite.
By varying the intercalant species and
concentration, one can prepare a large
number of compounds with different
properties.

Graphite intercalation compounds
exhibit a high degree of ordering. The
most striking type of ordering is the
staging phenomenon mentioned above,
which features a periodic arrangement
of n graphite layers between sequential
intercalate layers, where n is the “stage
index.” In practice one can prepare
single-staged materials with only small
(1% to 5%) admixtures of secondary-
staged regions.

The simplest method for determining
the staging in graphite intercalation
compounds is x-ray diffraction based on
(007} reflections, which shows the su-
perlattice periodicity associated with
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Structure of commensurate (a) and incommensurate (b) graphite intercalation compounds.
The model in a shows the stacking of graphite layers and lithium layers in the compound CgL1
The distance between graphite layers is 3.71 A, the diamond-shaped segments of graphite
layers shown here are 4.92 A, or 2a,, on a side. The compound in b is G, FeCl,, in which
the graphite layers are 9.37 A apart. The intraplane separation of carbon aloms is the same
as in a; the lattice constants for the FeCl, layers are nearly the same as those in pristine
FeCly. Figure 1
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Staging phenomenon. This schematic diagram shows the
arrangement of layers in four potassium-intercalated graphite
compounds. Solid lines connecting circles represent graphite layers,
with the positions of the circles indicating schematically the
projected positions of the carbon atoms. The colored lines represent
potassium layers. In the stage-one compound, layers of graphite and
potassium alternate. In stage-n compounds, there are n graphite
layers between successive potassium layers. Graphite layers
between potassium layers maintain an alternating pattern of
registration, as indicated. The distances /. between adjacent
potassium layers In the stage-one through stage-four compounds
represented here are 535 A, 8,75 A, 12.10 A and 15.44 A,
respectively. Potassium layers in the stage-one compound arrange

themselves in a sequence of four orientations.

staging. Diffractograms show that
well-staged materials can be prepared
with stage indices up to about 10,
indicating a c-axis repeat distance [
(see figure 2) between consecutive in-
tercalate layers of about 40 A. The
physical basis for the staging pheno-
menon is the strong interatomic inter-
calate-intercalate binding relative to
the intercalate-graphite binding,
thereby favoring a close-packed in-
plane intercalate arrangement. The
introduction of each intercalate layer
adds a substantial strain energy as the
crystal expands to accommodate the
intercalate layer, thereby favoring the
insertion of a
intercalate layers, consistent with a
given average intercalate concentra-
tion. Thus the state of minimum ener-
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minimum number of

Figure 2

gy corresponds to a close-packed in-
plane intercalate arrangement and the
minimum number of intercalate lay-
ers, with the largest possible separation
between sequential intercalate layers
for a given intercalate concentration.
This combination of conditions results
in staging.

Analysis of (00/) x-ray diffractograms
for many graphite intercalation com-
pounds shows that the repeat distance
I has the simplest possible stage de-
pendence

I =d, +n=1)eg

Here d_ is the distance between two
graphite layers between which an in-
tercalate layer is sandwiched, n is the
stage index and ¢, is the interlayer
separation in pristine graphite. The

relative intensities of the (00/) diffrac-
tion peaks give information on the in-
plane intercalate density. In the case
of multiple-layer intercalates, the peak
intensities also provide information on
the separation of layers within the
intercalate sandwich, and on the separ-
ation between the intercalate and adja-
cent graphite layers. For example, the
system of graphite intercalated with
iron chloride, shown in figure 1b, forms
a three-layer intercalate structure con-
sisting of an iron layer surrounded by
two chlorine layers that interface with
the graphite. The table on page 66
gives values for the intercalate sand-
wich thickness d, for a number of
graphite intercalation compounds. In
general, one can obtain the repeat
distances [, using these values and the
above equation.

We can use the staging phenomenon
to control the distance between sequen-
tial intercalate layers. Staging thus
gives us a mechanism for controlled
variation of the physical properties of
the compounds. For example, if the
intercalant results in a magnetic or
superconducting compound, the stag-
ing phenomenon then permits study of
the magnetism or superconductivity as
the interplanar magnetic interaction
or the c-axis superconducting coher-
ence distance decreases in a controlled
manner. This allows us to study the
transition from three-dimensional to
two-dimensional behavior.

Synthesis

One can bring about intercalation
starting from a solid, liquid or gaseous
guest material,® though intercalation
from the vapor or from solution is most
common. Electrochemical techniques
are also employed. It is often possible
to prepare a given intercalation com-
pound by more than one technique.
Generally, one intercalates simple mol-
ecules from the vapor, using a two-zone
furnace, and larger organic molecules
from solution. The intercalation rate
and resulting intercalate concentration
{or stage) depend strongly on conditions
such as the pressure, the ambient
temperature, the temperature differ-
ence between the host material and the
intercalant, the physical dimensions of
the sample of host material, and the
defect density and degree of crystalline
order in the host material. When
intercalating from the vapor, the initia-
tion of the intercalation process re-
quires the partial pressure of the inter-
calate to exceed a threshold value that
depends on temperature, structure of
the host material and the intercalate
species. The process proceeds with the
insertion of intercalate layers sequen-
tially from the surface layers inward,
but starting from the edges and advanc-
ing into the layer planes.

One can introduce interesting inter-



In-plane structure of an intercalate. This
diagram shows the lattice of the two-
dimensional intercalate Br, projected onto
the hexagonal network of graphite, with
which it 1s commensurate. The colored

region represents the bromine layer's
rectangular unit cell, whose length and width
are 17.22 A and 4.26 A, respectively Figure 2

calants such as hydrogen, mercury or
benzene into a graphite host through
stepwise intercalation, in which the
graphite is first intercalated with an
alkali metal such as potassium. Inter-
estingly, the potassium-hydrogen
graphite intercalation compounds al-
low a packing density of hydrogen
atoms comparable to that in solid
hydrogen; potassium-mercury graph-
ite intercalation compounds are of in-
terest for their anisotropic supercon-
ducting properties; and the potassium-
benzene graphite intercalation com-
pounds exhibit catalytic behavior

Graphite intercalation compounds
are generally very reactive and must be
stored in an inert atmosphere or encap-
sulated in glass ampoules. However, a
few of the graphite compounds, such as
those with the intercalants FeCl, and
SbCl,, are quite stable in air.

By allowing the introduction of new
species and the creation of novel struc-
tures, intercalation gives us a method
for modifying drastically the structure

and therefore the properties of the host
material. Of particular interest to
physicists is the synthesis of new
classes of anisotropic materials, some
of which exhibit quasi-two-dimensional
structure and properties.

Structure

The principal technique for the
structural characterization of graphite
intercalation compounds is x-ray dif-
fraction, which is used primarily to
determine the stage index. Electron
diffraction is particularly useful for
determining in-plane ordering, while
elastic neutron scattering gives infor-
mation on the stage index and on the
interplanar intercalate stacking ar-
rangement.

The desire to understand phase tran-
sitions associated with the basal plane
structure has motivated many of the
recent structural studies on graphite
intercalation compounds. The primary
mechanism for in-plane structural
phase transitions in graphite intercala-
tion compounds is differential in-plane
thermal expansion. The intercalate-
intercalate bonding is much stronger
than the intercalate-graphite bonding,
and results in a large thermal expan-
sion of the intercalate layer relative to
that of the graphite layer, which exhib-
its almost no thermal expansion. Thus,
if a particular intercalate layer is
commensurate with the adjacent
graphite layer at some temperature,
the differential thermal expansion can
give rise to a transition to an incom-
mensurate phase at higher or lower
temperatures,

The simplest experimental tech-
nique for identifying phase transitions
is to measure transport properties,
such as electrical resistance, as a func-
tion of temperature.” The transport
properties characteristically show
anomalies at the phase-transition tem-
perature, reflecting changes in the
seattering processes at the phase tran-
sition. For more detailed information
on the nature of structural phase tran-
sitions, one can carry out x-ray, elec-
tron or neutron diffraction measure-
ments
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Graphite intercalation compounds
are an attractive class of materials for
investigating phase transitions in two-
dimensional systems. A novel example
of such a phase transition is found in
the graphite-bromine system,” which
upon heating exhibits a phase transi-
tion from a commensurate structure to
a special kind of incommensurate
phase. At yet higher temperatures
there is two-dimensional melting.

Figure 3 shows the commensurate in-
plane structure of a stage-four graph-
ite-Br, compound at room tempera-
ture. The intercalate basis vector of
length v 3 &, in the figure is at 30° with
respect to one of the graphite basis
vectors, and the superlattice basis vec-
tor of length 7a,, is parallel to the other
graphite basis vector. The very high
thermal expansion coeflicient of solid
bromine relative to that of graphite in
the basal plane suggests that there
should be a transition to an incommen-
surate intercalate phase at some ele-
vated temperature.

Experimenters have, in fact, ob-
served a transition to an incommensu-
rate phase in the stage-four graphite-
bromine compound C..Br, at a tem-
perature of 69.05 °C, but the transition
is to a special structure called a "stripe
domain” incommensurate phase, In
this phase, the lattice constant remains
commensurate in the | 3-fold direction,
that is, the direction of the basis vector
of length \3a,,, However, in the 7-fold
direction, the lattice remains locally
commensurate, but after N unit cells
there is a phase slip of 26/7 (see figure
4), where b, which is 7a,, is the lattice
constant of the commensurate super-
lattice in the long direction.

As the temperature increases bevond
the transition temperature 7., the
intercalate becomes increasingly in-
commensurate by decreasing the num-
ber N of unit cells between phase slips.
To establish the quantitative structure
of the incommensurate stripe-domain
phase, one can perform detailed high-
resolution x-ray scaftering experi-
ments.” In such experiments, one sees
the transition to the incommensurate
stripe-domain phase as the onset of a

Stripe-domain model proposed for stage-lour Br.-intercalated
graphite. The inlercalate lattice remains commensurale axcept for a

phase slip in one direction every & unit cells
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modulated diffraction pattern in which
the dominant bromine superlattice dif-
fraction spots are shifted in the 7-fold
direction. There is no shift of the
bromine superlattice spots in the 13-
fold direction. There is also no change
in the diffraction spots for the graphite
host at the phase transition.

Physicists at the Landau Institute of
Theoretical Physics have given® a de-
tailed theory for a one-dimensional
commensurate-incommensurate tran-
sition in a two-dimensional lattice.
They predict that the domain-wall den-
sity and hence the incommensurability
e should initially rise as (T — 7. )'"* but
should saturate as the domain-wall
density increases. Experimental re-
sults for stage-four bromine-intercalat-
ed graphite show just this behavior
near the transition temperature T,
with an exponent of 0.50 + 0.02. This
is shown in figure 5, where data for the
incommensurability e were fit to the
functional form e=¢ [T - T.)/T.|",
with f# = 0.5, for the Br (110) peak; with
this functional form, excellent agree-
ment was also obtained for the Br (150)
and Br (040) peaks with no adjustable
parameters. The positions of the x-ray
superlattice peaks from the incommen-
surate lattice, and the intensities of
those peaks, are well described by a
model that features sharp domain
walls with widths of less than one unit
cell

As the temperature of the stage-four

sample increases further, the interca-
late layer undergoes a continuous an-
isotropic two-dimensional melting
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transition at 102.25°C, also identified
by analysis of the high-resolution x-ray
scattering lineshapes. The results
show the retention of substantial order
in the y3-fold direction upon melting.

High-resolution x-ray scattering
measurements’ on bromine-intercalat-
ed graphite give direct evidence that in-
plane coherence distances are long—
about 10* A. Although some interca-
lates, such as KHg and Br,, exhibit
large in-plane defect-free regions, other
intercalates show island structures.
Such island structures commonly occur
with intercalates that form incommen-
surate in-plane structures and with
those that exhibit “*disproportionation”
phenomena. Disproportionation is the
process in which the intercalation of
one chemical species results in the
formation of new chemical species in-
side the host material.” For example,
the introduction of SbCl; into graphite
apparently results in the formation of
some SbCl, and SbCl, . Researchers
expect the presence of intercalate is-
land structures to appear as line broad-
ening in spectra and as additional
scattering channels that affect the
transport properties.

Electronic structure

Intercalation in graphite does not
significantly change the in-plane order-
ing in the layers of the host material,
nor does it change the interlayer spac-
ing between these layers. This sug-
gests that the electronic and lattice-
mode structures for graphite
intercalation compounds are closely

related to those of layers of the host and
intercalate materials. Investigations
of the electronic and lattice properties
of graphite intercalation compounds
show that the perturbation introduced
by the intercalate layers is largely
confined to the two graphite bounding
layers—the graphite layers that are
adjacent to the intercalate layer—
while the interior layers of graphite are
largely unperturbed. Also, numerous
experiments show similarities between
the structural ordering of the interca-
late layer and the structural ordering
of the corresponding layer of the parent
intercalate material. Thus, calcula-
tions of the electronic dispersion rela-
tions for intercalation compounds are
based on a hybridization of the elec-
tronic levels for the two parent materi-
als. For example, the electronic disper-
sion relations for C,K (stage-one
potassium-intercalated graphite) ex-
hibit'"" graphitic energy bands very
similar to these in pristine graphite, as
well as intercalate s and p bands
readily identified with pristine potas-
sium. Matters are further simplified
by considering the symmetry of the
intercalation compound. The superlat-
tice symmetry due to staging intro-
duces zone-folding effects that have an
important bearing on the form of the
electronic energy-band and lattice-
mode structures. Some theorists have
carried out detailed “first principles”
band calculations for several graphite
intercalation compounds and others
have developed phenomenological en-
ergy-band models based on crystal sym-



metry and measurements of experi-
mental properties.'’

The large anisotropy in electronic
properties is due to the extremely small
dispersion along the c-axis and the high
level of dispersion in the layer planes—
the energy-versus-wavevector curves
are nearly linear for bands near the
Fermi level. Furthermore, the density
of states in pristine graphite is very
small near the Fermi level. Because
intercalation of graphite causes a large
increase in its carrier density, the
Fermi level moves well into the conduc-
tion band for donors and well into the
valence band for acceptors, thus giving
rise to a large increase in the density of
states for both donors and acceptors.

Electronic and thermal transport

Intercalation causes large changes in
electron concentration because of the
transfer of charge between the interca-
late and host. The conductivity model
in figure 6 explains this, showing sche-
matically the charge transfer in the
case of a donor intercalate in graphite.
Suppose, for example, that the interca-
lant species is the alkali metal potas-
sium. Each potassium atom has one
valence electron. If this electron is
transferred to the graphite layers, the
intercalate layer becomes positively
charged, thereby attracting electrons
in the graphite layers. Thus most of
the transferred charge resides in the
graphite bounding layers. Because the
in-plane intercalate concentration is
typically a factor of 10 less than the
carbon concentration in a graphite
layer, one can achieve an increase as
large as three orders of magnitude in
the carrier concentration in potassium-
intercalated graphite compared with
pristine graphite,

Thus, intercalation results in major
changes in the transport properties.'”
The in-plane electrical conductivity o,
increases from that for graphite by an
order of magnitude or more, as figure 7
shows for several alkali metal graphite
intercalation compounds.' The mag-
nitude of the increase in the in-plane
conductivity depends on the intercalate
species and its concentration. Of the
various types of layers within the unit
cell (see figure 6), the graphite bound-
ing layers contribute most to the con-
ductivity because these layers have a
high carrier density relative to that in
the graphite interior layers and a very
high carrier mobility relative to that in
the intercalate layers. Though
smaller, the contribution to the conduc-
tivity of the graphite interior layers
can in some cases be significant. We
can account qualitatively for the ob-
served stage dependence of the in-plane
conductivity by considering the conduc-
tance of the total sample as a sum of the
conductances of the individual layer
types, weighted according to their rela-
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Additive conductance model for graphite intercalation compounds,
Labeled are the graphite interior layers (G, ), graphite bounding
layers (G,, ) and intercalate layers (1). The figure indicates
schematically the electronic charge distribution for a stage-five

donor compound

tive thicknesses within the unit cell.

Hall-effect measurements show that
the sign of the dominant carrier is
positive (for acceptors) or negative (for
donors). Thus, intercalation can in-
crease the number of donors and cause
the Fermi level to rise, or increase the
number of acceptors and cause the
Fermi level to fall. It is believed that
the alkali metal intercalates donate
essentially all their free carriers to the
graphite layers for the higher stage
compounds—those with stage index
n=2, The carrier density decreases
rapidly with distance into the graphite
interior layers.

The charge transfer in donor com-
pounds 15 often less than one electron
per intercalate unit but generally is
greater than for acceptor compounds.
For the acceptor compounds, the inter-
calate layer becomes negatively
charged by extracting electrons predo-
minantly from the graphite bounding
layers, in contrast to the situation
shown in figure 6 for the donor com-
pounds. Thus, the graphite bounding
layers have a high concentration of
holes for the acceptor compounds.

Although the c-axis conductivity o,
also increases with increasing interca-
late concentration for donor com-
pounds, it decreases in the case of
acceptor compounds, often resulting in
materials with an electrical conductiv-
ity anisotropy ratio o, /o, in excess of
about 10% This wide range of behavior
in electrical conductivity occurs be-
cause intercalation increases the car-

Figure 6

rier density while decreasing the car-
rier mobility, and because the
graphite—intercalate interaction varies
significantly from one intercalant to
another.

As the temperature is lowered, the
in-plane electrical conductivity in-
creases, with the effect being larger for
donors than for acceptors. At low
temperature, graphite intercalation
compounds normally have a scattering
time much larger than the reciprocal of
the cyclotron frequency, so that elec-
trons can complete at least one orbit
before scattering. Thus, one can readi-
ly observe quantum oscillatory phe-
nomena in both donor and acceptor
graphite intercalation compounds at
low temperatures. Such observations
yield direct information on the shape of
the Fermi surface and on the carrier
density, independent of scattering pro-
cesses and scattering times.'* Experi-
mental results show that intercalation
greatly increases the size of the Fermi
surface and causes the formation of
numerous carrier pockets. The Fermi
surface for the graphitic electrons
tends to be cylindrical in shape, so that
the electrons exhibil essentially infi-
nite effective masses along the c-axis,
and quasi-two-dimensional transport
behavior.

Thermal transport properties of graph-
ite intercalation compounds are highly
anisotropic,'® as are the optical proper-
ties.""™ Although the lattice contribu-
tion dominates the thermal conductiv-
ity in the host crystal, the great
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increase in carrier concentration in
graphite intercalation compounds al-
lows the electronic contribution to
dominate the thermal conductivity at
low temperatures, that is, at tempera-
tures below 10 K. Because of the
increase in scattering due to the in-
creased concentration of defects, inter-
calation decreases the absolute magni-
tude of the room-temperature thermal
conductivity. The Wiedemann-Franz
relation (which relates the low-tem-
perature electrical conductivity to the
low temperature electronic contribu-
tions to thermal conductivity) is satis-
fied for graphite intercalation com-
pounds, and provides an independent
method for determining their electrical
conductivity in the low-temperature,
residual-resistivity range.

Intercalation has very little effect on
the anisotropy in the thermal conduc-
tivity of graphite at room tempera-
ture—that is, the ratio of the room-
temperature a-axis and c-axis thermal
conductivities is almost unaltered by
intercalation. At low temperatures,
the electronic contribution to the c-axis
thermal conductivity is insignificant
because of the low electrical mobility
along the c-axis. Thus, the c-axis ther-
mal conductivity is dominated by the
phonon contribution throughout the
entire temperature range, so that at
low temperatures, intercalated graph-
ite exhibits thermal conduction by
electrons in the layer planes and by
phonons along the c-axis. Because
graphite intercalation compounds have
a relatively high carrier mobility, one
can determine the electronic and lat-
tice contributions to the thermal con-
ductivity independently by applying a
high magnetic field to quench the
electronic contribution.

The sign of the Seebeck thermoelec-
tric coefficient, or thermopower, for
acceptor compounds is positive, and

Intercalate sandwich thicknesses

Intercalant Sandwich thickness
Li 3.7
K 535
Rb 565
Cs 594
Br. 7.04
HNO, 7.84
HCIO, 7.94
50, 796
.0, 798
AsF, 815
SbF. 846
FeCly B8.37
CoCl, 9.40
NiCI. .40
SbCl. 9.42
AlCH, 9.54
KHg 10.22°

The labie hsis sandwich thicknesses lor grapnite
imercalahon compounds Except as noled, the sand
which thick 15 Indepandent ol stage
With the data in this table and the equation on page 62
one can calculals the repeal distance |

‘For stage 73 the Inckness decreases to 915 A
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IN-PLANE CONDUCTIVITY o, (10°/£2 cm)

Pristine graphite

06 0.8 10

RECIPROCAL STAGE 1/n

In-plane conductivity of several graphite-alkali metal compounds, plotted as a function of
stage. Ochre represents lithium intercalant; light orange, rubidium; dark orange,

potassium; gray, cesium. (From reference 13.)

that for donor compounds is negative,
as expected. The temperature depen-
dence of the in-plane thermopower is
similar (except for sign) for donor and
acceptor graphite intercalation com-
pounds, but these temperature depen-
dences are very different from that in
pristine graphite. Furthermore, the
temperature dependence of the ther-
mopower is anisotropic, exhibiting dif-
ferent in-plane and c-axis behaviors.

Magnetic properties

Intercalation significantly modifies
the magnetic properties of the graphite
host material. The specific behavior
that one observes depends strongly on
whether or not the intercalant is mag-
netic, and for the case of nonmagnetic
intercalants, the behavior depends on
whether the intercalant is a donor or
an acceptor. Magnetic intercalants
form graphite intercalation compounds
that exhibit magnetically ordered
phases below a critical magnetic order-
ing temperature, while nonmagnetic
intercalants generally yield graphite
intercalation compounds that are dia-
magnetic or paramagnetic, depending
upon whether the intercalant is an
acceptor or donor, respectively.

Pristine graphite is a highly diamag-
netic material because of the large
orbital contribution of the highly mo-
bile electrons and holes. The intercala-
tion of graphite with nonmagnetic ac-
ceptor intercalates reduces both the
magnitude of the diamagnetism and
the anisotropy of the magnetic suscep-
tibility. Nonmagnetic donor interca-
lates have a very large effect on the

Figure 7

orbital contribution to the magnetic
susceptibility, causing the sign of the
susceptibility to change from negative
to positive. The largest effect occurs in
the lowest stage compounds, where the
free-carrier density is largest.'®

The introduction of magnetic inter-
calants into graphite results in magne-
tically ordered compounds. Because of
the smaller number of magnetic near-
est neighbors, the magnetic ordering
temperature of the intercalation com-
pound tends to be lower than that in
the parent pristine magnetic material,
Experiments have found ordered mag-
netic phases for both acceptor metal
chloride intercalates, such as FeCly,
FeCl,, CoCl, and NiCl,, and the donor
intercalate Eu. Variation of the separ-
ation between magnetic intercalate
layers by increasing the stage index
permits study of the transition from
three-dimensional magnetic interac-
tions (stage-one compounds) to two-
dimensional magnetism (dilute com-
pounds). Researchers use a variety of
experimental technigues'” to study the
magnetic properties of graphite inter-
calation compounds, including mea-
surements of magnetic susceptibility,
magnetization and heat capacity, as
well as Mossbauer spectroscopy, and
neutron scattering.

Because the nearest-neighbor mag-
netic interaction for graphite intercala-
tion compounds always involves mag-
netic species in the same layer plane,
even low-stage compounds exhibit
quasi-two-dimensional behavior. It is
more convenient to study this behavior
by analyzing the functional form of the



in-plane magnetic susceptibility (mea-
sured with the magnetic field perpendi-
cular to the ¢-axis) which shows a large
peak near the onset of a magnetically
ordered state at low temperature.

Of significance is the relatively small
stage dependence of the temperature of
the peak in-plane magnetic susceptibil-
ity. This quasi-independence indicates
that the magnetic ordering tempera-
ture is determined mainly by exchange
interactions between nearest neighbors
in the planes, The large increase in the
magnitude of the susceptibility as the
stage index increases is identified with
a transition from three-dimensional
behavior for the stage-1 compounds to
two-dimensional behavior for the high-
stage compounds. Detailed measure-
ments on high-stage magnetic CoCl,-
intercalated graphite yield very large
values for the susceptibility—larger, in
fact, than for a ferromagnetic nickel
sphere.™

Analyses of magnetic susceptibility,
magnetization and neutron scattering
experiments show that in the absence
of an applied magnetic field, the transi-
tion metal chloride acceptor com-
pounds undergo two magnetic phase
transitions, at critical temperatures
represented by 7., and 7,,. At tem-
peratures well above the critical tem-
perature 7T, , one sees major deviations
from the Curie-Weiss law, in which the
susceptibility is inversely proportional
to the amount by which the tempera-
ture exceeds the upper critical tem-
perature. However, the temperature
dependence of the susceptibility above
this critical temperature does fit well to
a Kosterlitz-Thouless form for a two-
dimensional model in which electron
spins are random except for being
confined to the intercalate plane (see
figure 8): The behavior is as (1/exp by/t),
where ¢ is the reduced temperature
(T—T.)/T.. This is consistent with
the arrangement of the spins in a free,
or unbound, vortex. Between the up-
per and lower critical temperatures,
the experimental results are consistent
with a two-dimensional bound vortex
spin state, with the spins randomly
aligned in the basal plane and having
no interplanar correlations.'” As the
temperature is lowered below the lower
critical temperature 7, three-dimen-
sional spin correlation appears.

The application of external magnetic
fields causes dramatic changes in the
susceptibility near the phase transi-
tion, Figure 8b illustrates this by
showing how the magnitude and func-
tional form of the in-plane magnetic
susceptibility change when fields as
small as 400 Oe are applied parallel to
the c-axis. The external field competes
with the six-fold symmetry-breaking
anisotropy field from the graphite, and
suppresses the phase transition, as
predicted theoretically by the Koster-
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In-plane magnetic
susceptibility, as a
function of temperature
(a) and as a function of
both temperature and
magnetic field (b). The
curves in a are for
stage-two CoCl,-
intercalated graphite at
zero magnetic field.
The peak in the
susceptibility occurs
near the magnetic
phase transition at T,
The dashed curve is a
fit to the Kosterlitz—
Thouless functional
form. The curves in b
show the susceptibility
of the stage-four CoCl.
compound for several
values of the external
magnetic field. The
externally applied field
quenches the
susceptibility peak
rapidly. Figure 8
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