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Electron spin resonance in three- and quasi-two-dimensional graphites has been investigated between
liquid-helium and room temperatures. The g shift (Ag) of three-dimensional graphite first increases with
lowering temperature (7)) so as to form a peak at 20 K, and then steeply falls off. An expression for
Ag(T) proposed on the basis of the Dresselhaus-Dresselhaus Hamiltonian implies that the peak is pro-
duced in a way similar to that for the diamagnetic susceptibility. Curve fitting to the data, in which the
divergence of the E; band is removed by considering the energy uncertainty, reproduces the temperature
dependence fairly well by using the spin-orbit coupling constants with the correct order magnitude but
with negative sign. The origin of such a difficulty involved in the calculation is discussed in connection
with subtle balance between the electron and hole contributions. Specimens of quasi-two-dimensional
graphite show behavior of Ag-versus-T similar to that observed for the three dimensional; this behavior
is affected by localized spins especially at low temperatures. The absorption lines of all the specimens ex-
amined are narrowed with increasing temperature above 20 K by an averaging process of the g values of
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conduction carriers in k space.

I. INTRODUCTION

The conduction-electron spin resonance (CESR) of
graphite in the temperature range from 77 up to 600 K
was investigated as early as 1960 by Wagoner! using a
natural single-crystal specimen. After that, a number of
authors’ * made similar studies on a variety of well-
defined specimens of graphite, and have obtained nearly
the same results. First, the absorption line is of typical
Dyson form and indicates a large g anisotropy. The g
value with a magnetic field in the ¢ direction is about 2.05
at room temperature and increases monotonically with
lowering temperature so as to exceed 2.10 at 77 K while
that with the field perpendicular to the c¢ axis shows al-
most no shift from the free-electron value 2.0023 in-
dependent of temperature. Second, the linewidth when
the field is in the ¢ direction is as narrow as 5~6 G near
300 K and increases remarkably with lowering tempera-
ture; thus the detection of the signal is made fairly
difficult below 77 K.

In order to account for Wagoner’s results, McClure
and Yafet® proposed a theory based on the band model of
Sloncewski and Weiss® (hereafter referred as SW), taking
into consideration the admixture of the 3d state with the
7 orbital. They pointed out that the observed g value is
an average of the contributions of electrons and holes,
which are both expressed as functions of their wave vec-
tors and have opposite signs to each other. However, we
have found out that McClure-Yafet’s formulation leads
to some difficulties, for instance, that divergence of the g
shift takes place at the singular point of E=E;. Hence,
the validity of the theoretical curve demonstrated in their
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paper is still of some doubt, and the problem seems not to
have been resolved yet.

In the following sections we present the results of our
CESR measurement recently performed over the temper-
ature range from 300 K down to far below 77 K using
four kinds of well-oriented graphite specimens. A
theoretical analysis of the data is made on the basis of a
formalism for the g shift, in which the difficulty of diver-
gence is removed by taking into account the uncertainty
of energy. Qualitative discussion is also given of the ESR
characteristics other than the g shift.

II. SPECIMENS AND METHODS

Specimens examined were an iron-melt single-crystal
graphite (the so-called Kish graphite, hereafter KG),
highly oriented pyrolytic graphite (HOPG), and pyrolytic
graphites as-deposited at 2100 and 2300°C (PG2100 and
PG2300), respectively. As-deposited PG’s are much less
crystalline than KG and HOPG, but the basal planes are
aligned nearly in parallel so as to form a quasi-two- di-
mensional structure. Test pieces were cut in the form of
thin rectangular plates of dimensions of 2 X5X0.1 mm?,

The ESR measurement was performed with a JES-
FE1XG spectrometer operated in the TE(y,; mode at tem-
peratures below 300 K using liquid helium as coolant.
The intensity of the resonance magnetic field was mea-
sured by using an EFM-2000 NMR gaussmeter and the
frequency by a TR5212 microwave frequency counter.
Absorption lines were analyzed in accordance with the
procedure developed by Feher and Kip’ for the Dyson
signal.
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FIG. 1. Temperature dependence of g factors of HOPG and
Kish graphite in the presence of magnetic fields parallel and
perpendicular to the c axis, respectively. Results of the curve
fitting based on Eq. (11) are represented by a solid line, where
the spin-orbit coupling constants obtained are
Ap=—4.29X10"*eV and A;3=—5.01X 10" % eV.

III. EXPERIMENTAL RESULTS

Figure 1 shows temperature dependence of the g factor
of HOPG and KG with circular and triangular marks,
respectively. The upper plots represent the data in the
presence of a static magnetic field parallel to the c axis,
while the lower plots represent those with the perpendic-
ular field. The latter is about 2.003, almost independent
of temperature. With the field in the ¢ direction, the g
value increases first with decreasing temperature (7) in
agreement with Wagoners data above 77 K, but it forms
a distinct peak at about 20 K and then falls off leftward.

Figure 2 shows the linewidth (AH) versus T for
HOPG and KG with the magnetic field applied in paral-
lel to the c axis; the rise of AH with decreasing tempera-
ture is followed also by a distinct peak at ~20 K in a
manner similar to that of the g shift.

In Fig. 3 are demonstrated the g-vs-T plots for as-
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FIG. 2. Linewidth (AH) versus temperature plots for HOPG
and Kish graphite with the magnetic field azimuth in the ¢
direction.
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FIG. 3. Temperature dependence of g factors of as-deposited
pyrolytic graphites under a magnetic field applied in the direc-
tion perpendicular to the deposited surface, PG2100 and
PG2300 denote those deposited at 2100 and 2300 °C, respective-

ly.

deposited PG specimens, where the magnetic field is ap-
plied along the axis normal to the deposition plane. It
should be noted that g values of PG2100 coincide well
with those of HOPG all over the temperature range ex-
amined. On the other hand, the g values of PG2300 are
somewhat less in magnitude, and the peak position is
slightly shifted toward the lower temperature side.

AH of PG specimens shown in Fig. 4 indicates mono-
tonous leftward rise-up with decreasing temperature but
produces no peak in contrast to the plots for HOPG.

IV. THEORY AND ANALYSIS

As mentioned in the first section a theory on the g shift
(Ag) in CESR of three-dimensional (3D) graphite has
been proposed by McClure and Yafet® using the SW band
model and introducing an admixture of the 3d state. Al-
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FIG. 4. Linewidth versus temperature plots corresponding to
the g versus temperature in Fig. 3 for as-deposited pyrolytic
graphites.
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though they explained Wagoner’s data on this basis we
would like to point out two problems overlooked in their
work: First, their expression for Ag given as a function
of energy (E) of 7 electrons diverges at E=E;. Second,
one has to choose the spin-orbit coupling constant A of
negative sign to get Ag of positive sign. In the vicinity of
E ~E,, the contribution of electrons to Ag changes very
steeply toward minus infinity, while that of holes changes
toward plus infinity.

In the present study expressions for Ag using two
spin-orbit coupling constants, A}, and Aj;, on the basis of
the Dresselhaus-Dresselhaus Hamiltonian® can be calcu-
lated as follows. The Dresselhaus-Dresselhaus Hamil-
tonian takes the form

E, 120 p1K4 —ipik—
120, E, —ipyky —ipyK_

H= —ipk_ ip,k_ E3;+Aj0z 0 > (D
ipr1ky  IpaKy 0 Ey;—A%0,

where p,, =(V3/2)ag7o(1Fv), v=(2y,/7o)cosp,

¢=k,cy/2, and o, is the Pauli spin matrix. Also,
ke=(k,tK,)/V2, @)

and E,, E,, and E; (doubly degenerate) are the four
bands corresponding to k=(0,0,k,); their concrete ex-
pressions are given by%®

E,=A+2y cosp+2yscos’p ,
E,=A—2y cosp+2yscos’p , A3)
E,=2y,cos’p .

In the presence of a magnetic field applied parallel to
the ¢ axis, the wave-vector components Ky K, satisfy the
commutation relation

H
Koty 1=2, s=%c— , 4)

and «, and «_ become the raising and lowering opera-
tors:

11 847

Kty =[(N+1)s]"?uy,,,

K_uy=(Ns)"%uy_,, ©

where u, denotes the harmonic-oscillator wave function.
The eigenvalues in a magnetic field are obtained by
solving the following equation:

Un

(#—EI) =0. (6)

Equation (6) leads to the four bands and the g shift is
defined by

&;=—3AgupHo, , )

where E;=¢?+¢}; € is the eigenvalues for AZ,=A%,=0
and ¢; is the correction term proportional to A3, and A3;.

The g shifts we are interested in are those associated
with E,, (electron band) and E,_ (hole band).’ Impos-
ing the Bohr-Sommerfeld condition

$di,k,=2ms(N+y) (y<1) (8)

to the solutions of Eq. (6) we can get the g shifts in the
weak-field limit.
For electrons

4m 27‘7%11’293—7“;3(9217%'*'6‘11’%)

Ak = S eyt enller —extpl /o]
9
and for holes
Mgy (E )= 4m PhiPiPacs _wezp%jelzp%)
#  ejle;+es)e,—e (p3/p?)]
(10)

where e;=E; —E. Both formulas are reduced to that of
McClure-Yafet by putting A=A,=A,;.

By use of Egs. (9) and (10), the total g shift averaged
over the Fermi surface is represented as a function of
temperature:

ofo(E) 9fo(E)
Ag(T)=F S Ag(E,k, ————/ o2l
&(T) kZ% 8(E.k.)—3F ,;% 3E
=i’2£ fﬂ/quwadE 27\7%1]’293_)‘53(31‘1’%4‘92}’%) afo(E)
#i 0 Ey 2e3[e,(pt/p})—e;] oE

p3(1—»?17!

/2 E; 2Afp 1pre;—A53(ep) +eypt) 3fo(E)
+[de [ dE e e o2
b esle;—e (p3/p1)]

/ [f0"/2d<pr°:dE[E—(E2+E3)/2]if—(€—

0
oE

- E
+ [ de [ dEI(E,+E;)/2—E]

ofo(E
oE

3E [p3(1+wv)?] 7! ]
[p3(1—v)?]7!

)
[p%(1+v)2]“] , (11)
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where f is the Fermi-Dirac function and
V3
Po— 2 4070 -
The band-parameter values used in the following calcula-
tion are as given in Table I.°

In order to remove the aforesaid difficulty of diver-
gence we put

E,—E=+V (E;—E)*+TI?, (12)
where I' ~ 7 /7 represents the uncertainty of energy, and
we assume that 7 is the same order as the relaxation time
of carrier scattering.

The dashed line in Fig. 1 shows the results of curve
fitting to the temperature-dependence data for the g value
of the HOPG using Eq. (11), where Aj,, A%;, and I" have
been determined through the least-squares method. The
reproducibility is fairly good, and the coupling constants
A%, and A3; obtained are —4.29X10™* eV and
—5.01X10"* eV, respectively. These values are of
correct order in the magnitude, but the sign is still nega-
tive, the same as in McClure-Yafet’s theory. A theoreti-
cal explanation of this sign problem will be given later in
the next section. Also the uncertainty of energy is com-
puted at 2.56X10™* eV. This value corresponds to
7=2.5X107!2 sec which is a reasonable order-of-
magnitude estimate for the conductivity relaxation time
in graphite.

In Fig. 2 we have found that the plot for PG2100 is al-
most the same as that for 3D graphite. Such a result is
not readily anticipated from its crystal structure. As is
generally known, as-deposited PG is of quasi-two-
dimensional structure unlike HOPG, and contains more
lattice defects; these defects are probably associated with
localized spins whose contribution to ESR may become
not negligible at low temperatures. Hence, the apparent
agreement seems to be fortuitous, and has to be con-
sidered on a basis other than that for 3D graphite.

Denoting the g value of localized spin centers by
810c{ =2.0023) and that of conduction carriers by g .q4>
Mrozowski'® has proposed that observed g value can be
expressed as a sum of their fractional contributions in the
following form:

X cond Xloc
Xioc +Xcond Xioc +Xcond

In this formula, X,,. is the paramagnetic susceptibility
due to localized spins and obeys the Curie law

A N8 ’upS(S+1)
T’ 3ky

gobs:gcond +gloc (13)

Xloc(T)= ’ (14)

where N, . is the number of localized spin centers, up the
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Bohr magneton, and kp the Boltzmann constant and S is
taken to be 1. On the other hand, X uq is for the Pauli
paramagnetism and written as

_HB _
Xeond D=7 [N()=N(1)]

129:3 ©
=0 fo dE D(E)[fo(E+ugH)

—folE—ugH)], (15)

where N(1) and N(|) represent the number of up and
down spins, respectively, and D(E) is the density of state.

Making use of Wallace’s linear band model!! for 2D
graphite with the dispersion relation

E

E=pok , Ey(E)=—"—
CoTPo

, (16)

where ¢, is the interlayer distance, one can rewrite Eq.
(15) as
2
upN
Ep

2
BE e df
T)=— E~LdE~
Xcond( ) Trc()pg fO aEd

(17)

in an approximation valid at low temperatures. Here Ej
denotes the Fermi level and N=N(1)+N(l) is the car-
rier density, which can be evaluated from the data of the
zero-field Hall coefficient. Through analyses of the
characteristic diamagnetism and negative magnetoresis-
tance,'? Ep of PG2100 has been computed at —5 meV
from the valence-band edge, and it enables estimation of
X cond( T).

As pointed out by Kazumata,'> the absorption-
intensity ratio between temperatures 7 and T’ is ex-
pressed as

R= I(T) — Xcond(T)+Xloc(T)
nr') Xcond(T')+Xloc(T') ’

which can be determined through a comparison of the
areas of absorption peaks on the chart. In Fig. 5 we show
the relative intensity of PG2100 as a function of T below
50 K. Circles represent the experimental data, which are
noted to indicate a minimum at about 35 K.

From Eqgs. (14), (17), and (18) in combination with the
relative-intensity data, we have calculated x ,,q(7) and
Xioc{ T) as shown by dashed and broken lines in Fig. 5, re-
spectively, where parameter 4 was determined by using
the observed intensity ratio between 4.2 and 35 K
(minimum point); the calculated total susceptibility in the
range below 50 K is shown by a solid line.

Thus, the contributions of the two kinds of spins to the
g value of PG2100 are separated on the basis of Eq. (13).

(18)

TABLE I. Slonczewski-Weiss band parameters used in calculation of Ag(T) of 3D graphite (Ref. 9).

Yo Y1 Y2 Ya

Vs A Er

3.16 0.39 —0.02 0.044

0.038 —0.008 —0.024
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FIG. 5. Relative intensity of the absorption line of PG2100 at
temperatures below 50 K. Circular marks represent the experi-
mental data, while lines are for results of the theoretical analysis
as indicated.

Numerical values of g ,,q(T) thereby calculated are given
in Table II; its magnitude increases monotonically with
decreasing temperature in the range down to 4.2 K. Such
behavior is quite different from that of HOPG for which
8obs{ T) =8 ona(T) exhibits a peak at 20 K as an intrinsic
nature of the carrier system. Namely, the fall-off of the g
value of as-deposited PG’s to the left of the peak value in
Fig. 2 is due to the contribution of localized spins which
become dominant at low temperatures in accordance
with the Curie law.

V. DISCUSSION

In McClure-Yafet’s theory,” the g shifts caused by
electrons and holes with a magnetic field in the ¢ direc-
tion are opposite to each other, and become zero in total
for 2D graphite if the graphite is completely compensat-
ed. McClure'* corrected this conclusion later by taking
into account the contribution of the spin-orbit splitting of
the Landau level at the band degeneracy (n =0), and has
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derived an expression for the total g shift of 2D graphite
as follows:

2
m x
S L +a tanhTo

x
2 270
oA #i°k g Tcosh 2

" kyT

Ag . (19)

X0
21n(2008h—2—)

where xq=E/kg T, m is the electron mass, «a is the ad-
mixture coefficient of 3d functions in the 7 band, and oth-
ers are as customarily used. (There were some mistakes
in McClure’s original expression that have been corrected
in the above.) The first term in the numerator in large
parentheses represents the contribution from the n=0
Landau level; this predominates over the second term,
which corresponds to those from other levels. One can
readily see that such a situation is quite similar to that of
the characteristic diamagnetism of graphite, in which the
formation of the n =0 Landau level due to the band-to-
band transition plays an important role. In fact,
McClure also gives an expression of the g shift in relation
to the anisotropy of the diamagnetic susceptibility.

In the case of 3D graphite, it is not possible to separate
the two terms so distinctly in Eq. (11), but the underlying
mechanism seems essentially the same: As in the case of
diamagnetism, the carrier population of the n =0 Landau
level is increased by thermal excitation from the Fermi
level, and gives rise first to an increase of Ag(T) with
raising temperature in the range up to the peak position
near 20 K. Further elevation of temperature beyond it
tends to distribute these carriers over the higher-number
levels so as to reduce the dominant contribution of the
n=0 level, leading to the right-hand fall-off of the g
versus T plot as observed in Fig. 1.

In this context we may consider the foregoing problem
that the sign of spin-orbit coupling constants A}, and A%,
in Eq. (11) apparently had to be chosen negative in the
procedure of curve fitting to the experimental data of
Ag(T). Equations (9)-(11) for the g shift were obtained
from the eigenvalues E, (k,) of the SW band model in the
presence of a magnetic field imposing the semiclassical
condition given by Eq. (8). Such a procedure based on

TABLE II. Numerical values of g;,, of PG-2100 between 4.2 and 50 K estimated by using Eq. (13) in
combination with experimental and analytical results shown in Fig. 3 and 5, respectively.

T (K) Xcond( X 10_8 emU/g) Xloc( X 10—8 emu/g) 8 cond
4.2 0.918 2.104 2.3367
8.0 0.924 1.105 2.2720

14.0 0.935 0.631 2.2222
18.0 0.963 0.491 2.2135
25.0 1.032 0.354 2.1721
35.0 1.144 0.253 2.1746
40.0 1.219 0.221 2.1647
45.0 1.294 0.196 2.1540
50.0 1.384 0.176 2.1436
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the orbital quantization hypothesis is valid for the Lan-
dau levels with n >>1, but not accurate enough for those
levels with n ~0, 1, which correspond to E ~ E;(k,). The
latter may play a rather essential role in the estimation of

J

dfolE(n,k,)]

Ag=lim 3 SAgln k)20 250 5 -
"Hmn;g k, oE n k,
n

If this is applied to 2D graphite, both contributions of the
n =0 and n50 levels lead to the field-independent values
as shown by Eq. (19); it is not the case in 3D graphite,
however.

In consequence, an approximate calculation taking into
account not exactly enough the low-number Landau lev-
els (n ~0,1) may lead to the negative g shift whose tem-
perature dependence is nearly in agreement with the ob-
served data. In a word, since Ag,<0 and
|Ag,| ~Ag, >>|Ag|=|Ag, +Ag,| in Eq. (11), a slight
change of Ag, and/or Ag, in the calculation may change
the sign of the total Ag. Such a situation is somewhat
similar to that of the thermoelectric power (S) of graph-
ite,’* where S=S,+S, and |S,|~S),>>|S,+S,]|. In
KG and/or HOPG, S exhibits a pronounced negative dip
due to the phonon-drag effect around 30-40 K; slight
neutron irradiation ( ~ 10'® nvt) shifts the whole plot up-
ward so as to make S >0 below 300 K, but the
temperature-dependence behavior is similar to that be-
fore the irradiation.

Thus, although our calculation using such negative
values for the spin-orbit coupling constants is conven-
tional, it can still be expected reasonably to provide a
qualitatively correct temperature dependence of the g
shift.

The g shift in as-deposited PG’s shown in Fig. 3 is con-
cluded, through a phenomenological analysis in the last
section, to be a sum of contributions of conduction car-
riers and localized spins. However, g .., phenomenologi-
cally determined as in Table II behaves in a manner
different from that for 3D graphite such as HOPG,
reflecting the structural difference between them. An at-
tempt to reproduce g.,,q as a function of temperature us-
ing Eq. (20) for ideal 2D graphite has failed in yielding
any success; the calculation with appropriate parameter
values gave rise to a remarkable shift of the g-vs-T dia-
gram and also of its peak position toward a higher tem-
perature side.

In connection with this, Kotosonov'® has recently mea-
sured ESR of his own PG specimens and analyzed the
data on the basis of the 2D band model. In order to fit
the theory to experiment, he proposed to take into ac-
count smearing of the state density due to the defect
scattering of carriers, and introduced a concept of the
effective temperature T+ 8 in dealing with thermal exci-
tation of carriers to the n =0 Landau level. In fact, by
further considering the minor contribution of some local-
ized spins, he was able to reproduce all the data using Eq.

ofolE(n,k,)]
oE )
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the electron and hole contributions which virtually cancel
each other in Eq. (11) for the total g shift. It is noted that
we cannot get a field-independent Ag for 3D graphite
from the procedure.

(20)

(19), though & amounted sometimes up to 300~ 1000 K.
Such a picture for smeared energy levels has something in
common with that of Bright!” who has accounted for the
negative magnetoresistance of some pregraphitic carbons.
However, the smearing as broad as 300 K seems far
beyond that anticipated by Bright, and in the case of our
PG2100 and -2300 the Fermi levels obtained from the g
shift become much deeper than those evaluated through
an analysis of their negative magnetoresistance data.'?
More studies are needed to remove the numerical
discrepancy between both analyses. The right-hand des-
cending trend of AH-vs-T plots for all the specimens over
the most part of the temperature range examined is un-
doubtedly due to the motional narrowing effect which is
more enhanced by the phonon scattering with increasing
temperature. However, the reason why AH of HOPG ex-
hibits a peak at about 20 K coincidently with that of
Ag(T) is not clear at present. There might be some con-
nection with the fact that the lineshape parameter 4 /B
of the Dyson-type signal tends to become less than the
critical value 2.55 below 20 K, making it hard to deter-
mine precisely the linewidth. On the other hand, the
reason why the line width of PG2300 is larger than that
of PG2100 can be attributed appropriately to the rela-
tively inhomogeneous structure of the former. X-ray-
diffraction measurement has turned out that PG2300
gives a composite profile of (002)-reflection line and hence
is a mixed-phase structure consisting of 3D and 2D com-
ponents, while PG2100 is rather uniformly of quasi-2D
structure. '8

VI. CONCLUDING SUMMARY

The conduction electron spin resonance in Kish graph-
ite, HOPG and as-deposited pyrolytic graphites was mea-
sured between liquid-helium and room temperatures.
The g shift (Ag) in Kish graphite and HOPG, which
show 3D stacking order of basal planes, has been ob-
served not only to increase with lowering temperature
(T) but to exhibit a distinct peak at 20 K in the presence
of magnetic field parallel to the ¢ axis, while that with the
perpendicular field was negligible.

A theoretical expression of Ag(T) based on the
Dresselhaus-Dresselhaus Hamiltonian is proposed to im-
prove McClure-Yafet’s formula using two constants of
the spin-orbit coupling; where the mechanism underlying
the peak formation at 20 K is concluded to be something
common with that of the diamagnetic susceptibility. In
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the curve fitting to the data, the divergence of Ag at
E =E, is removed by taking into account the energy un-
certainty connected with the scattering of carriers in
their cyclotron motion. The calculation reproduces the
temperature dependence of Ag fairly well, while the spin-
orbit coupling constants employed are of the correct or-
der in the magnitude but negative in the sign. The origin
of the difficulty leading to such a choice of the sign is dis-
cussed in connection with the following facts: Ag(T) is
given as a subtle balance between the large contributions
of electrons and holes, and its expression in the form of
Eq. (11) for 3D graphite is obtained through a procedure
valid for the Landau levels with relatively high quantum
numbers but is not accurate enough for the low-number
levels.

As-deposited pyrolytic graphites, whose structure is
rather quasi-2D, exhibit g-vs-T plots similar to that of 3D
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graphite both in the magnitude and the curve shape.
However, the peak formation near 20 K is correlated
rather to the localized spin centers which are associated
with the structural defects and contribute dominantly at
low temperatures in accordance with Curie law. The
right-hand descent of the linewidth versus temperature
plots observed for all the specimens is attributed to the
motional narrowing effect through an averaging process
of g values of scattered carriers over the Fermi surface.
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