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The results of experimental studies of magnetoresistance, resistivity and Hall
coefficient of graphite intercalated with cobalt are presented. A highly oriented
pyrolitic graphite was chosen as source for intercalation. A two-step method of
synthesis was used for graphite intercalation compound (GIC) obtaining. The
electro- and magnetoresistance and Hall coefficient were measured in temper-
ature range of (1.6-293) K and magnetic field up to 5 T. The effects of asym-
metric and linear relatively to magnetic field magnetoresistance have been
revealed for GIC. It was shown that the linear magnetoresistance is not satu-
rated with increasing magnetic field up to 5 T and is not dependent on tem-
perature. The effect of linear magnetoresistance in GIC was explained within
Abrikosov model of quantum magnetoresistance.

© Springer Science+Business
Media, LLC 2017

Introduction

It is known that for metals and semiconductors with
closed Fermi surface the resistance in a weak mag-
netic field depends quadratically on it, and with
increasing magnetic field the resistance reaches sat-
uration. Exceptions are materials with an open
Fermi surface or compensated homogeneous semi-
conductors. In such materials the resistance increa-
ses with increasing magnetic field proportionally to
square of it but without saturation. However, the
nonsaturating and linear magnetoresistance has
been revealed for a number of narrow-gap materials,
such as thin films of doped silver chalcogenides
[1-3], epitaxial layers InSb [4], disordered

Address correspondence to E-mail: uwe.ritter@tu-ilmenau.de
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semiconductors MnAs-GaAs [5], and also for lay-
ered structure PrFeAsO [6]. Linear magnetoresis-
tance has been revealed in topological insulator thin
films [7-9] too. Now there are two approaches for
theoretical explanation of the magnetoresistance
effect. The first approach is purely classical, and it is
based on the importance of the phase inhomo-
geneities of nanometers scale [1]. This approach is
applicable at moderate temperatures and only for
the systems, where a mean size or some character-
istic size of inhomogeneities I. > I (Iy is a free path
length of the charge carriers). In the framework of
such approach Parish and Littlewood proposed the
resistor network model that mimics inhomogeneous
conducting media. This model was extended to the
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case of three-dimensional systems [10]. In this clas-
sical model, the linear dependence of the resistance
on magnetic field is linked in a simple manner to
electrical disorder. Other quantum approach to
explain the linear magnetoresistance was proposed
by Abrikosov. This approach is based on the quan-
tum theory of possible changes of spectrum prop-
erties of semimetals or narrow-gap semiconductors
[11]. It can be applied, for example, for an expla-
nation of low-temperature properties of Ag,, sTe [2].
The necessary conditions for the manifestation of
quantum linear magnetoresistance effect in the
materials according to the Abrikosov mechanism are
following: an approximately linear energy spectrum,
carriers of very low effective mass, and an approx-
imately zero band gap. Moreover, these materials
subjected to a magnetic field should reach the
quantum limit, where all electrons occupy the low-
est Landau level.

One of the most promising materials for studying
quantum linear magnetoresistance effect is gra-
phene because of its unusual band structure with
naturally zero band gap and a linear dispersion.
Indeed, there are many articles, in which quantum
linear magnetoresistance effect is observed in mul-
tilayer epitaxial graphene [12, 13], in the disordered
graphene layers [14, 15] and even in the fine crys-
talline bulk graphite [16]. Another promising
material for the study of quantum linear magne-
toresistance could be graphite intercalation com-
pounds (GICs). GICs are formed, when monoatomic
or monomolecular layers of alkali metals, alkali
earth metals, rare-earth elements, acids and salts are
introduced in the interlayer space of graphite [17].
The peculiarity of intercalation process is a charge
transfer from intercalate molecules to graphite lay-
ers resulting in graphite layers enriched with addi-
tional charge carriers. GIC of low stages (stage is the
number of graphite layers between two successive
intercalates layers) has the linear (for first-stage
compounds) or quasi-linear (for second-stage com-
pounds) dispersion law, a zero band gap, a weak
interaction between graphite and intercalate layers.
The only thing, that can hinder the observation of
the quantum effect, is the significant increase in the
carrier’s effective mass in the process of intercala-
tion. However, there are intercalation compounds
for which the increase in carrier’s effective mass is
the minimum, for example, the GICs with transition
metals [18, 19]. Properties of GICs with transition

metal are significantly different from those of tra-
ditional GICs (for example, GICs with metal chlo-
rides). For acceptor GICs with metal chlorides a
significant redistribution of charge between the
graphite layers and intercalate layers is observed,
whereas in the GICs with transition metals the
charge redistribution is insignificant or completely
absent. Thus, the research of GICs with transition
metals is interesting to reveal a linear magnetore-
sistance effect in them.

It should be noted that extended surface of nano-
size building blocks based on carbon is their pecu-
liarity influencing the system properties as a whole.
So, the developed surface area of single-walled car-
bon nanotubes (SWCNTs) impacts on the properties
of liquid systems with their adding by changing the
thermodynamic parameters [20-22]. Moreover, there
is a possibility of enhancing SWCNT bioactivity by
functionalization with carboxyl groups [23-25]. It
motivates the usage of graphene-like compounds in
combination with various dopants/intercalates/ada-
toms [26-28].

Thus, the aim of this work is to synthesize and
study in detail the temperature and magnetic field
dependences of magnetoresistance of graphite inter-
calated with cobalt as a new promising material for
applied technology.

Materials and methods

A highly oriented pyrolytic graphite (HOPG)
(dgo2 = 0.335, L = 500 nm) was used for synthesis of
graphite intercalated with cobalt. Intercalated gra-
phite (IG) specimens were obtained by two-stage
method with usage of CgK as precursor [29]. At the
first stage, the graphite intercalated with potassium
according to equation C + K — CgK was obtained by
standard gas-phase method. At the second stage,
cobalt chloride in the interlayer space of graphite was
reduced to cobalt by the following scheme: Cg.
K + MeCl, - C — Me + KCI. Metal chloride reduc-
tion reaction was carried out in the medium of
tetrahydrofuran. The structure and phase composi-
tion of obtained IG specimens were investigated
using DRON-4-07 automated X-ray diffractometer in
filter NiK, radiation (wavelength is 0.165791 nm).
Figure 1 presents the X-ray diffraction pattern for
synthesized GIC. As one can see, the diffraction
pattern contains system of peaks, which correspond

@ Springer



718 ] Mater Sci (2018) 53:716-726

S=2 (003
5 | (003)
g
= 2 F Gr(oo)
@ _ ~
—
1F $5=2(005) (004)
s $=2 (004) \ /
ok A h h ,
20 40 60 80
20, degree

Figure 1 X-ray diffraction pattern for synthesized GIC.

to reflections from cobalt layers and are placed
between layers of graphite. The analysis of X-ray
diffraction data has showed that obtained specimens
are intercalated compounds of second stage with
such parameters: the stage number (S; the number of
graphite layers between two layers of intercalate)
equals to 2; the identity parameter (I,; the distance
between the subsequent intercalate layers separated
by S graphite layers) equals to 0.975 nm; the distance
(d,; the distance between two graphite layers, which
contain an intercalate layer) equals to 0.305 nm. A
more detailed description of IG structure is presented
in [29].

The measurements of resistance along graphite
planes and resistance in transverse magnetic field
were taken with standard four-probe method in the
temperature range of (1.6-293) K and magnetic fields
up to 5 T. Measurement error does not exceed 0.05%.
The magnetoresistance was calculated using the
equation: % = %ﬁ*p”, where p(B) is the resistivity in
magnetic field of induction B and py is the resistivity
in zero magnetic field.

Results and discussion

Figure 2 presents the typical temperature depen-
dence of resistivity (p,(T)) along graphite planes for
obtained GIC. For comparison the p,(T) dependence
for HOPG is presented too. As one can see, the
character of temperature dependence p,(T) for GIC is
essentially different from such dependence for
HOPG. So, the HOPG resistivity at low temperatures
practically does not change with temperature. With
further temperature increasing the resistivity slightly

@ Springer

decreases (044.2/ pa29s ~ 1.75). This is due to increas-
ing of charge carriers concentration and weak
decrease in charge mobility in graphite with
increasing of temperature in conditions of preferred
temperature independence crystallite boundary
charge carriers scattering. Unlike to HOPG for GIC
the increasing of resistivity with temperature is
observed (pss2/pa295 ~ 0.8). Such resistivity temper-
ature dependence p,(T) is typical for GIC based on
HOPG and described in a large number of work
[30-33]. It is known that during the intercalation
process there is a transfer of charge from intercalate
molecules to graphite layers. The increasing in the
concentration of charge carriers in graphite layers
after intercalation process is the cause of GIC con-
ductivity growth. Thus, the character of temperature
dependence of resistivity for obtained IG specimens
is an additional argument in favor that the interca-
lation occurred. Note, that at low temperature the
minimum in dependence of p,(T) is observed. Such
abnormal minimum in p,(T) dependence was
observed in several studies of acceptor-type GICs
based on the fine crystalline anisotropic graphite and
graphite fibers [34, 35]. These anomalies are
explained by manifestation of weak localization of
charge carriers and interaction effects. However, for
GICs based on HOPG such anomalies in the tem-
perature dependence of resistivity have not been
previously revealed.

Figure 3 presents the dependences of magnetore-
sistance on magnetic field (Ap/p(B)) for GIC in the
temperature range of (1.6-50) K. For comparison Ap/
p(B) dependence for HOPG is presented too.

As one can see, the character of Ap/p(B) depen-
dence for HOPG is typical for graphite with structure
of natural monocrystalline graphite (Fig. 3a). Mag-
netoresistance is symmetric relatively to magnetic
field direction and proportional to square of magnetic
field. With temperature decreasing the magnetore-
sistance increases. This effect is explained by
increasing of charge carrier’s mobility with decrease
in temperature.

The cobalt intercalation into graphite results in
significant differences in Ap/p(B) dependences for
GIC in comparison with HOPG (Figs. 3b—f). The
magnetoresistance for IGC is positive as for HOPG.
The value of magnetoresistance is large enough,
unlike to classical GICs with alkali metals or salts,
where the introduction of intercalate into graphite is
accompanied by a significant (almost zero) decrease
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in magnetoresistance. But the most interesting is that
for GIC there is asymmetric relatively to magnetic
field direction magnetoresistance at all studied

temperatures. This effect was first found by us in the
works [36-38]. In [38] this effect has been detail
analyzed and explained in the terms of Segal model.

@ Springer
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Segal et al. proposed a model [39], in which an
anomalous dependence of magnetoresistance on the
magnetic field direction, that is observed for multi-
layer films Co/Pd and Co/Pt [40], epitaxial struc-
tures Ga, Mn, As [41] and thin nickel films [39], is
explained by the gradual variation in magnetization
and Hall resistivity along the specimen. Necessary
conditions for the emergence of an asymmetric
magnetoresistance according to the Segal model are:
the presence of even insignificant heterogeneity in the
structure of material containing the magnetic and
nonmagnetic phases (1); the heterogeneity of the
samples’ magnetization in different directions (2) and
a variation of Hall voltage along the specimen (3).
The detailed studies demonstrate that GIC satisfies to
all requirements of Segal model. So, the electron
microscopy has shown [29] that GIC is a heteroge-
neous system, consisting of the graphite matrix, in
which the clusters of intercalated graphite are dis-
tributed. The size of fragments of nonintercalated
graphite is from 5 up to 20 nm. Nanoparticles of GIC
with cobalt are situated in a graphite matrix quite
uniformly, although they vary considerably in
thickness. The size of intercalated graphite parts is in
interval from 2 to 20 nm. The study of magnetic
properties has shown that GIC is layered ferromag-
netic system with high magnetic anisotropy [29]. The
value of magnetization along the graphite plane
(along the specimen) is almost an order of magnitude
smaller than magnetization along the C axis. Finally,
it was shown in [36, 38] that formation of ferro- (an-
tiferro-)magnetic clusters in graphite matrix leads to
the appearance in GIC of the extraordinary Hall effect
caused by the spin-orbit interaction between the
electrons and carriers in the intercalate.

On the basis of Segal model, an algorithm was
proposed, which allows to split the experimental
dependence of magnetoresistance on magnetic field
into the square and linear parts [38]. Let us apply this
algorithm to analyze the magnetoresistance field
dependencies for obtained GIC.

According to [38], the resistivity dependence on
magnetic field can be presented as

p(B) = pe(B) + pu(B), (1)

where p,(B) is an even function of the magnetic field,
and p,(B) is odd one and is proportional to the
transverse Hall voltage. Second term in (1) occurs in
the presence of transverse voltage due to varying of
the size of magnetic clusters and value of local Hall

@ Springer

coefficient along the specimen. This term can be
presented as p,(B) = «B, where ais some coefficient.
Thus, an Eq. (1) can be rewritten for positive and
negative directions of magnetic field as following

p(B) = p.(B) + BB
p(—B) = p.(—B) — BB,

where p.(B) = po(—B).
Figure 4 presents the calculated even relatively
magnetic field direction magnetoresistance term

%)O_p“ -100% = (%)e: f(B) at different tempera-

tures. Thus, a consideration of the linear relatively
magnetic field component of magnetoresistance
completely removes asymmetry of magnetoresistance
for IGC.

As one can see, the values of magnetoresistance in
the temperature range of (1.6-50) K are almost equal,
and the field dependence of magnetoresistance is
linear relatively magnetic induction starting approx-
imately from the magnetic field B ~ 1.2 T.

The fragments of magnetoresistance depending on
magnetic field with account of linear term for GIC at
temperatures of 1.6, 4.2 and 20 K are presented on
Fig. 5. As one can see, the linear dependence of
magnetoresistance on magnetic field is really

(2)

observed for the studied GIC in the magnetic field
over 1.2 T at temperature T = 1.6 K and over 1 T at
temperature T > 4.2 K.

Let us consider the possible mechanisms of such
large linear magnetoresistance for IGC. According to
theory

conventional the magnetoresistance Ap

150

100

Ap/pre, %

Figure 4 (%) =f(B) dependences for GIC at different
e

temperatures.
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(Ap = p(B) — p(0)) in a metal with nonequal densities
of electrons and holes behaves as

Ap ~ Po - ((,L)C‘L')z7 WeT< <1 (3)
P05 o> >1’

where o, =< is the Larmor frequency, m* is the

cyclotron mass and 1 is the collision time. So, in weak
magnetic fields (w.1 < 1) Ap quadratically depends
on the magnetic field, and with increasing magnetic
field and reaching the condition w.t > 1 value of Ap
reaches saturation. Exception is material with an
open Fermi surface or compensated homogeneous

semiconductor, where magnetoresistance increases
with increasing magnetic field without saturation,
but proportionally to B”>. However, a significant
(~200-1000%) linear magnetoresistance has been
revealed for a number of narrow-gap disordered
semiconductors at extremely small magnetic fields.
Moreover, the magnetoresistance’ saturation has not
been observed at high magnetic fields. In particular,
this effect was observed for silver chalcogenides,
MnAs-GaAs, layered structure PrFeAsO and gra-
pheme [1-3, 5, 6, 42].

Now, there are two approaches for explanation of
this phenomenon. Within the terms of classical
approaches the causes of linear magnetoresistance,
which is not saturable at high magnetic field, are (1)
the macroscopic fluctuations of carrier mobility in the
clusters with significantly different conductivity, (2)
the relatively large pores and (3) the magnetic
breakdown. Numerical calculations shown that the
spatial fluctuations of charge mobility can change the
conductivity tensor that causes a linear magnetore-
sistance. This mechanism probably can be used to
explain the effect of linear magnetoresistance in
granular systems, which are composed of pellets with
substantially different conductivity (for example,
metal clusters in dielectric matrix), that provides the
spatial changes in conductivity.

Another approach to explain the linear magne-
toresistance was proposed by Abrikosov [11, 43, 44].
Abrikosov has received the following dependence of
conductivity on the magnetic field

o_r _NB g, )

c  py mnZe
where g and p are the conductivity and resistivity in
zero magnetic field, 7 is the electron density, N; is the
density of scattering centers. As one can see, the
magnetoresistance is linear at a relatively small
magnetic fields, it is positive, does not reach the
saturation and does not depend on temperature. This
model can be extended for doped layered structures
with metallic conductivity and graphite-like (quasi-
linear) energy spectrum, if there are a weak interlayer
interaction and high anisotropy of effective mass [43].
For such structures, the magnetoresistance is also
linearly increases with magnetic field increasing

Pre NiB sinh(1/0)

rs - nnde cosh(m/0) + cosh(m/0)) 0oB, )
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where 0 = T/t, m = pjt, 2t is the band width and p is
the level of the chemical potential.

Let us consider the possibility of implementing
each of the two proposed linear magnetoresistance
mechanisms for GIC with cobalt. But to assess the
possibility of using mechanisms of linear magne-
toresistance, the additional studies of obtained GIC
were necessary. So, to determine the charge carriers
concentration and Fermi energy for GIC the Hall
coefficient temperature dependence has been
measured.

Figure 6 presents the Hall coefficient temperature
dependence (Ry(T)) for GIC at B =5 T. As one can
see, the Hall coefficient is positive, that indicates on
the hole conductivity in GIC, and it is independent on
temperature, that is typical for low-stage GIC. The
bulk charge concentration 1, = 1.56 x 10** 1/m> was
determined from experimental data according to
equation 71, = 1/eRp.

Let us estimate the value of additional charge
transferred from intercalate molecules to graphite
layer (i.e., accommodation coefficient f), and also the
Fermi energy Ep in the terms of ordinary 2D model of
electron structure of GICs (the model of “metallic
sandwich” [45-47]). Within this model, the GIC
electronic structure is considered as the sequence of
bands with low and high free charge carrier density
along C axis. One of these bands corresponds to pure
3D graphite, and another corresponds to 2D “metallic
sandwich” consisted of intercalate layer and two
neighboring graphite layers. Bulk charge carrier
concentration 7, in the “metallic sandwich” is deter-
mined mainly by the number of transferred charge
from intercalate layers to graphite layer
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Figure 6 Ry(T) dependence for GIC at B=5T.
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where N is the concentration of carbon atoms, which
is much higher than own concentration of electrons
and holes in the HOPG, f is the accommodation
coefficient, S is the stage number, p* is the stoichio-
metric index in GIC formula. The Fermi energy Er
associated with accommodation coefficient by the
following relationship

B 70 (fg) , )

where 7y = 3.2 eV is the interaction of neighboring
atoms in a graphite layer. The estimated values of f
and Ep are f = 0.0009 and Er = 0.04 eV, respectively.
Thus, the redistribution of charge between the layers
of graphite and intercalate, which occurs during
intercalation process, leads to the shift of Er into
valence band and independence of carriers concen-
tration on the temperature in a wide range. However,
note that the obtained values of the concentration of
charge carriers, the charge values transferred from
the intercalation molecules to the graphite layers and,
accordingly, the Fermi level shift for the investigated
compound is smaller than, for example, for com-
pounds of the acceptor type with halogens or halides
[48]. Another important parameter for assessing the
application of a mechanism of linear magnetoresis-
tance is the value of the mobility of charge carriersyu.
To estimate the value of pand its temperature
dependence u(T), we can use the experimental tem-
perature dependence of the specific resistance p(T)
(Fig. 2a). Since, as shown above, the concentration of
charge carriers in the GIC does not depend on tem-
perature, the growth of the specific resistance of the
GIC occurs only due to a slight decrease in the
mobility of the charge carriers with temperature rise
in accordance with %: enyp. The estimation of the

temperature dependence of mobility in the approxi-
mation, that the specific resistance of the GIC is lin-
early dependent on temperature leads to a correlation
wW(T) = puo + k,AT, where py is the charge carriers
mobility at the highest temperature of measurement
T =250 K, pp = 0.529 m?/V s, k, is the temperature
ratio of mobility, k, = —6.32 x 107* m?/V s K. Note
that the low-temperature abnormal dependence p(T)
is not taken into account here. Thus, within such an



J Mater Sci (2018) 53:716-726 i 723

approximation, mobility at T = 1.6 K o = 0.692 m?/
Vs,and at T =20 K, pp = 0.681 m?/V s.

Let us estimate the use of various theories of linear
magnetoresistance to its explanation in GIC with
cobalt. In the terms of classical theory of Parish and
Littlewood the macroscopic fluctuations of carrier
mobility in the clusters with significantly different
conductivity are decisive. However, for GIC such
mechanism for explanation of linear magnetoresis-
tance is questionable. First, despite the fact that GIC
with cobalt is heterogeneous system, the carrier’s
mobility in the clusters of HOPG and GIC does not
differ significantly. As it is know, charge carrier
mobility ufor HOPG is ~1.6 m?/V s. For GIC with
cobalt the value of y is ~(0.5-0.7) m?/V s as shown
above. Thus, the values of mobility of the clusters of
HOPG and GIC are different, but their difference is
not so significant. Second, the model of classical lin-
ear magnetoresistance demonstrates that magnetic
field By, at which there is a transition from linear to
quadratic dependence of magnetoresistance on
magnetic field, is proportional to I/u. Therefore,
given that the mobility of carriers in HOPG and GIC
clusters slightly decreases with increasing tempera-
ture, one can expect that the transition field B, will
slightly increase with temperature increasing. How-
ever, as one can see from Fig. 5, the transition field B,
somewhat decreases with temperature rise. The ratio
of the experimental values of the transition fields to
the linear dependence of the magnetoresistance By; 6
and By, at temperatures 1.6 and 20 K is ~1.2, while
the ratio of the calculated values of the transition
fields at the same temperatures is ~0.984. Finally, the
classical model assumes that linear magnetoresis-
tance increases due to carrier mobility fluctuations
with increasing temperature that is not observed for
GIC.

The necessary conditions for the realization of
quantum Abrikosov linear magnetoresistance mech-
anism are the presence in the material of the layered
structure with the weak interaction between layers
and quasi-linear dispersion law. Obviously, these
conditions are realized for any low stage of GICs. So,
HOPG is a layered material in which the covalent
bonds in the graphite layer are almost ten times lar-
ger than weak bonds between the graphite layers. For
GICs, this difference increases and, moreover, the
graphite layers on both sides of intercalate layer do
not interact with each other. According to the elec-
tronic structure model for acceptor GIC [45-47], there

is a linear dispersion law for a first-stage compound
and quasi-linear dispersion law for a second-stage
compound.

Quantum linear magnetoresistance is fulfilled
under the conditions wh > > kzT and wh > Eg
[11, 12], where . is the cyclotron frequency, w. = eB/
m* (m* is the effective charge carrier mass, m* = 0.05
me (m, is the free electron mass) according to [49]).
Let’s evaluate the value of the magnetic field, above
which it is possible to observe a quantum linear
magnetoresistance at different temperatures. The
calculated values of the magnetic field under which
the condition for observing quantum linear magne-
toresistance is fulfilled are B > 004 T at T =1.6 K,
B>022TatT=42K, B>»03TatT=7K and
B> 0.8 T at T = 20 K. Thus, the magnetic fields in
which the transition to a linear magnetoresistance is
experimentally observed in GIC with cobalt, satisfy
the condition wh > > kgT. In this case, the energy ho,
and Ep have comparable values. In order for the
condition w: > Ex to be fulfilled in full, the effective
mass of charge carriers should be not more 0.01 m..
However, it is known, the intercalation of graphite
with halogens and halides leads to an increase in
several times the effective mass of charge carriers and
to a significant displacement of the Fermi level in the
valence band depth (up to 1 eV) for compounds of
low stages. This makes it impossible to observe a
quantum linear magnetoresistance in such GICs,
despite the layered structure and the weak interac-
tion between the layers of graphite, as well as the
linear dispersion law for compounds of low stages.

Conclusions

Experimental studies of magnetoresistance as well as
Hall coefficient and electrical resistivity are carried
out for graphite intercalated with cobalt. It is revealed
that for based on HOPG intercalated compounds
with cobalt unusual dependence of magnetoresis-
tance from magnetic field is observed, namely:

1. The magnetoresistance is asymmetric relative to
magnetic field. This effect is due to heterogeneity of
GIC structure that is result in variation of Hall volt-
age along the GIC specimen. The account of a linear
relative magnetic field magnetoresistance component
in the terms of Segal model completely removes
asymmetry of magnetoresistance for graphite inter-
calated with cobalt;
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2. The magnetoresistance is linear relative to mag-
netic field, does not show any signs of saturation with
increasing magnetic field up to 5 T and is indepen-
dent from temperature. The carried out calculations
showed that for graphite intercalated with cobalt the
conditions for achieving of quantum limit are ful-
filled at magnetic field ~1 T and temperature range
up to 20 K. So, one can assume that the nature of the
observed linear magnetoresistance is associated with
the Abrikosov mechanism.
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