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SURFACE AND INTERFACE SPIN RELAXATION
IN GRAPHITE, NANOGRAPHITE AND THEIR
INTERCALATION COMPOUNDS
A.M. Ziatdinov*
Institute of Chemistry, Far Eastern Branch of the Russian Academy of Sciences.
159, Prosp. 100-letiya, 690022 Vladivostok, Russia
Abstract – In all previous investigations of conduction ESR (CESR) phenomenon in graphite and its
intercalation compounds at the analysis of the resonance line shape the surface and interface spin relaxation effects
were neglected. We have studied the dependences of lineshape, linewidth and intensity of CESR signal in these
materials on sample dimensions and experimental conditions and have shown the presence of the strong surface
or/and interface spin relaxation effects for cunduction carriers. The some data concerning to the CESR phenomenon
in nanographites and their intercalation compounds with nitric acid are also presented and discussed.
Keywords: A. graphite, intercalation compounds; B. electron paramagnetic resonance; D. electronic and magnetic properties.

1. INTRODUCTION

2. EXPERIMENTAL

The method of conduction ESR (CESR) has been
actively used in studies of graphite and graphite
intercalation compounds (GICs) for determining the kinetic
parameters of the spin carriers from an analysis of the
Conduction ESR (CESR) line shape [1-11]. For a long time
the analysis of the CESR line shape for the graphite itself
[1,2,11-14] and its intercalation compounds [3-10] was
carried out using the well-known theory of Dyson [15] and
Kaplan [16] not including the surface spin relaxation of
current carriers by the standard procedures of Feher and
Kip [17], Kodera [18], and Pifer and Magno [19].
However, in a strict sense, Dyson’s theory [15] of the
CESR is applicable only for infinite metal plates of
arbitrary thickness with isotropic conductivity and a single
carrier type. Although experiments have shown the validity
of using this theory for analyzing the CESR line shape in
metal plates with finite dimensions, its applicability to the
case of graphite and GICs with large anisotropy of skin
depths, as well as anisotropy of carrier diffusion, is not
obvious. First, it was pointed out by Müller et al. [20].
Later, Saint Jean et al. [8] and Blinowski et al. [21] have
studied this problem mathematically strictly using the
Maxwell equations. To obtain the correct CESR line shape
analysis in the case of anisotropic conductors, they have
extended the Dyson theory [15] by taking into account the
anisotropy of conductivity and diffusion. Herewith,
authors, as well as all preceding researchers, implied that in
graphite and GICs it is possible to neglect the surface spin
relaxation effects.
In this paper the experimental results for the
dependence of CESR signal parameters in highly oriented
pyrolitic graphite (HOPG) and in GICs with nitric acid on
sample dimensions and experimental conditions are
presented. The analysis of this results uniquely points to the
presence of the strong surface and interface spin relaxation
effects in samples investigated. The some data concerning
to the CESR phenomenon in nanographites and in their
intercalation compounds with nitric acid are also presented
and discussed.

CESR measurements were carried using an X-band E-line
spectrometer in a rectangular cavity with TE102 mode. The
constant magnetic field (H0) modulation frequency and
amplitude were 2.5 kHz and 0.1 mT, respectively.

*Corresponding author. Fax: +7-4232-311889; e-mail
address: albert_ziatdinov@mail.primorye.ru

Fig. 1. The orientation of the HOPG slab with respect to
the external magnetic field H0 and the cavity axis (X, Y and
Z). Hrf, Erf and Prf are the magnetic and electric
components of the radio-frequency field, and the Pointing
vector in an unloaded rectangular cavity, respectively.
All graphite plates for the experiments were cut from a
single sample of HOPG and they were in the shape of
rectangular parallepipeds with the dimensions width
(l)×height (h)×thickness (d), where h×l is the area of the
basal face (Fig. 1).
The study of dependences of graphite CESR lineshape
on sample dimensions were carried out on HOPG plates with
dimensions:: l×0.355×0.072 cm3. The accuracy in the
determination of the sample dimensions was ~5×10-4 cm.
The plates were fastened by the basal face on the planar
surface of the goniometer rod, which was cut along its axis
so that two of the lateral faces of the plate (h×d) were
parallel to the given axis (and Hrf). With the plates fastened
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Fig. 2. The micrograpitic model structure of activated carbon
fibers. The broken line denotes the sp3 linkage.
this way, their c-axis lay in a horizontal plane. The samples
were placed in the antinode of Hrf.
Synthesis of the 2-nd stage GICs with nitric acid,
C10HNO3, was carried out in liquid nitric acid with density
ρ∼1.565 g/cm3 on HOPG plates with dimensions:
l×0.5×0.01 cm3. The stage structure of the GICs was
determined by X-ray diffractometer.
The in situ CESR study of graphite intercalation by
nitric acid were carried out on HOPG plates with dimensions:
0.4×0.04×0.02 cm3 and 0.4×0.045×0.03 cm3. The HOPG
samples were held in quartz tube connected via a valve to the
reservoir with intercalate (liquid HNO3 with density ρ ≅ 1.565
g/cm3). Nitric acid vapours penetrated into the knee of reactor
with the graphite sample through the hole with the size ≈8×10-3
cm2 in the fluoroplastic diaphragm. Prior to the experiment, the
system was evacuated to eliminate air and water. During the
measurements, H0 was applied along the graphite c-axis.
According to the data of four-probe method, at 300 K the
c-axis conductivity (σc) of HOPG plate used is equal to
(7.7±0.8) S/cm. In the X-band experiment the value of skin
depth δc~0.02 cm corresponds to this conductivity, i. e. in
CESR experiment of in situ graphite intercalation by nitric
acid the whole volume of the HOPG plate investigated was
available for the CESR studies.
The investigated samples of ACF were obtained
commercially. The X-ray-diffraction profiles of ACFs were
obtained by Simens SMART CCD instrument with a Mo
target (50 kV, 30 mA). In Fig. 2, the micrograpitic model
structure of ACF used in experiments is presented.
The temperature studies of CESR spectra of the
samples investigated were carried out in the temperature
range from 4,2 K to 350 K. The temperature was
maintained and measured with an accuracy of ~0.1 K/h and
~0.5 K, respectively.
3. RESULTS
3.1 Graphite.
The CESR spectrum of all HOPG plates investigated
consists of a single asymmetric line (Fig. 3) determined by the
Dyson-Kaplan mechanism [15, 16]. The spectrum is axial with
respect to the c-axis and the principal values of g-factor
determined by Feher-Kip [17] nomograms or those of Kodera
[18] are equal to gc=2.0474±0.0002 and ga=2.0029±0.0002 for
H0||c and H0⊥c, respectively.
For the “thick” plates (d>0.045 cm) the dependence of

Fig. 3. The first derivative of CESR signal in HOPG slab
with the dimensions: 0,364×0,355×0,072 сm3. The narrow
symmetrical line corresponds to the Mn2+ EPR signal in the
standart sample ZnS:Mn2+. с ⊥ Hrf; ν=9,52 HHz . T=300 K.
asymmetry parameter, A/B, of the first derivative of CESR
absorption line, which is equal to the ratio of the peak
intensity of the more intense wing, A, to that of the less
intense wing, B, vs. l has three-peak form (Fig. 4). In the
interval l1m< l < l2m, where l1m (l2m) is the coordinate of the
first (second) peak - in the direction of l increase, the line
has an inverted line-shape phase – the A peak is located at
a higher magnetic field than the B peak. At l1m and l2m the
line is symmetrical about the A peak, and the value of A/B
is a maximum. The third, diffuse maximum is not
associated with the change of phase of the line shape.
At l→0 the experimental values of CESR linewidth
tends to the infinity (Fig. 5).
For all orientations of H0 relative to the c-axis the ∆H
increases first with decreasing temperature, forms a distinct
peak at about 20 K and then falls off leftward (Fig. 6). The
g–factor for H0⊥c almost independent of temperature (Fig.
7). With the H0||c, the g-value increases first with
decreasing temperature, but it forms a distinct peak at about
20 K in a manner similar to that of the ∆H(T) (Fig. 7).
3.2 Graphite intercalation by HNO3.
After outflow of certain time (so-called “induction”
time depending on sample size and experimental
conditions) after the injection of HNO3 gas into the part of
the reactor with the HOPG plate, the CESR signal of
graphite begins to transform and decrease in intensity until
it fully disappears after ~3 hours (Fig. 8). Simultaneously a
new
signal
with
gc*=2.0019±0.0002,
and
ga*=2.0030±0.0002 appears in the spectrum (Fig. 9), where
gi* (i = a, c) value is determined by the H0 value at the
point of intersection of the first derivative of CESR
absorption line and the base line.
The linewidth (the intensity), ∆H (I=(A+B)×∆H 2), of
the graphite CESR signal increases (decreases) vs.
exposure time, τ, monotonously (Fig. 8 and 10). In an
initial HOPG sample, which was used in experiment on
intercalation, the CESR lineshape is ‘normal’ in the sense
that the maximum peak height occurs at the lower magnetic
fields. At the beginning of reaction the A/B ratio of graphite
signal increases, but it is still ‘normal’ reaching a
maximum value of A/B>8. Later, upon further exposure in
the intercalate atmosphere, the A/B ratio becomes
‘reversed’ (maximum peak height, A, occurs at higher
magnetic fields than the peak B), and its magnitude
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Fig. 4.
The experimental (dots) and the theoretical
(solid line) values of CESR line shape asymmetry
parameter, A/B, in graphite vs. sample width l. The shaded
and open dots are referred to the normal and ‘reversed’
lineshape, respectively; half-shaded dot corresponds to the
lineshape with symmetric phase with respect to the A
peak. Ga=200 cm-1, Ra=2.35, Rc=6, T2=1.16×10-8 s.
Ri=(TDi/T2)1/2 (TDi (i=a, c) is the time of spin diffusion
across the skin-depth δi (i=c, a) governed by the σi –
conductivity (i=c, a), and T2 is the intrinsic spin-relaxation
time), δc=0.02 cm. The X-band.

Fig. 5.
The experimental (dots) and the theoretical
(solid lines) values of linewidth, ∆H, in graphite vs.
sample width l. The curve a (b) corresponds to the value
of Dyson [15] surface spin relaxation parameter Ga=180
(0) cm-1. Ra=2.5, Rc=6, T2=1.38×10-8 s. Ri=(TDi/T2)1/2
(TDi (i=a, c) is the time of spin diffusion across the skindepth δi (i=c, a) governed by the σi – conductivity (i=c,
a), and T2 is the intrinsic spin-relaxation time), δc=0.02
cm. The X-band.
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Fig. 6. The experimental (dots) and theoretical (lines)
values of CESR linewidth, ∆H, in HOPG plates vs.
temperature T. The theoretical curves (a) and (b) were
calculated using the Exp. (2) with constant (= 4.4×10-4 T)
and determined by the Exp. 4 values of linewidth (the
intrinsic conduction electron spin relaxation time),
respectively, and Dyson [15] surface spin relaxation
parameter Ga=180 cm-1. The X-band.
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Fig. 7. Experimental (solid dots) and calculated (open
dots) values g-factor for CESR signal in HOPG vs.
temperature. The gce-values were extracted from the
expression:
∆gc(exp)=∆gce(χe/χe+χs)+∆gcs(χs/χe+χs),
where ∆gce and ∆gcs are the values of g-shifts for the
conduction electrons and the localized spins, respectively,
both at H0||c. The X-band.
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Fig. 8. CESR lineshape parameters for non-intercalated
parts of the narrow (l~2δc) HOPG plate vs. exposure time,
τ, in HNO3 atmosphere. 1, 2 and 3 correspond to ∆H, A/B
and I/I0, respectively (I=(A+B)×∆H2; I0 is the intensity of
the Mn2+ ESR signal of the standard sample: ZnS:Mn2+).
The shaded and open dots are referred to the ‘normal’ and
‘reversed’ lineshape, respectively; half-shaded dot
corresponds to the lineshape with symmetric phase with
respect to the A peak. The X-band; T=300 K. The lines are
only a guide to the eye.

Figure 9. CESR lineshape parameters for intercalated
parts of the narrow (l~2δc) HOPG plate vs. exposure
time, τ, in HNO3 atmosphere. 1*, 2* and 3* correspond
to ∆H*, A*/B* and I*/I0, respectively (I* =
(A*+B*)×(∆H*)2; I0 is the intensity of the Mn2+ ESR
signal of the standard sample: ZnS:Mn2+. The X-band;
T=300 K.
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Fig. 10. The experimental (dots) and theoretical (lines)
values of CESR linewidth, ∆H, vs. thickness, a, of the nonintercalated (by HNO3) part of HOPG plate (for two
different samples). 1: Ga=10 cm-1, T2=1.15×10-8 s, δc=0.013
cm; 2: Ga=1 cm-1, T2=1.3×10-8 s, δc=0.02 cm; 3: Ga=0,
T2=1×10-8 s, δc=0.02 cm. H0||c, T=300 K.
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Fig. 11. The experimental (dots) and theoretical (lines)
values of CESR linewidth, ∆H*, vs. thickness, d*, of the
intercalated (by HNO3) part of HOPG plate (for two
different samples). 1: G*a=180 cm-1, T*2=0.38×10-8 s,
δc*=0.025 cm; 2: G*a=70 cm-1, T*2= 0.45×10-8 s, δc*=0.025
cm; 3: Ga=0, T2=0.35×10-8 s, δc=0.025 cm. H0||c, T=300 K.
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Fig. 12.
The CESR lineshape asymmetry parameter,
A*/B*, of the intercalated part of HOPG plate vs. exposure
time, τ, in HNO3 atmosphere. The X-band; T=300 K.
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decreases down to value less than 2.55 ; the A/B maximum
corresponds to the moment when the ‘reversal’ of CESR
lineshape takes place (Fig. 8). The gi (i = a, c) value of
graphite CESR signal does not change up to its
disappearance.
For the CESR signal with gi* both the intensity,
I*=(A*+B*)×(∆H*)2, and linewidth, ∆H*, dependences
versus exposure time take a well-marked step-wise form
(Fig. 9). At the moment of first observation the A*/B*
value of this signal ~1, then the value of asymmetry
parameter increases up to 3.8, forms a distinct peak and
decreases up to 2.2 to the end of reaction (Fig. 12). The gi*values of this signal remain constant up to the end of
intercalation.
3.3 Graphite intercalation compounds: C10HNO3.
For all studied plates of GIC C10HNO3, the CESR
spectrum, as in graphite, consists of a single line with the
axial angular dependence relative to the c- axis. The
principal values of g-factor are equal to gc=2.0023±0.0002
and ga= 2.0028±0.0002. The value of A/B does not depend
on d and h. The A/B(l) dependences in quasi-liquid
(T>Tc≈250 K) and in crystalline (T<Tc) phases of
intercalate subsystem essentially differ from each other
(Fig. 13). In a quasi-liquid phase of the intercalate this
dependence has qualitatively the same form as the
corresponding dependence in graphite, except for the small
extremum for l*≈ 0.06 cm (Fig. 13a). This extremum is
observed as well as in a solid phase of the intercalate,
where at l>l* the A/B(l) dependence has an one-peak shape
(Fig. 13b).
3.4 Activated carbon fibers.
The X-ray difractograms of the ACFs show very broad
peaks at the graphite (002), (100) and (101) positions,
where graphite (100) and (101) peaks merge into a single
broad peak around 450.
In order to estimate the sizes L of the graphite
nanoparticles in ACFs, the intensities of that were
corrected for the Lorenz-polarization factor
LP( θ)=(1+cos22θ)/sin2θcosθ
The atomic form factor f(θ), and the factor
A(θ)=µ/2[1-exp(-2µt/sinθ)],

4

where µ is the absorption coefficient and t is the thickness
of the sample. The total correction of the intensities is then
given by the equation

2

l , cm
0,1

0,2

Fig. 13. The experimental (dots) and the theoretical
(solid line) values of the asymmetry parameter, A/B, in
C10HNO3 plates vs. l at T>Tc (a) and T<Tc (b). At T>Tc
[T<Tc] Ga, Ra, T2 and δc are equal to 23 cm-1
[(5.4+270·exp(-l/l0)) cm-1, where l0=0.025 cm], 1[1.5],
2.8[0.8]×10-7 s and 4.3[3.7]×10-2 cm, respectively. The
shaded, open and half-shaded dots are referred to the
‘normal’, ‘reversed’ and symmetric lineshapes with
respect to the A peak, respectively. The X-band.

Icorrected=Iobseved/LP(θ)×f 2(θ)×A(θ).
Using the corrected (002), (100) and (101) peak
parameters we estimate the thickness and the in-plane size
of the particle grains. From the broad graphite (002) peak,
we find a grain thickness of t≈2.1 nm. We deconvulate the
broad feature around 430-470 into single (100) and (101)
peaks on the assumption that each peak originates mostly
from a single component. The obtained contribution to the
(100) peak gives an estimate of the in-plane size of La≈ 3
nm. From the location of peak centers for the c-axis
diffraction (002) peak at 25.130 the interlayer distance
between graphen sheets are estimated at 0.353 nm, which
are considerably longer than the interlayer distance of
0.3354 nm for bulk regular graphite. From nanographite
sample thickness and interlayer distance between graphene
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Fig. 14. Temperature dependence of the linewidth ∆H
(1) and the intensity I (2) for the ESR signal in activated
carbon fibers. The X-band. The lines are only a guide to
the eye.

sheets, the number of graphene sheets are estimated at ~6.
The ESR spectrum of ACFs consists of a single line,
which g-factor value is close to the g-factor value for free
electron, and with the peak-to-peak width ~7.5 mT. The
EPR signal is practically symmetric, that specifies a weak
anisotropy of the g-factor. At lowering of the temperature
the ESR signal is narrowed at near constant values of the gfactor and integral intensity (Fig. 14).
The intercalation of nanographite bloks in ACFs by
nitric acid molecules was carried out as by exposition of
ACFs in the intercalate atmosphere, and by the direct
contact of ACFs with the liquid intercalate. In both cases
the spectrum of the final nanographite intercalation
compounds consists of a single symmetric line with the gfactor value being close to the free electron value and with
the linewidth ~1 mT. At the decreasing of temperature, the
linewidth of ESR signal increases at near constant value of
the g-factor. At Tc~250 K the linewidth and the integral
intensity of ESR signal are steeply increase.
The distance between graphen sheets in nanographites
decreases at the adsorption by ACFs of water and some
other molecules. Such compression of nanographites is
accompanied by the change of g-factor and integral
intensity of conduction ESR signal.
4. DISCUSSION
4.1 Graphite: dependences of CESR lineshape and
linewidth on sample size
The dependences of CESR lineshape asymmetry
parameter A/B and linewidth ∆H on graphite plate width
(Figs. 4 and 5) essentially differ from the known theoretical
curves, calculated from the Dyson [15] CESR lineshape
expression without taking into account the effects of
surface spin relaxation. First, the presence of l values, for
which the CESR lineshape has an ‘inverted’ phase is a
characteristic property of the theoretical curves A/B(l) for
the ratio Ra=(TDa/T2)1/2 (where TDa is the time of spin
diffusion across the skin-depth δc governed by the
σс – conductivity, and T2 is the intrinsic spin-relaxation
time) being less than 0,6 (Fig. 15), whereas the
experimental values of A/B for l >> δc are consistent with

0

0

1

2

3

Fig. 15.
Experimental (dots) and theoretical (lines)
values of CESR lineshape asymmetry parameter, A/B,
on sample thikness l. The theoretical curves were
calculated using the Dyson [15] expressions for CESR
lineshape without taking into account the effects of
surface spin relaxation of current carriers. The shaded
and open dots are referred to the ‘normal’ and ‘reversed’
lineshape, respectively; half-shaded dot corresponds to
the lineshape with symmetric phase with respect to the
A peak. Ra=(TDa/T2)1/2 (TDa is the time of spin diffusion
across the skin-depth δc governed by the
σc – conductivity, and T2 is the intrinsic spin-relaxation
time).
the theoretical values of this parameter for Ra>0.8. Second,
the values of A/B in the extrema of the experimental A/B(l)
dependence differ considerably from those for the
theoretical curves (Fig. 15). Third, at l→0 the experimental
values of CESR linewidth tends to the infinity (Fig. 5),
whereas the corresponding Dyson [15] theoretical curve
calculated from the Dyson [15] CESR lineshape expression
without taking into account the effects of surface spin
relaxation tends to the finite value, which differs from that
for plates with l >>δc by 10% only (Fig. 5).
The character of CESR linewidth dependence on l (Fig.
5) uniquely specifies the presence of the contribution of
surface spin relaxation into total spin relaxation of current
carriers in HOPG plates investigated. Basing on this
conclusion the above peculiarities of experimental results
were analized in the framewoks of the extended Dyson
theory [15] including the effects of surface spin relaxation
of current carriers. In Figs. 4, 5 and 16 the results of
theoretical calculations, respectively, of A/B, ∆H and
lineshape dependences from sample width in the
frameworks of the extended Dyson [15] theory are
presented. (At calculation of the theoretical curve A/B(l),
the absorption of microwave field through all lateral
surfaces both parallel and perpendicular to the c - axis was
taking into account and the uniform distribution of
microwave field near the vertical surfaces of the plates was
supposed). From Figs. 4, 5 and 16 it can be seen that the
theoretical curves with the non zero value value of Dyson
[15] surface spin relaxation parameter Ga=(3ε/4Λa) (ε is a
probability of spin reorientation during the collision of
current carriers with the surface and Λa is a mean free path
of current carriers in a basal plane) describe the
experimental data well.
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Fig. 16. A comparision of the experimental (solid lines)
and theoretical lineshapes (points) for the first-derivative
ESR absorption spectrum of graphite plates with
dimensions l×0,355×0,075 cm3. The theoretical curves
were calculated from the Dyson [15] CESR lineshape
equation with Ga=180 cm-1, Ra=2.5 and T2=1,3×10-8 s.
The experimental spectra 1, 2 and 3, respectively refer to
plates with l=0,26, 0,07, 0,054 сm. с⊥Н0, ⊥Hrf; ν=9,52
GHz, T=300 K.
4.2 Graphite: the temperature dependence of CESR
linewidth.
The first systematic study of temperature dependences
of graphite CESR signal parameters was carried out as
early as 1960 by Wagoner [1] using a natural single crystal
specimen in the temperature range from 77 K up to 600 K.
After Wagoner a number of authors [2, 11-14] conducted
similar studies on a variety of well-defined specimens of
graphite, and have obtained nearly the same results. In
particular, in all samples investigated and for all
orientations of H0 relative to the c-axis the graphite CESR
signal linewidth increases first with decreasing
temperature. According to the data of Matsubara et al. [14],
the ∆H(T)-dependence forms a distinct peak near 20 K and
then falls off.
At present there is no consensus between researchers
on both the graphite CESR linewidth and its temperature
dependence origin. Kawamura et al. [13] showed that at
H0||c the Elliot’s [22] expression for the CESR linewidth
due to carriers interacting with phonons and/or impurities,
which for T>>ΘD (ΘD is the Debye temperature) can be
written as:
∆Hi= const×(∆gi)2/γm*µ(T)

(i=a, c)

(1)

(∆gi=gi-g0 (i=a, c), where g0 is the g-factor value for free
electron, γ is the electronic gyromagnetic ratio, m* is the
carriers effective mass, and µ(T) is the carriers mobility),
describes the graphite CESR linewidth in the interval
77÷300 K qualitatively at least. Matsubara et al. [14]
considered the temperature variation of graphite CESR
linewidth at H0||c as a direct consequence of motional
narrowing effect through an averaging process of g-values
of scattered carriers over the Fermi surface in the limit of
incomplete line averaging. In this limit the g-shift is
averaged over all energy states of current carriers in kspace, but the linewidth contains the components which are
proportional to the square of the microwave frequency.
Kotosonov [12] pointed out that the small ∆H values of the
spectral lines suggest complete averaging of the g-factor
over all the energy states of current carriers during the spinlattice relaxation. Thus, for example, in synthetic graphite
samples the temperature change from 40 K to 100 K leads
to the gc changing by ~0.2, which agrees with the
resonance field shift by ~3×10-2 T, whereas the CESR
linewidth remains within the limits of several oersteds.
According to the literature data [23, 24], in graphite the
Debye temperature for longitutional acoustic out-of-plane
modes is nearly 400 K. Therefore the description of the
graphite CESR linewidth temperature dependence by Exp.
(1), proposed by Elliot for T>>ΘD, is not obvios.
Furthermore, this expression does not explain the presence
of linewidth temperature dependence at H0⊥c (Fig. 6) even
at a qualitative level since in this orientation of H0 the
value of ga does not depend on temperature (Fig. 7). The
independence of the CESR linewidth on the microwave
frequency shows that Matsubara’s et al. [14] interpretation
of the linewidth temperature dependence as a result of the
motional narrowing of the incomplete averaging line is not
correct also. Besides, the presence of low-temperature peak
in ∆H(T) curve also at H0⊥c, where g–factor is temperature
independent, shows that the origins of low-temperature
peaks in gc(T) and ∆H(T) dependences are different. The
Kotosonov`s [12] point of view does not contradict to the
experimental data, but he did not consider the nature of
linewidth temperature dependence.
Above, it was pointed out that the characters of the
A/B(l) (Fig. 4) and ∆H(l) (Fig. 5) dependences of CESR
line in graphite uniquely specifies the presence of the
contribution of surface spin relaxation into total spin
relaxation of current carriers in samples investigated.
Basing on this fact, we considered the temperature
dependence of CESR linewidth in HOPG also in the
frameworks of model including surface spin relaxation
effects of graphite π-electrons. Additionally, we suppose
the presence of a small amount of the localized spins (~1%
of the current carrier concentration or near one localized
spin per 106 carbon atoms) and complete averaging of gfactors of the conduction electrons and localized spins. In
such case, the CESR linewidth ∆Hi (i=a, c) can be
presented in the following form:
∆Hi = ∆H iesurf (χe/χe+χs) + ∆H ieintr (χe/χe+χs)+
+∆His(χs/χe+χs) = F1+F2+F3

(2)
(i = a, c),

where ∆H iesurf and ∆H ieintr are the contributions to the total
linewidth of conduction ESR signal due to interaction of
conduction electrons with sample surface and inner
imperfections, respectively; ∆His is the contribution to the
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data on the value of µai(T) in HOPG [25] and surface and
intrinsic spin relaxations times at room temperature
extracted from the analysis of experimental ∆H(l) data
(Fig. 5), respectively.
The results of approximation of experimental
temperature dependence of CESR linewidth at H0⊥c by
Exp. (2) are presented in Fig. 6. As it is seen from this
figure, for both forms of temperature dependence of
intrinsic spin relaxation rate the theoretical curve ∆Hi(T)
contains the distinct peak near 20 K. At the same time, the
theoretical analysis of Exp. (2) has shown (Fig. 17), that

- F1
- F2(Elliott)
- F2(Const)
- F3

16

Fi

12

8

4

surf

0
0

100

200

300

T, K
Fig. 17. The temperature dependences of Fi (i=1, 2, 3) (see
Exp. (2)). The lines F2(Elliott) and F2(const) were
calculated with the value of ∆H ieintr which changes on
temperature according to the Elliot law (4) and not depend
on temperature, respectively.
total linewidth due to the localized spins; χe and χs are the
Curie and Pauli paramagnetic susceptibilities, respectively.
At the calculations we assumed, that

∆H iesurf =aµi µai(T)

(i=a, c),

(3)

where aµi is a constant depending on physical properties of
a sample surface and orientation of Ho relative to the caxis. Because the Elliot`s expressions [22] for the intrinsic
spin relaxation of current carriers were calculated for the
simple isotropic metals, their applications to the graphite is
not obvious. Therefore, the calculations of ∆Hi were carried
intr

out by us with values of ∆H ie both independent, and
dependent on temperature according to the Elliot [22] law
for T<<ΘD:
∆Hi = const×(∆gi)2ΘD /γm*µai(T) T2 (i = a, c).

(4)

Basing on the analysis of literature data on the temperature
dependence of current carriers mobility in graphite basal
plane [25] µai(T) (i= a, c; this subindex was introduced for
the account of dependence of carriers mobility on H0orientation) was approximated by the following expression

µai(T) = ai + bi/(ci+T)1.6 (i = a, c),
where ai, bi and ci are the varied parameters; at calculations
of ∆Hi for H0⊥c, their initial values were taken equal to –4
m2/Vs, 63×103 m2·K1.6/Vs and 55 K, respectively, for
intrinsic linewidth temperature dependence determined by
the Exp. (4) and were taken equal to –0.4 m2/Vs, 13.25×103
m2·K1.6/Vs and 24.5 K, respectively, for constant intrinsic
linewidth (in both cases, for the chosen values of
µac(T)-dependences
approximately
parameters
the
correspond to the in-plane mobility of carriers in the
average on quality HOPG). Taking into consideration the
data of irradiated graphite CESR-measurements [26] the
values of gs and ∆His were taken equal to 2,0023 and 0,25
mT, respectively. The values of aµi in Exp. (3) and
constants in Exp. (4) were calculated using the literature

this peak is absent if ∆H ie =0.
In the frameworks of the model considered in all
temperature interval of investigations the best description
of the experimental temperature dependence of CESR
linewidth by Exp. (2) was achieved with temperature
independent value of intrinsic spin relaxation rate (see Fig.
6). We believe that this fact has a physical sense and it is a
consequence that in a real graphite the collisions of current
carriers with the graphite crystallite boundaries introduce
main contribution into intrinsic spin relaxation rate.
4.3 Evolution of CESR lineshape and linewidth at graphite
intercalation by HNO3.
With the configuration of our ESR experiment (Fig. 1)
the microwave field penetrates into the HOPG plate mainly
through its lateral sides, which are parallel to both the caxis and Hrf [11], i.e. through the lateral sides h×d.
Therefore, the evolution of graphite CESR signal of the
sample investigated (Fig. 8) is mainly due to variations of
the composition and properties of the HOPG plate at the
surface areas from these sides. The dependence of the
shape and intensity of graphite CESR signal on exposure
time, τ, of a sample in HNO3 vapours is qualitatively
identical to that of the ESR signal lineshape and intensity
of the localized spins in a metallic substrate on the
thickness of a spray-coated film of another metal [27]. In
our case, the spins in consideration are certainly mobile,
but for l/δc<2 the CESR line shape does not depend on spin
mobility [9,11], i.e., in the framework of the Dyson theory
[15] in HOPG plate investigated the spin carriers may be
considered as localized. Therefore, the variations of the
shape and intensity of the graphite CESR signal (Fig. 8)
may be considered as being due to the formation of a
macroscopic 'intercalation' layer on the HOPG plate (with
conductivity being different from that of the initial
material) and by advance of the interface separating this
layer from as-yet the non-intercalated parts of sample (due
to the diffusion of nitric acid molecules into the substrate
along the graphite galleries). The invariability of the gfactor values for CESR signal from HOPG substrate (gi)
and that from 'intercalation' layer (gi*) up to the
disappearance of signal and the end of reaction,
respectively, indicates that the interface between
'intercalation' layer and as-yet the non-intercalated parts of
sample may be considered as non-conductive. The nonconductivity of this interface may be caused by significant
distortion of a carbon net near the intercalation front and/or
by the presence of high phase-boundary electrostatic
potential due to the different current carriers concentration
in the intercalated parts of graphite and in the nonintercalated ones.
In the experiment under consideration, the whole
volume of sample investigated is available for CESR
studies. Therefore, the time of the graphite CESR signal
disappearance corresponds approximately to the moment of
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Fig. 18.
Calculated CESR lineshape asymmetry
parameter, A/B (1), and linewidth, ∆H (2), vs. λ = l/δ c. in
GIC C10HNO3. at T>Tc for the case of simulteneously
presence in sample of localized spins and surface spin
relaxation of current carriers. The curves 3 and 4
correspond to ∆H(λ) dependences for conduction electrons
and localized spins, respectively. The X-band.
contact of the counter (antiparallel) intercalation fronts. Let
us assume, that the intercalation is determined by a twodimensional diffusion-controlled process, i.e. the thickness
of the intercalated layer, d*, depends on the exposure time
as (d*)2=2Dint×τ, where Dint is intercalate two-dimensional
diffusion constant. In such a case, having substituted the
value of time interval from the beginning of the graphite
CESR signal transformation up to its disappearance, τ ≅3 h,
and d*=l/2 to this expression, it is easy to estimate the
value Dint~2×10-12 m2 s-1. It is worth to note that this value
of Dint well correlates with that obtained by high-resolution
neutron scattering by Simon et al. [28]: Dint ≅4×10-12 m2 s-1.
A new and unexpected result of this experiment is the
significant broadening of the graphite CESR signal from
the beginning of the intercalation up to the contact of the
counter intercalation fronts (Figs. 8 and 10). We suppose
that the reason for it is the collisions of current carriers (at
their diffusion along the graphite layers) with the nonconductive interface between the intercalated and the nonintercalated parts of the HOPG plate. Indeed, when the
intercalation front advances into the HOPG plate (due to
the diffusion of nitric acid molecules into the graphite
along the graphite galleries) the width of its nonintercalated part decreases and, therefore, the frequency of
collisions of graphite current carriers with these interfaces
increases. Therefore, assuming the probability of spin
reorientation of graphite current carriers during such
collisions to be non-zero, the increase of the total rate of
spin relaxation of graphite current carriers (the graphite
CESR linewidth) with the time of intercalation can be
observed. Note, that in all previous ESR experiments on
graphite intercalation [4-9] which were carried out on

HOPG plates with l>>δc, no broadening of the graphite
CESR signal was observed. This indirectly supports our
interpretation of the graphite CESR signal broadening at
the intercalation of the narrow (l~2δc) HOPG plate.
The increase of A*/B*(τ) dependence at the beginning
of intercalation from 1 until 3.7 (Fig. 12) corresponds to a
theoretical A/B(λ)-dependence changing when increasing λ
(λ is the ratio of a sample thickness to the skin-depth) [9,
11]. At the constant value of electrical conductivity along
the c-axis of the forming GIC stage, this fact also points to
the presence of the non-conductive barrier through the
intercalation front and on its advance into sample. Under
such understanding of the nature of A*/B*(λ)-dependence
(Fig. 12) a changing of the skin-depth governed by the
c-axis conductivity of GICs from the beginning to the end
of reaction may be easily determined by using the
maximum and minimum values of A*/B* and the well
known A/B(λ) -nomograms for different R-values [9, 11].
Such kinds of calculations show that the skin-depths of
the initial 7-th stage and of the final 2-d stage of GICs
differ approximately in 1.6 times.
Using the relation (d*)2=2Dint×τ the experimental
dependence ∆H(τ) can be easily transformed into the
dependence ∆H(a), where a = l-2d* is the thickness of the
non-intercalated part of HOPG plate (Fig. 10). The latter
dependence can be calculated theoretically as well, using
the exdended Dyson expressions for the CESR in metals
including the effects of surface spin relaxation [15]. (The
analysis of the mentioned Dyson expression has shown that
at given sample thickness the CESR linewidth increases
with G value. For G≠0, the value of CESR linewidth tends
to the infinity at θ→0). Obviously, if ε ≡εa is considered as
an average value of probability of spin reorientation during
collisions of graphite current carriers with the nonconductive phase boundary, then the extended Dyson
expressions for the CESR in metals including the effects of
surface spin relaxation of current carriers can be used for
analysis of ∆H(a) dependence also. It is shown in Fig. 10,
where the results of such analysis are presented, that the
theoretical dependence of the graphite CESR linewidth,
with non-zero values of Ga describes the experimental data
well. The found value of Ga=1 [10] cm-1 and the typical
HOPG values of Λ≡Λa=(0.4÷1.6)×10-5 cm [33] correspond
to εa =(0.5÷2.1)×10-4 [(0.5÷2.1)×10-3]. It is worth noticing
that at present there are no data on interface spin relaxation
in conductors in literature. There are only some published
data on surface spin relaxation in simple metals. For
comparison, the surface spin reorientation probabilities of
conduction electrons in Cu and Li bulk samples are equal
to ~10-2 [34] and ~5×10-6 [35], respectively.
It is obvious, that the spins of current carriers colliding
with the front of reaction from the intercalated part of
graphite also have some probability of reorientation, εa*,
during such collisions. Therefore, the analysis of ∆H*(τ)dependence (Fig. 11) it is possible to execute on the same
procedure, which above was used for the analysis of the
∆H(τ)-dependence (Fig. 10). The application of the
specified technique of the analysis to the experimental
∆H*(τ)-dependences (Fig. 11) give the Ga*-values: ~180
cm-1 in one experiment and ~70 cm-1 in the other
experiment. As we see, both values of Ga* appreciably
greater than the values of Ga. If εa =εa*, it means that
already in the GIC stage originally forming the mean free
path of current carriers in a basal plane appreciably shooter,
than in initial graphite.

“CARBON 2002” – An International Conference on Carbon (15-19 September 2002, Beijing, CHINA)
CD-ROM Proceedings (SHANXI CHUNQIU AUDIO – VISUAL PRESS. ISBN 7-900362-03-7/G.03)

4.4
Graphite inercalation compounds (C10HNO3):
CESR lineshape dependence on sample sizes.
The analysis had shown that the theoretical curves
A/B(l) have an weak extremum (from the direction of
smaller l) only under the simultaneous contribution to the
ESR spectrum of the next two factors: 1) the surface spin
relaxation of current carriers and 2) a small amount of the
localized spins with the value of g – factor being nearly
equal to that for conduction electrons but which spin-states
are not average with spin-states of the conduction electrons.
As seen from Fig. 18, the coordinates of first extremums of
the A/B(λ)- and ∆H(λ)-dependences approximately
coincide.
The presence a weak extremum at l* in the
experimental A/B(l) dependence for the C10HNO3 plates
(Fig. 13) testifies that both the surface spin relaxation and
localized spins make a contribution to the ESR signal of
GICs investigated. In the frameworks of this model we
have been able to describe the experimental A/B(l)
dependence well above [below] Tc with the next set of
parameters: Ga=23 cm-1 [(5.4+270·exp(-l/l0)) cm-1, where
l0=0.025 cm], Ns/Ne (the ratio of intensity of ESR signals of
the localized and the delocalized spins)=0.15 (0.3), T2s/T2e
(the ratio of spin-lattice relaxation times for the localized
and the delocalized spins)=0.75 (1) and ∆gs-e (the
difference in g – values of the localized and delocalized
spins)=6 (6)×10-5 (Fig. 13). It is worth to note that the
change of ratio Ns/Ne at the aggregate phase transition in
the intercalate subsystem follows from above calculations.
4.5 Activated carbon fibers.
The EPR experimental data for nanographite bloks in
ACFs are near similar to that for nanographites obtained by
heat treatment of diomond [ 36]. Reduction of the value
and the anisotropy of g-factor in nanographite in
comparison with the bulk graphite specify smaller value of
the spin-orbit interaction for conduction electrons in
nanographite. The most probable reason for this is the
increase of intersheet distance in nanographites, resulting to
the reduction of overlapping of conducting and valent πzones. The value of ESR linewidth in nanographite on the
order is more, than in bulk regular graphite. This fact
contradicts to the well-known Elliott [22] theory of spinlattice relaxation in bulk regular conductors, according to
which the conduction ESR linewidth is proportional (gg0)2. At the same time the specified result may be explained
in the frameworks of the author’s model for the conduction
electron spin-relaxation in carbon materials (see Chapter
4.1). In particular, according to this model in graphite an
essential contribution of surface spin relaxation into the
total spin relaxation rate is present.
Note, that despite of an vicinity of |g-g0| values in
nanographites and in their intercalation compounds with
nitric acid the ESR signal in the former is much wider, than
in the latter. Possible reason of this is the destruction of the
edge-located magnetic states [37] of nanographites at their
intercalation by nitric acid molecules.

CESR linewidth) of current carriers in samples
investigated. In nanographite blocks of ACF the surface
spin relaxation effects give the main contribution into the
spin relaxation rate of current carriers.
As a results of an in situ conduction CESR studies of
HNO3 molecules intercalation into narrow HOPG slab, the
contribution of collisions of the graphite and GIC current
carriers with the graphite intercalation front into their total
spin relaxation rate had been revealled. Under the
assumption that the graphite CESR signal evolution is
caused by the advance of a boundary separating the
intercalated and non-intercalated sample the average
probability value of spin reorientation during the collision
of current carriers with this interface and the constant of
two-dimensional diffusion of nitric acid molecules into
HOPG have been extracted from experimental data.
The theoretical analysis had shown that the curves
А/B(l) have an weak extremum (from the direction of
smaller l) only under the simultaneous contribution to the
ESR spectrum of the next two factors: 1) the surface spin
relaxation of current carriers and 2) a small amount of the
localized spins with the value of g – factor being nearly
equal to that for conduction electrons. In C10HNO3 plates
the presence of a weak extremum in the experimental
A/B(l) dependence at the small values of l (Fig. 13) testifies
that both these factors make a contribution into the ESR
signal. In the frameworks of this model we have been able
to describe the experimental A/B(l) dependences well both
above, and lower Tc.
Basing on the obtained results it may be supposed that
many of existing problems connected with application of
CESR technique to the study of graphite, GICs and other
conducting carbon materials will be successfully solved
after introducing into the consideration of surface and
interface spin relaxation effects. The works in this direction
are in progress.
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