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The presented work is devoted to investigations of manifestation of quantum effects of weak locali-
zation and interaction of charge carriers in electrical conductivity of acceptor graphite intercalation
compounds (CICs). As shown by studies intercalation leads to a decrease in the resistivity and to
change the resistivity temperature coefficient from negative sign in the source graphite on a positive
sign in intercalated graphite. At the low temperature for all GICs specimens the minimum in the
temperature dependence of resistivity is observed. In terms of the model of charge carrier’s weak
localization and interaction for two-dimensional systems temperature dependence of phase relaxa-
tion time, localization radius and charge carriers screening constant for all GICs are estimated.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4985977]

Introduction

The theory of charge carriers weak localization and
interactions was developed for disordered metals, semime-
tals and degenerate semiconductors.'™ As expected in Mott
theory the transition metal—insulator occurs abruptly. The
theory of weak localization assumed that the transition from
metallic to insulator state, in which the electron wave func-
tion decreases exponentially, is not abrupt. There is an inter-
mediate region of structures in which the electron wave
function decreases slowly. A charge carriers weak localiza-
tion is due to interference of direct and elastically scattered
backwards on the inhomogeneities of structure electronic
waves. In the theory of electron—electron interaction inelastic
interactions of electrons with each other and with phonons
or other degrees of freedom is taken into account. If the con-
dition kr L~ 1 occurs the character of electron-electron
interaction is qualitatively changed, because during the inter-
action time electrons are scattered repeatedly at impurities or
defects. Quantum effects of charge carriers weak localization
and interactions lead to the appearance of abnormal tempera-
ture and magnetic field dependences of transport properties.
In first abnormal low-temperature dependence of electrical
resistance is observed for fine crystalline graphite in Refs. 4
and 5. It was shown that a sharp proportional to 7"/? increase
of electrical resistance for fine crystalline graphite can be
explained in the terms of theory of weak localization and
interaction of charge carriers. As another manifestation of
quantum effects in this material negative magnetoresistance
in fine crystalline graphite was found.

1063-777X/2017/43(6)/5/$32.00

As it was shown in several papers there are quantum
effects of weak localization and interaction of charge carriers
in the multiwall carbon nanotubes.®” More pronounced weak
localization and interaction effects are for two-dimensional
systems. Graphite intercalation compounds (GICs) are natural
two-dimensional electronic systems in which carriers move
mainly in a direction parallel to the planes of graphite, so the
charge carriers system in GICs of low stages can be seen as
degenerate dimensional electron gas, two-dimensionality of
which is associated with structural features of the electronic
structure of GICs.

Abnormal transport properties were revealed for GICs
based on graphite fibers and high oriented pyrolitic graphite
(HOPG) also.'®!® These anomalies authors are associated
with the manifestation of the weak localization and interac-
tion effects.

However, despite a number of researches on these effects
in GICs, question about the ratio between contributions of
weak localization and interaction effects is open. Also conclu-
sion on observation of weak localization and interaction
effects in the GIC based on HOPG is ambiguous. So, the aim
of this work is to investigate the low-temperature anomalies
in resistivity of GICs based on graphites with different struc-
ture perfection and to establish the nature of these anomalies.

Experimental results and discussion

As source for intercalation two types of graphite with
different structure perfection were used. These are highly
oriented pyrolytic graphite (HOPG) (distance between layers

Published by AIP Publishing.
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dooz = 0.335 nm, crystallite size L = 100nm) and fine crystal-
line pyrolytic graphite (FPG) (dyp, =0.340nm, L =30nm).
For both types of graphite there is a significant anisotropy of
crystalline structure.

The specimens of graphite intercalation compounds with
antimony chloride (SbCls), iodine chloride (ICl), aluminum
chloride (AICl3) and bromine (Br,) were obtained with stan-
dard two-temperature method.” As it is known, intercalation
of graphite results in orderly arrangement of intercalates
layers in the graphite matrix and the formation of ordered
structure of intercalates layer.

Investigations of structural characteristics of obtained
GICs were carried out with x-ray diffraction method. The
identity parameters /g were determined from 00/-dif-fraction
patterns of each GICs specimens and then compounds stages
S were calculated with use

Is =ds+ (S — dona, ds=d;+ doo, (D

where d; is the thickness of intercalates layer.

Table 1 presents the synthesis conditions, composition;
stages number s and identity period /g for the obtained GICs.
In Table 1 also ratios of resistivity at room temperature to
resistivity at T=4.2 K(p,4.2/pa300) are shown.

The resistivity along graphite planes (p,) in GICs speci-
mens was measured in temperature interval from 4.2K to
293K by standard for-probe method. Resistivity measure-
ment error was 0.05%.

Figure 1 presents the temperature dependences of resis-
tivity p, for obtained GICs. As it is seen at the figures inter-
calation leads to a decrease of the resistivity and to change
the resistivity temperature coefficient from negative sign in
the source graphite on a positive sign in inter-calated graph-
ite. For all specimens of GICs based on FPG in temperature
dependence p,(T) there is a wide minimum. The exact posi-
tion and value of minimum vary for different specimens. So
for second stage GIC with SbCI5 minimum is observed at
T=38K, for GIC with ICl minimum is observed at
T =20K, while for GIC with AICI3 minimum is at T=87K
and for GIC with bromine minimum is at 7= 150 K. Note,
that for GICs based on HOPG in dependence p,(T) minimum
is not observed at any temperature.

Let us analyze the main mechanisms that determine the
temperature dependence of resistivity in the GICs of accep-
tor type. As you know GICs of acceptor type are two-
dimensional electronic systems, two-dimensionality of
which is due to features of their electronic structure.

TABLE 1. Synthesis conditions, composition, stages number s, identity
period I and ratio p.4.2/p4300 for GICs specimens.

Source Temperature of

graphite Intercalate intercalation, K Ig S (Paa.2/Pa300)
HOPG 0.335 1.27
HOPG SbCls 493 1.278 2 0.56
HOPG 1C1 313 1.045 2 0.62
FPG 0.340 1.63
FPG SbCls 493 1.280 2 0.96
FPG IC1 317 1.052 1 0.92
FPG IC1 317 0.712 2 0.96
FPG AlCl; 483 1.306 2 0.94
FPG Br, 317 0.717 2 1.01
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Fig. 1. Experimental dependences p, for GICs: FPG + Br, (/); FPG + ICl
(2); FPG + AICl; (3); FPG+ SbCls (4); and HOPG + SbCls (5).

In the terms of two-dimensional GICs electron structure
model of Blinowski and Rigaux'* two-dimensional resistiv-
ity for two stage compound can be written as

nh 1
- . 2
P2sa €2kp Lef, ( )
where kg is the Fermi wave vector, L. is the effective mean
free path. In approaching of independence of different mech-
anisms of charge carriers scattering

1 1 1
L. L +LT’ 3)
where L, is the free path of the charge carriers scattering on
the boundaries of crystallites and Ly is the mean free path in
the temperature-dependent charge carriers scattering mecha-
nisms. Consider the main carrier scattering mechanisms, that
cause the temperature dependence of the electrical resistivity
po(T) in GICs. In first, this is electron—electron scattering,
which leads to the quadratic temperature dependence of elec-
trical resistivity.15 However, according to estimates, resulted
in a number of works for the second stage GICs with SbFS,16
the mean free path of carriers scattering each other is
7 % 107> m at 100 K. This value is significantly greater than
the mean free paths at scattering of charge carriers on pho-
nons and boundaries of crystallites. In second, this is carrier
scattering on phonons, which includes scattering on different
modes of graphite and intercalate. Thus, in a first approxima-
tion the summarized temperature dependence of charge car-
riers mean free path is determined by the temperature

TABLE 2. Calculated coefficients A, B, C and Fermi energy Ep for
GICsAs.

GICs A, Qm/K B,Qm C Eg, eV
FPG—SbCls 437 x 10712 6.60 x 1077 1.63 0.24
HOPG—SbCls 155 x 107 227 x 1077 1.55 0.75
FPG—ICI 1.80 x 107! 212 % 107° 1.64 0.11
FPG—ICI 455 x 107" 183 x 107 1.59 0.13
FPG—AICly 8.50 x 10712 121 x 10°° 1.60 0.19
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Fig. 2. Experimental p,(T) and calculated p.,. (corresponding solid lines)
dependences for GICs based on FPG with AICl; (/), SbCls (2) and ICI (3).

dependence of the phonon scattering mean free path, because
all other temperature-dependent scattering mean free paths
are much larger: Ly = Lpy(T). Mean free path of carriers scat-
tering on phonons is inversely proportional to temperature
and can be written as

Lon = LoT™¢, “

where L and C are constants.

Thus, the two-dimensional resistivity for second stage
GICs in terms of two-dimensional model of the electronic
structure can be written as

_omh (1 L\ Bmhby (1]
pZSa_esz Lb Lph(T) N 2€2EF L}, Lph(T) ’

(&)

where b is the distance between neighboring atoms in a
graphite layer, 7, is the wave functions overlap integral for
neighboring atoms in a graphite layer, E is the Fermi energy
level.

To analyze the temperature dependences of electrical
resistivity expression for p, taking into account the relations
(4) and (5) conveniently presented as

nh IS
=AT 4+B, A=—-— =
pa + ) esz L()7

= Z_h . I_S (6)
e k]: L/,

From experimental data on electrical resistivity p,(T) for
GICs based on structurally different graphites with different
intercalates coefficients A, B, C and Fermi energy Ey have
been calculated. The values of coefficients A, B, C and
Fermi energy E are given in Table 2.

As it is shown from Table 2 the experimentally deter-
mined value of C=1.6 for both GIC based on FPG and
HOPG. The temperature-independent term B is in 2.5-3.5
times higher for GICs-based on FPG in comparison with
GICs based on HOPG while as factor A (factor at 7) is in
10-20 times greater for GICs based in HOPG compared with
GICs based on FPG.

Thus, the main mechanisms that determine the tempera-
ture dependence of the resistivity p, in the temperature range
60-300K for both the GICs based on VOPH and for the
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GICs based on FPG are the same. These compounds are
characterized by positive resistivity temperature coefficient,
which weakly depends on the type of intercalate and signifi-
cantly decreases with decreasing of crystallite size of the
source graphite.

Figure 2 presents the calculated with Eq. (6) temperature
dependences of resistivity p (7).

As it is revealed from figure Eq. (6) very well describes
the experimental dependence p,(7) at the high temperature.
While at low temperatures significant deviation from depen-
dence (6) is observed. The minimum on the curves p,(T)
indicates that for GICs in low-temperature interval conduc-
tivity mechanism is different from the classic. Such abnor-
mal temperature dependence of resistivity may be related
with effect of weak localization and electron—electron inter-
action charge carriers that occur for weekly disordered sys-
tems kr = L. The electrical conductivity with additions due
to quantum effects can be written as

O'(T) = O'c](T) + 5Jq(T), (7)
004(T) = 0016c(T) + 00ini(T),

where o is the classic conductivity, do,—addition to conduc-

tivity due to quantum effects, da,, consists the addition due to

carriers weak localization effects do,. and addition due to car-

riers interaction effects doj,. For two-dimensional systems

weak localization addition to conductivity 620y, is!720
62 T0
00210c = 72h oln <a> s (®)
and interaction addition do»;y, is
2
e 2nktyT
00 2in = m?ln( 7 )7 )

where 1 is the charge carriers relaxation time, 7, is wave
function phase relaxation time, T, = A*T-P (p=d/2, d is
dimensionality of system?'*?) o is numerical coefficient that
depends on the ratio between 7, and 1(; y is numerical coef-
ficient that reflects the degree of carriers screening. With use
Egs. (7)-(9) addition to two-dimensional conductivity is

1.3 2.6 3.9
InT

Fig. 3. Dependences 60(T) = 0Goexp(T) — d0o(T) for GICs with ICI (1),
AICl; (2), and SbCls (3).
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TABLE 3. Coefficients K, E and calculated constants y, o and 0 t for GICs.

Prokopov et al.

Specimen K(QK)™! E@Q)! y o To, S Ep, eV P mins QM
FPG—SbCls 3.48 x 10°° —1.445 x 107° 0.24 0.034 20x 1071 0.24 6.62 x 1077
FPG—AICl4 234 %x10°° —1.069 x 107° 0.16 0.024 1.8 x 1071 0.19 121 x 107
FPG—ICI 2.64 x 1077 —82x 1077 0.03 49 x 1073 1.5x 107" 0.11 222 x107°

2
0024 = 00210¢ + 0G2in = 20 {(“P*‘V)IHT

27‘5/(},1’0 70
+/1n< 7 )+oc1n (A_)] (10)

or in simplified form

802 = KInT +E, (11)

where

2

e
K=—-
2n2h(

&2 27rkbro) To
E=—— |91 In | —
2720 Vn( 7 +“(A*)

Thus, for two-dimensional system additions to conduc-
tivity related with manifestation of quantum effects of
charge carriers weak localization and interaction are propor-
tional to InT.

Figure 3 presents the temperature dependence oa(T)
= 002exp(T) — 00(T) for GICs specimens, where 67cxp =
I5/(2p, exp ) according to simple two-dimensional model of
GICs electron structure, g is calculated with use Eq. (7).

As it is shown Fig. 3, linear dependence of o from InT
is observed. Such dependence da (InT) indicates the possi-
bility of realization of quantum effects of weak localization
and interaction in GICs and the two-dimensional character
of conductivity in them. From dependences dg (InT) the
coefficients K and E were determined (Table 3) and with use
Eq. (11) the constants 7y, «, and 7y were calculated. For calcu-
lation the value of A* is taken as in Ref. 9. Values of con-
stants are in Table 3. In Table 3 also the values of Fermi
energy Ey and resistivity in minimum p,, i, are presented.

op+7y);

3+

85-10°, Ohm '

1
0 20 40 60 80
T,K

Fig. 4. Calculated temperature dependences of additions to two-dimensional
conductivity, 66(T) = 002exp(T) — 00(T) and 60y c(T): FPG—SbCls (1)
and FPG—AICI; (2).

As can be seen from the table, for all specimens of GICs
constant 9, which is related with shielding of charge carriers
at the interaction, exceeds the constant « that is responsible
for weak localization, about 6—7 times.

Figure 4 presents the calculated according to (9) addition
to conductivity do,, with use calculated parameters y, o,
and 7.

As is shown at Fig. 4 calculated addition da», well coin-
cides with the experimentally determined 66(T) = §G2cxp(T)

- 50—cl(T)-

Conclusions

Thus, the revealed low-temperature anomalies in the
resistivity of acceptor type GICs based on FPG can be
explained as for source for intercalation FPG in the terms of
theory of charge carriers weak localization and interaction
effects. For GICs the additions to conductivity due to weak
localization and interaction are two-dimensional in contrast
to the three-dimensional additions to conductivity for source
for intercalation GPG. The comparative analysis of the cal-
culated values of shielding constants y and weak localization
constants o for GICs with different acceptor intercalates
allows us to conclude that for low stage GICs based on FPG
low-temperature peculiarities in the conductivity caused
mainly by effect of the charge carriers interaction. For GICs
based on HOPG the low-temperature anomalies in the con-
ductivity were not revealed.
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