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The diamagnetic MoF molecule intercalates into graphite (HOPG) according to the reaction
nC + MoF¢ — C," *(MoF; ), (MoFj), _ .. Combination of ESR and magnetic susceptibility
measurements indicate that the charge transfer is incomplete with x ~0.2. The system HOPG/
MoF is unique in that ESR resonances due to both the 4d ! intercalant species (MoF, ) and
conduction carriers can be detected. The ESR spectra of stage I1I exhibit an additional resonance
which is probably associated with graphite interior layers.

1. INTRODUCTION

The electron spin resonance (ESR) spectra of graphite
intercalation compounds (GIC) have been extensively stud-
ied during the past several years."”> Generally speaking, the
ESR spectra in these compounds originate either with elec-
tron spins localized on the intercalant layers in the case of
magnetic intercalant species™® or from conduction carrier
spins confined to the graphite layers in the case of nonmag-
netic intercalants.’~ This paper reports on the magnetic and
electronic properties of the HOPG/MoF, GIC with empha-
sis on the ESR measurements. We have observed, for the
first time in any GIC, coupled resonance modes due to the
paramagnetic intercalant species and the conduction carri-
ers. Analysis of the ESR data together with a preliminary
susceptibility study enables us to extract important informa-
tion on the charge transfer, exchange mechanism, and the c-
axis diffusion of the conduction carriers.

1l. EXPERIMENTAL RESULTS
A. Sample preparation and characterization

The intercalation of MoF; into powdered graphite has
been reported previously.” Here we report the intercalation
of MoF, into HOPG for the first time. The intercalation
process was carried out using slabs of HOPG of approximate
dimensions 8 X 3 0.5 mm in contact with liquid MoF in-
side a reactor. Prior to the intercalation the HOPG slabs
were pumped overnight at 300 °C to eliminate adsorbed gas-
es. The MoF was sublimed repeatedly using dry ice to elimi-
nate HF. The intercalation is a relatively slow process possi-
bly related to the low electron affinity of MoF,. This enables
us to monitor continuously the intercalation of HOPG/
MOoF; using an ac contactless conductivity technique.® An
example for the normalized specific conductivity of HOPG/
MoF as a function of the exposure time is given in Fig. 1. As
can be clearly seen from Fig. 1, the product of the in-plane
conductivity o and the sample thickness ¢ increases stepwise
upon intercalation of HOPG with MoF,. The “plateaus” in

J. Chem. Phys. 83 (8), 15 October 1985

0021-9606/85/203859-04$02.10

Fig. 1 (see points “b” and ““c” in Fig. 1) correspond to mix-
tures of stages but a well-defined stage I at the end of the
intercalation process (point “a”). This was confirmed by (00/ )
x-ray diffraction measurements obtained by interrupting the
intercalation process and transferring the sample into a spe-
cial sample holder for the CuKa x-ray study. These studies
indicate a repeat distance (in A) given by
d =3.35 4 (n — 1)d,, where n is the stage and d, = 8.35-
8.45A with some variations from sample to sample. Results
for pure stages I and III are shown in Fig. 2. The relative
sample thickness ¢ /t, was measured with a micrometer for
stages I and III to be 2.3 + 0.1 and 1.5 4 0.1, respectively,
consistent with the x-ray study. These values enable us to
estimate the room temperature normalized conductivities
o/oytobe 5.5 4 0.5 and 9 + 1 for stages I and III, respec-
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FIG. 1. The in-plane specific conductivity (o/0,)(t /1,) of HOPG/MoF4 as a
function of exposure time to MoF,. o and 7 represent the in-plane conduc-
tivity and the sample thickness, respectively; o, and ¢, are the same param-
eters for the initial HOPG. The arrows a, b, and c indicate the times at which
the intercalation process was interrupted for x-ray (00/) analysis. Point a
corresponds to pure stage I; points b and ¢ correspond to mixture of stages
{point b, for instance, corresponds to a mixture of stages I and II with asmall
amount of stage III).
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FIG. 2. X-ray (00/) diffraction pattern of HOPG/MOoF, (stages I and III).
Lines marked x arise from the sample holder.

tively, from Fig. 2. Thus HOPG/MoF, GIC exhibit relative-
ly high in-plane conductivity. We believe that the jumps in
the conductivity vs the exposure time correspond to noncon-
tinuous charge transfer associated with weight uptake and
filling of the intercalant layers. Apparently, the variation of
the sample thickness upon intercalation does not play a very
important role, as the transformation from stage II to stage I
(Fig. 1) is associated with a decrease of the specific conduc-
tivity while ¢ /¢, increases.

B. ESR results

Samples for the ESR (or susceptibility) studies were
sealed into quartz tubing under a helium atmosphere on a
vacuum line following (00/ ) x-ray diffraction. These samples
are stable and retain the same magnetic properties for a peri-
od of several weeks. The ESR measurements were carried
out at X-band over the temperature range between 1.5 and
300K. Figure 3 exhibits the ESR spectra of HOPG/MoFj at
various temperatures for a stage I compound and for a mag-
netic field H parallel to the ¢ axis (H||C). Two signals are
clearly seen (signal d and signal ¢, in Fig. 3). At very low
temperatures (7~6 K) the positions of these signals corre-
spondtog, = 1.6 + 0.05and g, = 1.89 + 0.01, respective-
ly. The position of signal ¢,(g., = 1.89) is practically angu-
larly independent, but signal d shows some angular
dependence of 150 G by rotating the ¢ axis with respect to the
magnetic field (Fig. 4). This corresponds to an angular de-
pendence ofg, — g, = 0.05. The angular dependence of sig-
nal d is, however, significantly smaller than its linewidth
(AH~230G).

An interesting feature of Fig. 3 is the decrease of the
ESR intensities of signals 4 and ¢, with increasing tempera-
ture. Note, however, while signal d practically disappears
above 7 = 60 K, signal ¢, could be observed even at room
temperature. An additional interesting feature is the line po-
sition. The position of signal 4 is almost temperature inde-
pendent while the position of signal ¢, changes from
g = 1.89 4 0.01t0 1.99 + 0.01 upon increasing the tempera-
ture from T = 4 to 300 K. This shift in the line position is
associated with significant linewidth narrowing. Figure 5(b)
exhibits the g shift of line ¢, vs temperature measured with
respecttog = 2.

While stages I and II of HOPG/MoF, GIC show very
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FIG. 3. ESR spectra of stage | HOPG/MOoF; for H||C and at various tem-
peratures. Two signals d and ¢, are clearly seen. The inset shows the ESR
spectrum of stage ITI at T = 6 K. This spectrum exhibits an additional line,
-

similar spectra (see Fig. 3), the low temperature ESR spectra
of stage III compounds exhibit an additional line at g = 2.
The insert of Fig. 3 shows the ESR spectra of stage III
HOPG/MoF, at T= 6K. Although the intensity of this
additional signal is very small, we definitely identify the
same signal in several HOPG/MoF, samples of stage III.

C. Magnetic susceptibility

The susceptibility of a mixture of stages of HOPG/
MoF, was measured using a SQUID in the temperature
range 6 K < T < 80 K with the magnetic field H perpendicu-
lar to the ¢ axis. The results [Fig. 5(a)] could be fitted to the
formula

Nl-‘:fr
=—+ Yo (1
Y3k, r+0) X !

8

T

3

8

3 H Il ¢

)]

>

g

5

Q

1S Hl1lc

a

S

0

Ke]

< ) | L | L | 1 i

1700 2700 3700 4700 5700

Magnetic Field (gauss)

FIG. 4. The angular dependence of the ESR spectrum of HOPG/MoF,
stage [I at T=6 K.
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where y ¢ is the effective magnetic moment, NV is the number
of MoF, molecules as estimated from the weight uptake, y,
is the temperature independent susceptibility, and K is the
Boltzman constant. We found g = 0.63 45, @ =3 K, and
Yo = 1.66X 1072 emu/mol Oe. The large value of the tem-
perature independent susceptibility is not clearly understood
yet. It may be only partially associated with the large orbital
paramagnetism of the intercalant molecules,” or Pauli sus-
ceptibility due to the conduction carriers.

lil. DISCUSSION

The neutral MoF, molecule is diamagnetic with a 4d °
electronic configuration. Upon intercalation the following
chemical reaction occurs:

nC + MoF, — C;* *(MoF; ), (MoF,), _,. 2)

This reaction leads (partially) to the formation of MoF, ions
in which the oxidation state of the molybdenum is + 5
(Mo ™) with a4d ' electronic configuration. Thus, the chemi-
cal reaction leads to charge transfer which results in the for-
mation of local magnetic moments on the intercalant species
and mobile spins (holes) on the graphite layers. We believe
that the spectra in Figs. 3 and 4 are due to coupled resonance
modes associated with these two spin species. Indeed the
different temperature dependence of the intensity strongly
supports the idea that signals d and ¢, originate from differ-
ent spin species. The coupling is provided by exchange inter-
action of the form J S « s, where S is the spin of the Mo ™% ion
while s is the spin of the conduction carrier. A similar prob-
lem has been treated extensively in the case of metals.'®!* In
the limit of weak exchange coupling, we identify signal d in
Fig. 3 with the paramagnetic MoF; (V') ions and signal ¢, as
dominated by the conduction carriers. This identification is
supported by the following observations: {a) The intensity of
signal d decreases with increasing temperature, roughly as
~1/T, as expected for localized paramagnetic ions. The
properties of signal d are consistent with the ESR of Mo ™ in
various insulating solids.'*'* It has been demonstrated'* !>
that Mo*>(4d ') in insulators exhibit slightly anisotropic g
values and resolved hyperfine interactions due to Mo®’ and
Mo® isotopes. The relatively large linewidth of signal d can
be explained, therefore, as due to unresolved hyperfine inter-
action. The relative broad line compared to the anisotropy of
the g value, does not allow detailed analysis of line d. The
slight differences between the ESR g value as compared to
the previous ESR studies'*!* are probably due to different
local environments leading to different crystal field param-
eters. (b) Signal ¢, is believed to be associated with conduc-
tion carriers. In such a case, one expects the signal intensity
to be almost temperature independent according to the Pauli
law. However, as will be shown below we are able to explain
both the temperature dependence of the position of line c, as
well as its intensity in the frame of the weak exchange cou-
pling model.

Due to the exchange interaction the position of signal ¢,
is exchange shifted and in the molecular field approximation
the g shift Ag,, is given by"?

Ag, =g, —2=Jx,/2uzN, 3)

X x 10° (emu/mole Oe)
WHh O OO N O

I L 5
0 50 100 150 200 250
T (K)

1 ] 1 i 1 1 i
1 2 3 4 5 6 7
Susceptibility (10-3emu/(mole Oe))

FIG. 5. (a) The susceptibility of a mixture of stages (stages I, II, and III) of
HOPF/MOoF, vs temperature. (b) The g shift Ag, of the line ¢, vs tempera-
ture. The g shift was measured with respect to g = 2 (c) A plot of Ag, vs the
susceptibility with the temperature as implicit parameter. The solid line rep-
resents the best fit.

where Yy, is the spin susceptibility of the intercalant ions. As
seen, 4g, is proportional to y, with a coefficient which de-
pends on the exchange parameter J. Equation (3) is in agree-
ment with Fig. 5(c) where the experimental Ag, was plotted
against the susceptibility of HOPG/MoF,. Using Eq. (3) and
our data in Fig. 5(c), we have extracted a negative (antiferro-
magnetic) exchange parameter J = ( — 0.9 4 0.2) meV. The
negative exchange interaction is consistent also with the en-
hancement of signal ¢, at low temperature according to a
mechanism suggested previously by Pifer and Longo.!! They
have pointed out that due to overlap (hybridization) of two
resonance lines, the effective alternating field might be en-
hanced or reduced depending on the sign of the coupling
constant. This mechanism is analogous to the enhancement
of the nuclear magnetic resonance in ferromagnets.'® It is
associated with the fact that the transverse magnetization of
signal d, which is coupled to the magnetization of signal ¢,
via the exchange, has a component which oscillates in-phase
with the external rf field H ;. The enhancement of the rf field
is roughly given by HZ - (1 + Ay,)* where y} is the ampli-
tude of the dispersion line of signal d at the position of signal
c,. In our case, both y; and A are negative leading to en-
hancement. Furthermore, y; is proportional to the static
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susceptibility, and consequently the enhancement factor de-
creases with increasing temperature. This is in qualitative
agreement with the decrease of the intensity of signal ¢, upon
increasing the temperature (Fig. 3).

The value of g, associated with the Mo ™ ions is almost
unaffected by the exchange mechanism in this limit of very
small exchange interaction and the relatively small Pauli
susceptibility associated with the conduction carriers.
Knowledge of g, enables us to estimate the effective magnet-
ic moment of the Mo ions assuming spin S = } as follows:

Mesr =8aVS (S + up = L4ug.

This value of i ¢ is significantly larger than the effective
magnetic moment extracted from the susceptibility
(g = 0.63 15). This “discrepancy” can be resolved if the
chemical reaction does not go to completion. The charge
transfer coefficient (u.q/ipsr )’ = (0.63/1.40% =02, i.e,
~20% of the MoF¢ molecules undergo charge transfer. This
number should be regarded with some caution, because our
susceptibility measurements were done on mixtures of
stages, while the charge transfer might be stage dependent.’

Probably the most interesting feature of our experimen-
tal results is the observation of two lines for stages I and II
{which contain only bounding equivalent graphite layers)
but the observation of three lines for stage III compounds. In
stage III the graphite layers are nonequivalent and we can
distinguish between bounding layers (adjacent to the interca-
lant layers) and interior layers. The resonance at g, ~2
found at low temperature for stage III compounds is attri-
buted, therefore, to the graphite interior layers. This reso-
nance is angularly independent and, thus, has very similar
properties to the ESR of the conduction carriers in nonmag-
netic intercalant systems.'™ We note that in “pure” HOPG
the ESR is very anisotropic compared to its linewidth." This
strongly supports the idea that there is significant charge
transfer even to interior graphite layers. The charge transfer
to interior layers is consistent with theoretical work of Sa-
fran'” and others'®'® who have demonstrated the existence
of long range (nonexponential) charge screening of the
“charged”intercalant layers.

The observation of two different resonance lines asso-
ciated with graphite bounding layers and graphite interior
layers, respectively, strongly suggest that (a) the exchange
interaction mechanism is of short range and does not affect
the carriers on interior layers and (b) the rate of the conduc-
tion carriers hopping along the ¢ axis is very slow. We note
that according to the theory for motional narrowing,?! one
expects the two ESR lines associated with the conduction
carriers to merge into a single line for a *“fast” ¢ axis hopping
rate relative to the difference in the resonance frequencies of
these two lines. Thus, our experiment suggests that the hop-
ping rateis a “slow” process. We estimate a lower limit to the
hopping time 7. tobe 7, > 10~ %s.

IV. SUMMARY

(1) HOPG/MOoF; is the only system known to us for
which the resonances due to the intercalant species and the

conduction carriers (both associated with the charge trans-
fer) could be detected. The observation of the later resonance
is probably due to the relatively small exchange and spin-
orbit broadening mechanism expected for the 4d series.*

(2) The resonance properties of signal d, indicate a 4d !
electronic configuration appropriate to Mo ™ (i.e., MoF; ).
However, the charge transfer is not complete; only ~ 20% of
the MoF¢ molecules undergo charge transfer. These results
are in qualitative agreement with previous results on C/
AsF; 320

{3) The ESR spectra of stages I and II can be explained
by using a weak exchange coupling mechanism. A value of

= —0.94+0.2 meV was extracted from our data. Al-
though this value of the exchange should be regarded with
caution because the susceptibility was measured on a mix-
ture of stages, the magnitude is correct. The magnitude of
this exchange parameter is smaller by several orders of mag-
nitude than the ion conduction electron exchange interac-
tion in metals (0.1 to 1 eV)'>"* This strongly supports the
idea that overlap of the wave functions in the intercalated
compounds is rather small and the conduction carriers are
mainly confined to the graphite layers. The small value of J
could also be due to the fact that the Mo is well shielded from
the environment by the surrounding fluorine atoms and
therefore does not interact much with the conduction carri-
ers.
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