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Static and dynamical disorder of NiC12 clusters intercalated in graphite
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We report an experimental study on static and dynamical disorder of nickel dichloride intercalated in

graphite, by means of extended x-ray-absorption fine-structure measurements on the Ni E edge at
different temperatures. As we have shown in a previous paper, at room temperature the NiC12 molecules
are intercalated between the hexagonal planes of graphite in the form of clusters or islands without
significant short-range distortion. However, the question remained unsolved if the graphite lattice can
induce a structural distortion of the Cl positions such that the disorder is increased but the Ni-Cl aver-

age distance is unchanged. Our present results, performed at low temperature, confirm our previous
data of the interatomic distances but indicate that the NiC12 molecule undergoes a static deformation
upon intercalation. The dynamical properties of the nickel dichloride clusters measured by the behavior
of Debye-Wailer factors versus temperature show the same trend as the crystal in the first shell but indi-

cate the presence of a softening of the second-she11 bond due to the clustering.

I. INTRODUCTION

Graphite intercalation compounds (GIC) represent an
interesting class of lamellar materials showing a series of
peculiar properties already outlined in many papers. '

These layered structures are formed by inserting atomic
or molecular layers of different chemical species between
the hexagonal layers of the graphite lattice.

In a previous paper' the structural and vibrational
properties of NiC12-GIC have been investigated at room
temperature by a comparison with the properties of the
single crystal, using extended x-ray-absorption fine-
structure (EXAFS) spectroscopy. It was shown that the
NiC12 molecules intercalate between the graphite planes
as small clusters with a small short-range distortion with
respect to the parent material. An increase of the abso-
lute mean-square fluctuations of the Ni-Cl first-shell dis-
tance of the intercalant with respect to the crystal was
evidenced by a relevant increase of the Debye-Wailer fac-
tor. Such an effect was rather small on the Ni-Ni
second-shell distance. The interpretation of these results
was not unequivocal, on the basis of room-temperature
spectra only, and two possible explanations were ad-
vanced. The first attributed the increase of the Debye-
%'aller factor to the softening of the lattice in the inter-
calation compound due to the lack of three-dimensional
periodicity. In the second interpretation, the incom-
mensurate graphite lattice induces distortions in the posi-
tion of Cl atoms, increasing the fluctuation of the Ni-Cl

distances, but leaving their average values almost un-
changed. In both explanations the second-shell (Ni-Ni)
disorder is expected to be quite small.

It is possible to discriminate between the two previous
explanations by analyzing the temperature dependence of
the Debye-Wailer factors of the intercalated compound,
with respect to the pristine parent material. In fact, at
low temperature the static disorder is predominant with
only a small contribution due to the lattice zero-point vi-
brational energy, while the increase with the temperature
of the Debye-Wailer factor is governed by the dynamical
interaction between nearest neighbors: a hardening or
softening of the lattice appears when the binding forces
increase or decrease, respectively.

In this paper we analyze the thermal behavior of the
Debye-Wailer factors in NiC12-GIC, separating the static
and dynamical contribution of the Debye-Wailer factor.

II. EXPERIMENT

The EXAFS spectra were obtained for the Ni K edge
in the range 8250—9200 eV using the fluorescence-
detection scheme. As NiC12 is hygroscopic, commercial
samples can contain a small percentage of contarninants
like oxygen or water due to long storage or improper
handling. Therefore we prepared our own sample. Single
crystals of NiClz were obtained from the vapor phase by
the dynamical transport method at temperatures around
700 C. Chlorine gas was passed through a quartz pipe,
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where the reaction occurred. The large crystals obtained
were stored in vacuum; surface layers were peeled off im-
mediately before the measurements.

The intercalated samples purchased from Alfa Prod-
ucts Company in powder form were handled under dry
argon. The stage of our GIC is not known; it was, how-
ever quite high, since the dilution of the chloride mole-
cule into the graphite corresponds to about 20%%uo. The

experiment was performed at the PULS facility of Fras-
cati National Laboratory using the radiation emitted
from a bending magnet with a critical energy of 1.5 keV.
The radiation was monochromated by a Si(111) channel-
cut crystal, and the intensity of the monochromatic radi-
ation was monitored by using an ion chamber. The aver-
age photon flux was 10 photons/s and the resolution
about 2 eV. The intensity of the fluorescent radiation
was measured by a NaI(T1) detector. During the mea-
surements the sample was under vacuum; the spectra
were recorded at 60, 120, 180, 240, and 300 K for both
the reference compound and for the GIC sample. Several
measurements have been collected on each sample to
check for reproducibility and to increase the signal-to-
noise ratio. No effect was detected for different orienta-
tions either of the crystal sample or of the intercalated
GIC.

III. RESULTS AND DISCUSSION

The normalized fiuorescence spectra IF/Io were ana-

lyzed according to standard procedures. The EXAFS
oscillations were extracted fitting the absorption
coefficient with a polynomial curve, in the k range
2 —13 A ' above the absorption edge.

Well-known EXAFS spectra are represented by'

N;S (ko)F;(k)
y(k)= g e ' e

kr,

Xsin[2kr, +P;(k)]

with the usual meanings of the symbols. The technique
gives valuable information on the structural properties as
interatomic distances and coordination numbers as well
as on the Debye-Wailer factors 0, , which give the mean-

square fluctuations of the shell at distance r, from the ab-
sorbing atom. The previous formula includes also ampli-
tude attenuation due to many-body effects, ' inelastic
losses, and lifetime effects. For a detailed discussion the
reader is referred to the literature" and to our previous
paper. ' We shall limit ourselves to analyzing the behav-
ior of the Debye-Wailer factor as a function of the tern-
perature, since the structural properties of the intercalat-
ed compound compared to the crystalline lattice have al-
ready been published. '

We confirm here our previous conclusions about the
presence of a very small distortion of the NiC12-GIC mol-
ecule. In fact, as reported in Ref. 1, the first-shell (Ni-Cl)
distance shows in the GIC a negligible contraction with
respect to the crystal within the experimental uncertain-
ty. This implies that the average atomic position is un-
changed, since in the Fourier transform of the EXAFS
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FIG. 1. Spectra y(k), obtained on the Ni K edge at the tem-

perature specified. On the left-hand side are the crystalline
spectra, on the right the OIC spectra.

spectra at any temperature the first-shell peak did not
show any shift or separation in two or more components
with respect to the crystal. However, the broadening of
the peak related to the Debye-%'aller factor as a function
of the temperature allows us to ascertain if there is a stat-
ic deformation even if the atomic average position is un-
changed. Further, the unchanged coordination number
of the first shell, together with the reduction to about
one-half of the second-shell coordination number, implies
a clusterization process of the NiC12 upon intercalation.

Before presenting our results, we recall that in the
fluorescence-detection scheme the normalized experimen-
tal spectra IF/Io are proportional to the absorption
coefficient only in the two extreme cases of thin samples
and diluted samples. In our case both samples were thick
and concentrated, therefore the experimental spectra
present an attenuation in the amplitude of the EXAFS os-
cillations. ' This attenuation does not influence the evalu-
ation of the distances for which only the phases of the os-
cillations are relevant, but must be carefully taken into
account for an evaluation of the coordination numbers
and of the Debye-Wailer factors. To evaluate this effect
we have used the same procedure already described in
Ref. 1.

In Fig. 1 the EXAFS spectra measured on the crystal
and on the NiC12-GIC are reported at three temperatures
(300, 180, and 60 K). Similar results were obtained also
at 240 and 120 K. All the spectra have been Fourier
transformed, to obtain in real space peaks that corre-
spond to the different shells. Then the contribution to
the first Ni-Cl and second-shell Ni-Ni was extracted and
backtransformed.

From the inverse Fourier transforms of each shell we
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T (K)
Crystal

ov- —~60K (A'~
GIC

or —O~K (A'~

TABLE I. For both NiC12 single crystal and NiC12-GIC sam-

ples. Relative Debye-Wailer factor for the first-shell Ni-Cl.

T (K)
0

~GREC ~cd (A ~

TABLE II. Relative Debye-&aller factor, at the specified
temperature, between the GIC and the crystal for the first-shell
Ni-Cl.

300
240
180
120

0.0051+0.0005
0.0025+0.0005
0.0015+0.0003
0.0006+0.0002

0.0039+0.0005
0.0034+0.0005
0.0019+0.0003
0.0007+0.0002

300
240
180
120
60

0.0046+0.0005
0.0070+0.0005
0.0065+0.0003
0.0058+0.0002
0.0059+0.0002

derived the relative Debye-Wailer factor

b,cr =o (T) cr (T—o)

plotting the function

ln [y( k, T) /g( k, To ) ]= —2k b, cr

versus k . In the above expressions To is the temperature
of the reference spectrum. Such a plot gives a straight
line with a slope related to the relative Debye-Wailer fac-
tor Ao . The spectrum taken at the lowest temperature,
60 K, was used as reference. Results so obtained are
shown in Table I for the 6rst coordination shell. They
show a behavior versus temperature quite similar in the
two samples, indicating that the two materials have simi-
lar dynamical properties.

From the previous spectra it is possible to make a fur-
ther comparison: in order to investigate the static behav-
ior of the GIC Debye-Wailer factor we have compared at
the same temperature the spectra of the GIC and the
spectra of the crystal, obtaining the differences
(cro,c 0, )r re—ported in Table II. It is clear that at any
temperature the intercalated compound has a Debye-
Waller factor larger than the crystal as much as about
0.006 A . This supports the second of the two previously
indicated models, con6rming the idea that the static dis-
order of the GIC increases upon intercalations as the to-

0.015

0.010

where M is the atomic mass, p= 1/kT. p„(co) is the nor-
malized projected density of modes contributing to the
relative vibrational motion and can be calculated in the
Debye or in the Einstein approximation. In this last ap-
proach,

cra =crQcoth(Bs /2T), (2)

where mE is the Einstein frequency, BE the Einstein tem-
pe«ture: BE=&coE/k and era=(&/McoE).

The system we are studying is highly asymmetric and
polyatomic, therefore the previous expressions do not
hold accurately. However, it has been shown' that for
many dichlorides of transition metals the Einstein ap-
proximation works quite nicely. We thus have adopted
the following expression:

cra ( T) oz ( T)o=—cro[coth(BE /2T) —coth(BE /2TO ) ]

(3)

pological con6guration of the clusters in the GIC implies
only short-range binding forces with asymmetrical ar-
rangement due either to the graphite atoms surrounding
the clusters or to the lack of three-dimensional periodici-
ty of the molecule.

To get the absolute mean-square vibrational displace-
ment at a given temperature it is necessary to And out the
reference value 0 ( To). As shown in Refs. 13 and 14, for
a monoatomic crystal in the harmonic approximation the
single-shell mean-square fluctuations 0~ can be written
as

(~ )Jd ( )
coth(PA'co/2)
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FIG. 2. Debye-%'aller experixnental data for the first shell:
0, crystal values; X, GIC values. The crysta1 data have been
obtained by the values reported in Table I, adding the calculat-
ed reference value cr (T=60 K) shown in the plot by an aster-
isk. The GIC data have been obtained by the values reported in
Table I, adding the relative displacement reported in Table II.
The solid lines are the fits obtained by means of the Einstein ap-
proximation.
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FIG. 3. Analogous to Fig. 2 for the second-shell Ni-Ni.
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to fit the data of Table I and get the parameters pro and

BE. From the fit we obtained, within the experimental
uncertainty, the same values both for the crystal and for
the GIC: u02=3. 5X10 3 A2, eE=280K. We note that
for NiC12 single-crystal these values are in excellent
agreement with the data of Ref. 10 for similar com-
pounds.

In the lower part of Fig. 2 we plot Eq. (3) together with
the experimental values of Table I for the NiC12 single
crystal, shifted by the calculated value o (T=60 K). In
the same figure the data of the GIC sample are also re-
ported, shifted from the crystal values by the relative dis-
placement reported in Table II. It can be observed that
the agreement between the fits and experimental values is
very satisfactory.

A similar data treatment was performed for the second
shell and the results are summarized in Tables III and IV,
and in Fig. 3. The fits of the data of Table III, according
to the formula (3), gave for the second shell the following
values:

TABLE III. Same as for Table I for the second-shell Ni-Ni.

Crystal
o60K (A )

GIC
oT —o60K (A )

crystal: g 0=4.0X 10 A, 9E=200 K,
G C: era=3. 0X10 A, eE=200 K .

It is worth noting that for this second shell the value

oo is not the same for the crystal as for the GIC. This is

due to the fact that the value of cro reflects the effective
mass of the interacting couple (Ni-Ni) and this is
modified by the different binding due to clustering in the
GIC sample. The reduced coordination of the second
shell in the GIC clusters implies in fact a softening of the
lattice as reflected by the reduced zero-point vibrational
amplitude due to the modification of the effective reduced
mass.

Further, for this shell the Einstein temperature is un-

changed between the crystal and the GIC with a value
(200 K) quite lower than the figure obtained for the first
shell (280 K); this is because in the Einstein model the
distance of the interacting couples is related to the wave-

length of the vibrations: the second shell, at higher dis-
tance, vibrates at a main frequency lower than the first
shell. This is reflected by the value of BE. No change is

detected for the Einstein temperature of GIC with
respect to the crystal as the second-shell distance is the
same for the two configurations.

Let us compare now Figs. 2 and 3. For the crystal the
conclusion that the absolute mean-square displacements
at any temperature are, as expected, lower for the first
shell than for the second one is evident. Moreover, the
dynamical behavior is somewhat different because of the
change in the atomic effective mass (which enters the cro)

TABLE IV. Same as for Table II for the second-shell Ni-Ni.
Also reported is the relative coordination for this second shell.

300
240
180
120
60

o. , —o (A)
0.0007+0.0005
0.0025+0.0005
0.0026+0.0003
0.0036+0.0002
0.0038+0.0002

+Grec ~+cry

0.45+0.05
0.42+0.05
0.52+0.03
0.47+0.02
0.52+0.02

15—

elf

E

Mz
A
a
O

O

0

and in the Einstein temperature which reflects the main
optical frequency of the vibrations. This is related to the
binding force constants of the coupling Ni-Cl for the first
shell and Ni-Ni for the second one.

In the intercalation compound the enlarged contribu-
tion to the static value with respect to the crystal is due
to the distortion of the intercalated molecule. In Fig. 3
the different thermal behavior of the second-shell Debye-
Waller factors is clearly visible. %e ascribe it to the re-
duced coordination of the Ni-Ni bond in the GIC sample,
which produces a softening of the lattice. In Table IV we
have also reported the coordination number of the Ni-Ni
pairs in the GIC sample with respect to the NiC12 crystal.
A value around 0.5 is found, due to the already men-
tioned clustering of the NiC12 in the layered sample.

As a further check of the data obtained for the crystals
we have evaluated in the Debye approximation the abso-
lute mean-square fiuctuations introducing into Eq. (I) the
total phonon density calculated in Ref. 8 and reported in
Fig. 4. The effective masses of the couple Ni-Cl or Ni-Ni
were evaluated from the asymptotic values of 0.0.

This procedure is, of course, a raw approximation be-
cause the projected density of modes would be necessary
for a correct calculation of the Debye-%aller factors for
the first and second shells. However, we performed the
integral between integration limits that take into account
the peculiar differences between the modes contributing
to the two shells as discussed before: in particular, the
low-frequency mode corresponding to the first peak of
Fig. 4 was not included for the first shell. Accordingly,

300
240
180
120

0.0086+0.0005
0.0058+0.0005
0.0038+0.0003
0.0014+0.0002

0.0056+0.0005
0.0046+0.0005
0.0026+0.0003
0.0012+0.0002

100 800 300
TEMPERATURE (K)

400

FIG. 4. Phonon frequency density of the NiC12 crystal as cal-
culated in Ref. 8. The abscissa of Ref. 8 has been converted to
temperature scale (Ace =k T).
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the integration limits for the first shell correspond to
130—460 K, and for the second shell to 80-460 K.

The plots of these calculated values are reported in Fig.
5, together with our measured data. As can be seen, the
agreement is fairly good, confirming that a Debye model
reproduces also quite nicely the temperature dependence
of the vibrational behavior of these compounds.

In conclusion, we have separated the static and the
dynamical contribution to the disorder in graphite inter-
calated molecules. We have shown that an increase in
the static disorder is present due to the distortion of the
NiC12 molecules induced by the intercalation in graphite.
The clustering of the NiC12 molecules does not change
the short-range forces, but gives rise to a softening of the
long-range forces.

FIG. 5. Lower curve: calculated Debye curve for the first
shell of the NiCl2 crystal according to formula (1) and using the
integration limits specified in the text. The points are the exper-
imental data. Upper curve: same as the lower curve, but for the
second shell of the crystal.
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