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Electron paramagnetic resonance in quasi-two-dimensional graphites is used to measure the g- 
factor in the temperature range 3.8-1000 K. Most of the EPR absorption is due to carriers whose 
g-factor has an appreciable anisotropy ( Ag, ) connected with the two-dimensional orbital motion 
of the electrons. The magnitude and temperature dependence of Ag, are determined by the 
fraction of the unpaired electrons occupying states in the vicinity where the valence and 
conduction band are in contact. Increasing the density of the electrically active structure defects 
or of a boron impurity in graphite leads to a shift of the Fermi level into the interior of the valence 
band and to a sharp decrease of Ag, . It is proposed to explain the behavior of Ag, in quasi-two- 
dimensional graphites, especially at low temperature, by taking into account the effective 
"smearing," due to scattering of carriers by defects, of the density of states in the vicinity of the 
contact between the bands. 

INTRODUCTION 

The first investigations of EPR signals of the single- 
crystal graphite1 have shown that the observed paramagnet- 
ic resonance is due mainly to proper carriers that appear as a 
result of the small overlap of the filled and empty bands in 
the vicinity of the corners of the reduced Brillouin zone. 
Owing to the small spin-orbit coupling in carbon 
( ~ 2 . 2 .  eV, Ref. 2), theg-factor in graphite differs little 
from that of the free electron (go = 2.0023), although the 
deviation Ag fromg, is easily observed and depends substan- 
tially on the direction of the constant magnetic field H rela- 
tive to the hexagonal c-axis of the graphite. It was estab- 
lished' that Ag, = g, - go = 4.37. lo-' for H(lc and 
Ag, = g, - go = 3.  for H l c  (or Hlla). These experi- 
mental data were later satisfactorily explained in Ref. 2. 

For graphites with structure defects or specially doped 
with impurities, the theoretical estimates of Ag, differ 
noticeably from the experimental data, especially at low 
 temperature^.^-^ The most instructive in this respect are 
quasi-two-dimensional graphites (QTDG), whose graphite 
layers have a sufficiently regular structure in the absence of 
azimuthal order between the layers (for example pyrocar- 
bons obtained at 2100 "C Refs. 4-6). Owing to the weak in- 
terlayer interaction, the band overlap in QTDG is lifted, and 
at low temperatures the carriers should be the impurities. 
According to the existing at T <  T0/2, where To 
is the degeneracy temperature of the impurity carriers, Ag, 
should decrease exponentially with decrease of T, whereas 
the observed Ag, either increases or flattens out. 

In the present study theg factor was measured in a wide 
range of temperatures (3.8-1000 K ) ,  using QTDG with dif- 
ferent densities of the intrinsic structural defects, and also 
QTDG specially doped with boron. The experimental data 
are compared with the present theories. To eliminate the 
existing disparities, it is proposed to take scattering of elec- 
trons by defects into account, effects that lead to "smearing" 
of the energy spectrum near the singular conical point in the 
band model of two-dimensional graphite (TDG) .  

The QTDG samples were highly textured "pure" pyro- 
carbons (PC) and borated pyrocarbons (BPC), obtained by 
deposition of the products of pyrolysis of hydrocarbons on a 
flat substrate at 2100 "C. According to the x-ray structure 

analysis, the samples had a two-dimensionally ordered 
structure with interlayer distance d = 0.343 nm. 

The values of the g-factor were determined the EPR 
signals from plates measuring 2 x 1 and 5 X 0.15 mm at plate 
orientation in the magnetic field HllZ and H I Z ,  where Z is 
the normal to the plane of the plate and coincides with the 
most probable direction of the c-axes of the individual crys- 
tallites (the P C  axial-texture axis). 

Registration of the EPR spectra of graphite materials is 
usually made complicated by the substantial and inhomo- 
geneous broadening of the absorption line, on account of 
structural and textural inhomogeneities, and especially on 
account of the "oxygen effect."'.' The samples selected for 
the investigations were therefore those with a minimum 
linewidth AH at close values of Ag, which attested to unifor- 
mity of the samples or to small dimensions of the inhomo- 
geneities compared with the diffusion path length of the un- 
paired electron during the spin-lattice relaxation time 
(complete translational averaging of the g-factor) . To elimi- 
nate the "oxygen effect," the measurements at low tempera- 
tures were carried in purified helium, and at high tempera- 
tures with an excess chlorine p r e s ~ u r e . ~  The EPR signal was 
measured with a Varian E-12 spectrometer equipped with 
the appropriate temperature attachments. At low tempera- 
ture, the most suitable for this purpose is the ESB-9 tempera- 
ture-varying unit. The resonant-magnetic-field strength was 
measured with a type E-500 NMR gaussmeter, and the mi- 
crowave field frequency was measured with an HP-5342A 
frequency meter. The calculated g factor was corrected for 
the influence of the skin effect on the line shape and for the 
shift of the resonance field in accordance with Dyson's theo- 
ry. l o  The temperature-measurement error in the investigat- 
ed range did not exceed 296, and the absolute error of the g 
factor did not exceed 5. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Owing to the non-ideal texture of the crystallites in the 
pyrocarbons, the values of g, (HIIZ) and g, ( H l Z )  mea- 
sured for the plates can differ noticeably from the values of 
g, andg, of the individual crystallites. If Ag/gis small, how- 
ever, and for complete translational averaging of the g-fac- 
tor, the measured values are easily expressed in terms of g, 
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FIG. 1. Comparison of (g, + g, ) with (g, - g, ) for samples PC-3 (a) 
and BPC-2 (b) .  
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and g, and in terms of the texture parameters (sin2 8 ) : 

Here 8 is the angle between the axial-texture axis Z and c 
axes of the individual crystallites, and the angle brackets 
denote averaging over the sample volume. To find (sin2 8 ) 
one can use another useful expression obtained from ( 1 ) : 

In view of the two-dimensional character of the electron mo- 
tion, the value of g, should not be influenced by the state of 
the system of free carriers, and hence by the measurement 
temperature. On the contrary, the contribution of the com- 
ponent g, to the measured values ofg, and gx is temperature 
dependent. It is therefore easy enough to determine both 
(sin2 8 ) and g, from the correlations between (g, + g, ) 
and (g, - gx ). As a rule, at T >  77 K (i.e., when the influ- 
ence of the low concentration of the localized centers on the 
EPR signal can be neglected, the experimental points for all 
the samples can be approximated with high accuracy by 
straight lines (Fig. 1 ) in accordance with Eq. (2) .  The rela- 
tively small values of AH of the EPR signal permit a reliable 
estimate of (sin2 8 ), g, , and g, . The determined values of 
these quantities for the investigated samples are listed in Ta- 
ble I, together with te measured g, for quasi-single-crystal 
graphite (QSCG) with practically ideal texture. The close 
values ofg, of the investigated samples attest to the applica- 
bility of the chosen approach to the investigation of these 
materials. 

Knowing (sin2 8 ), we easily determine from Eqs. ( 1 ) 
the value of g, and hence the shift of the g factor 
Ag = g, - go in the investigated temperature range. Data on 
the dependence of Ag, on T for pure PC are shown in Fig. 2. 
It is important to note that, at a chosen temperature, Ag, is 

lower the larger the defect content of the two-dimensional 
layer and the larger the ensuring density of the hole carriers. 
At the same time, the character of the temperature depen- 
dence of Ag, is practically the same for all the investigated 
PC, viz., Ag, increases as the temperature is lowered to 50-  
20 K, and the decreases as T-0. A similar dependence of 
Ag, on T in 77-300 K range was observed for analogous 
carbon materials in a number of but found no ac- 
ceptable explanation so far. 

Since the PC chosen by us had a QTDG structure, it is 
possible to apply to them primarily the model of TDG with 
linear dispersion." McClure13 developed within the frame- 
work of this model ag-factor c theory according to which the 
shift Ag, is given by: 

where a is the probability coefficient for the 3d functions in 
the P band, il is the spin-orbit interaction constant of 3d 
electrons, m is the electron mass, a = 0.246 nm is the trans- 
lation cohstant in the graphite layer, yo is a two-dimensional 
band parameter equal to z 3  eV (Ref. 12), 7 = EF/kB T is 
the reduced Fermi level, EF is the Fermi level, and sgn is the 
"signum" symbol. The energy is reckoned from the point of 
tangency of the valence band and the conduction band 
towards the conduction band. 

Knowing the value of the Fermi level EF, of the degen- 
erate system of carriers, we can find the dependence of Ag, 
on Tby determining 77 from the electroneutrality condition, 
which takes of the TDG band model the form 

TABLE I. Values of the temperature parameter (sin2 0 ), the EPR linewidth AH, and the g- 
factor components (g, ,g, ) of the investigated samples. (The values of AHand g, are given for 
T =  300K).  
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FIG. 2. Temperature dependence of Ag, for PC. The 
numbers of the sets of presented data correspond to the 
number of the sample. Points-experiment; lines- 
calculation-dashed calculated in accordance with 
the theory of Ref. 3, dotted-with allowance for the 
influence of the carrier scattering from the defects on 
the density of states, solid-additional allowance for 
the localized moments. The data of Table I1 were used 
for the calculations. 

F,(q)--Fi(--q)='/zqa2 sgn qo, (4)  was obtained from measurements of the Hall coefficient at 
4.2 K. 

where F, is a Fermi index of unity index, v0 = To/T, and To solve the integral equation (4) for q we must resort 
To = E,, /k, is the degeneracy temperature. The value of To to graphic or to analytic-approximation methods. It can be 
depends on the density of the layer deffects, which exhibit easily shown that q can be estimated with an error (1  % by 
acceptor properties in PG. An independent estimate of To using the following approximate expressions: 

0.36q02 for lqOIG 1 
0.006~o~-0.0958~~3+0.532q02-0.08qa for I<  1 q,1 < 5. (5) 

(qo2-n2/3) 'I2 for 1q01>5 
I 

As shown by calculations using Eq. (3) ,  the theoretical 
dependences of Ag, on T (Fig. 2, dashed lines) do not agree 
with experimental points for any reasonable variation of yo 
and aA. The reason for this difference is, in our opinion, that 
the theory of Ref. 3, developed for idealized TDG, cannot be 
directly applied to QTDG because of effects due to carrier 
scattering by structure defects, which smear out the density 
of states in the vicinity of the conical singular point. 

It was shown in a recent analysisI3 of the diamagnetism 
of QTDG that the influence of scattering effects on the 
smearing of the density of states can be formally taken into 
account by introducing in lieu of T the effective temperature 
T, = T + 8, where 

Here r is the carrier relaxation time and a, is the two-dimen- 
sional conductance of the graphite layer. The remaining cal- 

culations are carried out in the framework of the "rigid" 
band model of the TDG. For PG with structure defects at 
low temperatures, the conductance a, = 0.45. W' 
and is independent of the defect density." In this case 
Sz0.5To. Introduction of T, in place of Tin  Eqs. (3)  and 
(4)  actually leads to a satisfactory fit of the experimental 
points to the calculated curves (Fig. 2, dotted lines), al- 
though at T< 100 K the difference between calculation and 
experiment remains noticeable. This difference will be 
shown below to be due to the contribution made to the EPR 
signal by localized paramagnetic centers whose g-factor is 
less than g, , while the susceptibility increase as T-0 in ac- 
cordance with the Curie law. At T >  200 K the agreement 
between experiment in calculation by Eq. (3)  is good 
enough. Analysis of Eq. (3)  has shown that for EF < 1 eV 
the contribution of the second term is negligibly small com- 
pared with that of the first, so that in practice the only re- 
maining fit parameter is the product ail. The best approxi- 

TABLE 11. Values of the parameter yo, of the degeneracy temperature To, of the spin-orbit 
coupling energy al, of thedensity n (per unit graphite-layer area) of the improper holecarriers 
and of the localized moments N in the investigated samples. 
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mation of the experimental points was obtained for the 
parameters listed in Table 11. It can be seen that the value of 
aA varies in the range (2.4-2.7). lop5 eV. Assuming 
A = 2.2. eV (Ref. 2), the probability coefficient a for 
the 3d functions in the .R band is 0.1-0.12. 

It must be noted that the small values of AH of the 
spectral lines (Table I )  attest to the complete averaging of 
the g-factor over all the energy states of the carriers within 
the time of the spin-lattice relaxation. Thus, for example, for 
PC-1 change of temperature from 40 to 1000 K changes g, 
by ~ 0 . 2 ,  corresponding to a shift of the resonance field by 
~ 3 0 0  Oe, whereas the EPR line width is maintained within 
several oersted. 

The deviation of Ag at T < 100 K from the values calcu- 
lated in accordance with Eq. (3)  is due to the presence in PC 
of a definite fraction of unpaired electrons localized on the 
defects. Owing to the strong exchange interaction between 
the conduction electrons and the localized paramagnetic 
centers, one absorption line is observed, a feature common to 
all graphite materials.' The total electronic susceptibility 
should be equal to the sum of the susceptibility components, 
and the position of the line is determined by the averaged 
value of the g-factorI4: 

g= ( g c x c f  ~ L x L )  1 ( x ~ + x L ) ,  (7)  

where X, and X, are the respective susceptibilities of the 
conduction electrons and of the localized centers, and g, is 
the g-factor of the localized centers. Following Ref. 14, we 
assume gL = go = 2.0023. It is easy to show then that the 
following relation should hold between and Ag, : 

Since the susceptibility of the localized centers obeys 
the Curie law (x, = J /T ) ,  the difference between Ag, and - 
Ag turns out to be temperature-dependent and reaches a 

maximum at low temperatures: 

where J = p, 2gL 'NS(S + 1 )/(3kB ), ,uB is the Bohr mag- 
neton, and Sand N are respectively the spin and density of 
the localized moments. For QTDG with a linear dispersion 
law" the susceptibility X, of the current carriers per unit 
mass can be represented in the form 

where N, is Avogadro's number and M is the mole of car- 
bon. Note that here Te = T +  S (effective temperature), 
whereas in (9)  T is the Iattice temperature. 

The values of X, can be calculated for each sample by 
substituting in Eq. ( 10) the corresponding values of Te and 
obtained by the analysis of Ag. Substituting next the calcu- 
lated values of Ag, andx, in and the experimental values of 
- 
Ag in (9),  we can easily verify the validity of the expression 

in the low-temperature range (Fig. 3) ,  as well as estimate the 
parameter J, and hence also the density N of the localized 
centers. Allowance for the effect of N on the exchange aver- 
aging of theg factor has made it possible to fit the experimen- 
tal points to the calculated curves in the entire temperature 
interval (Fig. 2, solid lines). 

FIG. 3. Temperature dependence of Ag, /Ag for PC. The numbers on the 
curves are those of the samples. 

Table I1 lists the corresponding values of the param- 
eters for the system of carriers, and also the densities of the 
localized magnetic centers, with a value S = 4 assumed for 
the latter. It can be seen that the density N is only a small 
fraction of the carrier density (<2% for PC), although the 
localized centers influence Ag at low temperatures quite sub- 
stantially. This influence is due to the smaller value of gL 
and to the increase ofx, as T-0. The temperature depen- 
dences of the calculated values of X, and X, are shown in 
Fig. 4. 

The carrier density and the mean free path in borated 
PC are determined mainly by the concentration of the boron 
dissolved in the lattice, with the transport cross section 
smaller for carrier scattering by boron ions than by structure 
defects. We have therefore for BPC a, = 1.4. low4 a-' and 
Sz0.17To, i.e., the effective temperature T, is closer to T 
than inpure PC. Therefore at higher temperatures the ex- 
perimentally observed values of Ag, and those calculated 
from McClure's theory differ less for BPC than for PC. The 
difference between experiment and theory, however, be- 
comes substantial at low temperatures (Fig. 5, dashed 

FIG. 4. Temperature dependence of the paramagnetic spin susceptibility 
x for PC: dashed line-carrier susceptibility (x, ), solid-total suscepti- 
bility of carriers and localized centers (x, + X, ). The numbers on the 
curves are the numbers of the samples. 
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lines). It turns out that the experimental data cannot be 
completely described by Eq. (3)  even by introducing T, ,  
since the values of Ag, observed at T < T0/2 are always high- 
er than the calculated ones. In first-order approximation this 
fact can be explained by assuming that the BPC contain 
small sections in which the electron scattering by the intrin- 
sic structure defects remains dominant.I3 Since one and the 
same narrow EPR signal line (AH( 1 Oe) is observed in the 
investigated samples, the lengths of such sections should be 
shorter than the diffusion path of the electron during the 
spin-lattice relaxation time, thus leading to a total transla- 
tional averaging of the g-factor. The agreement between the 
theoretical curves with experiment at all temperatures be- 
comes good (Fig. 5, solid lines) if it is assumed that for such 
sections we have S z0.5T0 (just as in pure PC), and their 
fraction depends on the structural features of the specific 
sample. For the BPC described in this paper, the fractions of 
such sections in Samples l,2,3, and 4 are respectively 17, 17, 
11, and 9%. 

CONCLUSION 

Thus, we investigated here by EPR spectroscopy, for 
the first time ever, the temperature dependences of the g- 
factor in textured pure and specially borated pyrocarbons, 
whose crystal structure is that of quasi-two-dimensional gra- 
phite~. It was established that the EPR signal is due primar- 
ily to current carriers, and the value of the spin susceptibility 
xC and its temperature dependence (Fig. 4) depend on the 
density of the impurity carriers and on the details of the 
electron distribution over the energy states. At low tempera- 
tures, a noticeable contribution to the EPR by localized 
spins is observed in PC, although their density does not ex- 
ceed 2% of that of the carriers (Table 11). 

In QTDG the values ofg, for individual crystallites can 
be both higher and lower than g, for single-crystal graphite 
(Table I ) ,  depending on the location of the Fermi level in the 
valence band, connected in turn with the density of the elec- 
trically active structural defects and impurities. Redistribu- 
tion of the electrons over the energy states of the valence 

FIG. 5. Temperature dependence of Ag, for BPC. The symbols 
are the same as in Fig. 2. The theoretical curves were calculated 
using the data of Table 11. 

band and the conduction band with change of temperature is 
the cause of the strong temperature dependence of g, . The 
maximum of gc (and hence Ag, ) corresponds to the tem- 
perature at which the fraction of electrons contributing to 
the EPR and occupying states in the vicinity of the tangency 
of the bands is a maximum. 

For the investigated QTDG, the values of Ag, in the 
entire temperature interval can be quantitatively described 
by modifications of Eqs. (3  )-(5 ), in which T is replaced by 
an effective temperature T, = T + S that takes formally into 
account the influence of the carrier scattering from defects 
on the smearing of the density of states in the vicinity of the 
conical singularity. As T+O, the g-factor observed in PC 
decreases because of exchange interaction of the carriers 
with localized moments, for which g, = 2.0023, and the 
paramagnetism increases in accordance with the Curie law. 

On the whole, the approach described in the paper can 
be used for an interpretation of the EPR signal in all real 
carbon materials with graphite-like structure. 

The author thanks V. F. Gantmakher for interest in the 
work and for a helpful discussion of the results. 
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