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A new method of graphite metallization by clusters of metallic atoms is used to produce carbon-

metal C-Ni nanocomplexes. Measurements of the magnetic properties of the samples reveal a

highly non-equilibrium behavior of magnetization in cases of cooling in a magnetic field and with-

out. The superparamagnetic particle model is used to explain the behavior of the magnetic proper-

ties of the nanocomplexes. The anisotropy is determined and the size of the nanoparticles is

estimated based on this model. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4985218]

1. Introduction

Carbon continues to amaze the world with its large num-

ber of allotropic structural modifications. The discovery of

one such modification, fullerene, was acknowledged by the

Nobel Prize, and its compounds with alkali metals have been

endowed with superconducting properties.1,2 Fullerene com-

plexes with transition metals (C60Fe, C60Co) exhibit super-

paramagnetic properties.3,4

A well-known and extensively studied configuration of

carbon atoms known as graphite is one of the most stable

forms of carbon under standard conditions. The structure of

graphite is inherently simple. It consists of layered sheets

formed by hexagonal cells. The properties of one such mono-

layer of carbon atoms, isolated from graphite for the first time

using adhesive tape and known as graphene, became another

information goldmine in condensed matter physics, and the

discovery of graphene was likewise awarded the Nobel Prize.

This new two-dimensional object—graphene, attracted

additional attention from researchers who had access to mea-

surement technology with a resolution at the nanoscale level.

The flow of interesting scientific results that determine the

properties of this remarkable nanostructural object, as well as

the physical phenomena occurring in it, have made it an attrac-

tive substance for many new technical applications in nanoe-

lectronics. Its unique mechanical diamond-level strength,

excellent mechanical flexibility (elasticity), low friction due to

the structural incommensurability of graphene fragments and

contacting surfaces,5,6 good thermal and high-frequency con-

ductivity that occurs practically without any energy loss, and

optical transparency, all make it the most promising substance

for many different technical applications.7 Examples include

transistors, high-speed next-generation amplifiers for mobile

phones and satellite communications (at frequencies in the 10

GHz range), ultrasensitive biological sensors, and mobile

phone screens. Possible magnetism in graphite (Ref. 8 and

references therein) and graphite-based systems can be promis-

ing for many applications in the development of nanoscale

magnetic devices for spintronics. Of particular interest in

graphene-based materials is the ability to control its chemical

potential, which allows for the inducement of electron or hole
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alloying. This also creates potential opportunities for electrons

based on carbon nanoelements.9,10

Carbon films on the surface of metals (Cu, Ni) grow in

the form of graphene islets having point defects (carbon

vacancies in the carbon structure). The formation of the

islets with defects is associated with the incommensurability

between the atomic structures of the metal substrate and the

graphene sheets. This incommensurability in the case of

metal deposition onto graphite crystallites leads to the rejec-

tion of the carbon layers (with a thickness of 40–50 nm)

from the crystallite and their coagulation into globular for-

mations, as it occurred in C-Co11 and C-Cu complexes. On

the periphery of these formations there is a multi-walled gra-

phene layer and in the central part is a clustered metal core.

This type of detachment of the graphene layers leads, in

essence, to structures that are ligand metal clusters.

This article reports on the investigations of the magnetic

properties of carbon-metal C-Ni nanocomplexes obtained by

metallization of specially prepared (sensitized) graphite by

nickel nanoclusters. The measurement of the magnetic proper-

ties of the samples reveals a highly non-equilibrium behavior

of magnetization during measurement in cases of cooling in a

magnetic field (FC) and without (ZFC). The superparamag-

netic particle model is used to explain the behavior of the

magnetic properties of carbon-metal complexes.

2. Samples and the measurement of their properties

In order to obtain nanostructured C-Ni complexes we

used a new method of chemical metallization of graphite. For

this, the graphite was preliminarily cleaned of any inorganic

substance impurities via a mineral acid treatment and tin salt

sensitization. After the stage of sensitization the graphite was

activated by silver or palladium salts. Metal clusters were

obtained by reducing the corresponding salts in aqueous solu-

tions by various reducing agents such as hydrazine, sodium

hypophosphite, sodium borohydride and formaldehyde. The

synthesis temperature was in the range of 20–90 �C. The

obtained complexes had a flat powdery structure. The nano-

structured metal complex powder C5.28O8.89PNi1.83Fe0.02 was

pressed into a strip having the dimensions 1 � 0.4 � 0.07 cm

so that magnetic research could be conducted. The molar

mass of the substance was 345.15 g/mol. The presence of

phosphorus in the given material is the result of the synthesis

characteristics and does not affect the magnetic properties of

the substance.

Measurements of the temperature dependences of mag-

netization in FC and ZFC cooling modes were performed

using a vibratory Foner magnetometer. The magnetic proper-

ties in an alternating magnetic field ~h were studied using a

PPMS setup. In this case the sample had the shape of a disk

with a diameter of 5 mm and a thickness of 0.7 mm (mass

m¼ 26.8 mg) and it was placed into a coil that created an

alternating field with a frequency of 10–104 Hz. The alternat-

ing magnetic field, like a constant external field, was directed

perpendicular to the surface of the disk.

3. The results of the magnetic measurements and their
analysis

Figure 1(a) shows the experimental temperature dependences

of equilibrium (FC) and non-equilibrium (ZFC) magnetization

of the metal complex in magnetic fields of 10, 100, and

1010 Oe. As shown on the inset, the metal complex is a

paramagnet up to a temperature of 40 K. Then, at lower

temperatures there is a magnetic phase transition. Based on

the data presented, equilibrium high-temperature suscepti-

bility mFC/H in a field H ¼100 Oe, using the Curie law can

be written as

v Tð Þ ¼ C

T � h
; (1)

where C ¼ 1
3kB

l2
eff is the Curie constant, kB is the Boltzmann

constant, leff(S)¼lBneff is the effective magnetic moment,

neff ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ

p
is the effective number of Bohr magne-

tons and h is the paramagnetic Curie temperature, and based

on the linear fitting for 1/v (T)¼H/mFC(T) over the temperature

Fig. 1. The experimental temperature dependences of magnetization MFC and

MZFC of the C-Ni metal complex under various external magnetic fields. The

inset shows the temperature dependences of the magnetization over a broad

temperature range (a); reverse magnetization as a function of temperature (b).
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range 17 K–36 K, the values C¼ 0.575 emu K/mol and

h¼ 12.8 K were obtained [see Fig. 1(b)]. From this we can

derive the effective number of Bohn magnetons neff¼ 2.14

which for g¼ 2 gives us the effective spin of Seff¼ 0.68.

The small value of the Curie constant and the value of the

effective number of Bohr magnetons correspond to the

magnetic moment of the nickel ion12 in organometallic

compounds and indicate that the cluster properties of the

compound are not manifested in the temperature range

under study. The sign of the paramagnetic temperature

also points to the ferromagnetic nature of the magnetic

interactions.

Figure 1(a) also shows that the non-equilibrium effects

appear below the temperature of 15 K, i.e., almost immedi-

ately after the magnetic ordering of the superparamagnetic

particles in the system. In order to determine their character-

istic dimensions, as well as their anisotropy field, we will

use the simplest spherical particle model with a magnetic

moment Mcl, volume V, and uniaxial anisotropy with the

constant K. We will write the expression for energy E of the

particle in a magnetic field as

E ¼ K sin2h�MnrVH cos h; (2)

wherein Mnr¼Mcl/V is the magnetization, and h is the angle

between the moment of the particle and the magnetic field

that is directed along the z axis. For simplicity we will

assume that the anisotropy axes of the particles are parallel

to the z axis. Taking into account the form of Eq. (2) for the

particle energy it is easy to write down the expression for the

magnetization M(H) of the whole sample13

M Hð Þ ¼ Mnr

Z a; bð Þ

ðp
0

dh exp �a sin2hþ b cos h
� �

cos h sin h;

(3)

wherein a¼HcMcl/(2kBT), b¼MnrVH/(kBT) and Hc¼ 2KV/

Mcl is the anisotropy field,

Zða; bÞ ¼
ðp
0

dh exp ð�a sin2hþ b cos hÞ sin h: (4)

The integrals in Eqs. (3) and (4) can be easily written using

the Dawson function F(x), which is directly related to the

imaginary part of the error function erf (x) by the expression

FðxÞ ¼ �ði
ffiffiffi
2
p

=2Þex2

erfðixÞ. As such, we can write the fol-

lowing expression for the magnetization of the sample:

M Hð Þ ¼ T

HcV

ffiffiffi
a
p

e2b � 1ð Þ þ bF
b�2a

2
ffiffiffi
a
p

� �
� be2bF

bþ2a

2
ffiffiffi
a
p

� �

e2bF
bþ2a

2
ffiffiffi
a
p

� �
þ F

2a�b

2
ffiffiffi
a
p

� � :

(5)

The given formula depends on 3 unknown parameters: Mcl,

V, and Hc. However it is possible to reduce the number of

the unknowns to two, if we consider the following connec-

tion between the blocking temperature TB, the magnetic

moment of the particle Mcl, and the coercivity field Hcoer(T)

at temperature T:

Hcoer Tð Þ ¼ Hc 1�
ffiffiffiffiffi
T

TB

r !
p; (6)

wherein p is the averaging coefficient that shows the degree

of disorder of the anisotropy axes of the magnetic particles

with respect to the direction of the external magnetic field H.

In the case of a random distribution of the anisotropy axes’

direction p � 0.5.14

We can see in Fig. 2(a) that at T¼ 5 K the value of the

coercivity field is Hcoer(T)¼ 290 Oe. The experimental value

of the blocking temperature that corresponds to the ZFC mag-

netization maximum in a field H¼ 100 Oe is equal TB¼ 7.9 K

[Fig. 1(a)]. Therefore at p � 0.5 based on Eq. (6) we obtain

the anisotropy field Hc¼ 2833 Oe. The result of fitting the cal-

culated dependence of magnetization (5) to the experimental

values M(H) [dots on Fig. 2(b)] is presented in Fig. 2(b) (line)

at particle volume V¼ 4.88 � 10�20 cm3 and its magnetic

moment Mcl¼ 2 � 10�19 emu. From this we get the saturation

magnetization Mnr¼ 4.1 emu/cm3 (or 3.82 emu/g) which is

achieved in magnetic fields of more than 11 T. Knowing the

Fig. 2. The field dependence of magnetization of the C-Ni metal complex at

various temperatures (a); approximation of the experimental curve M(H);

T¼ 5 K (b).
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volume V we obtain the characteristic radius for nanoparticles

in the form of a sphere: Rcl¼ (3V/4p)1/3¼ 22.7 Å.

Let us investigate the frequency properties with respect

to the phenomena of non-equilibrium magnetism of this

compound. According to N�eel relaxation theory,15 there is a

simple relationship between the blocking temperature and

the anisotropy energy of the particle. In our case at s0¼ 1/c0

and for the characteristic measurement time tm¼ 50 s, the

following relation should be approximately satisfied:

20kBTB=KV � 1: (7)

For the parameters obtained above, this ratio is 20kBTB/KV
� 77, which is almost two orders of magnitude greater than

1. Such a contradiction has been repeatedly noted in differ-

ent research studies16,17 and is associated with the fact that it

is necessary to account for the interaction between magnetic

particles. Accounting for this interaction leads to a modifica-

tion of the Arrhenius law s ¼ s0eKV=ðkBTÞ for the relaxation

time, where s0 � 1/c0 � 6 � 10�8 s and c0 is the gyromag-

netic ratio. When the characteristic energy kBT0 of nanoparti-

cle interaction is significantly greater than the anisotropy

energy, the effective field of particle interaction is added to

the anisotropy field. Then for the relaxation time it is neces-

sary to use the Vogel-Fulcher expression:17

s ¼ s0 exp
KV

kB T � T0ð Þ

� �
: (8)

In the case of kBT0 � KV the volume V in Eq. (8) becomes

temperature-dependent due to nanoparticle correlation, i.e.,

it is transformed into Veff (Ref. 17)

Veff ¼ VT0=ðT � T0Þ: (9)

In this case the relaxation time is written as

s ¼ s0 exp
KV

kBT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T0

T � T0

r !
: (10)

Taking into account the experimental value of the block-

ing temperature we can estimate the T0 according to formula

T0 ¼ TB 1þ KV

kBTBln 100=s0ð Þ

� �2
( )�1

; (11)

which [due to the smallness of the second term in (11)] is

practically the same as TB. Therefore, in our case a more

complex relationship T0 � KV/kB is realized, which does not

correspond to the limiting cases (8) and (10) for the relaxa-

tion times. Therefore, in order to analyze the frequency

dependences of the magnetic moment close to the blocking

temperature we take an average of the effective nanoparticle

volume as Veff¼ 30 V, which allows us to approximately sat-

isfy Eq. (7). The given assumption does not contradict

M’ emu 10 Hz
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M” emu 400 Hz
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Fig. 3. The temperature dependences of the real (a) and imaginary (b) parts

of the first harmonic of the C-Ni metal complex magnetization at various

measurement frequencies; ZFC, H¼ 100 Oe; ~hmax¼ 10 Oe.
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Fig. 4. The dependence of the position of the maximum of the real part of

magnetization on the temperature and frequency axes Tmax(f) in linear (a)

and logarithmic (b) scales.
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Eq. (6) for the coercivity field, since its experimental value

is obtained when the magnetic field decreases from large val-

ues, as is usually necessary for the hysteresis loop to be con-

structed. In this case the particle interaction is blocked,

which points to low values of the field Hcoer(T).

Figure 3 shows the temperature dependences of the real

(a) and imaginary (b) parts of the first harmonic of the C-Ni

metal complex magnetization at various measurement fre-

quencies of an alternating magnetic field. The frequency

dependence of the positions of the maxima Tmax(x) could be

indicative of both a spin-glass and superparamagnetic behav-

ior. Within the framework of the spin-glass model with

s¼ s0 exp (FB/T) for T¼Tmax(x) and

1=TmaxðxÞ ¼ �ðlnxþln s0Þ=FB (12)

it is possible to estimate the values of the potential barrier FB

and the typical relaxation time s0.

Figure 4 shows the experimental dependence Tmax(x)

(a) and the result of fitting the dependence according to Eq.

(12) (b). As a result of this an anomalously high value of

FB¼ 430.7 K is obtained as is an unnaturally small charac-

teristic relaxation time s0¼ 7.3 � 10�24 s. It appears that in

our case the superparamagnetism model is in action. In order

to confirm this assumption we estimate the frequency prop-

erties, relying on the above-defined microscopic interaction

parameters within the framework of this model.

In order to determine the susceptibility of the system we

will use Brown’s model,18 which allows us to calculate the

number of particles having a magnetic moment along and

against the direction of the anisotropy axis, with consider-

ation of the existing barrier. By adding the values 6teixt

that are caused by the inclusion of the weak alternating mag-

netic field h0eixt to the already-known probabilities of parti-

cle transitions from one state to another, it is easy to obtain

the following expression for complex susceptibility:

v xð Þ ¼ M2
nrVeff

kBT 1þ ixsð Þ ; (13)

wherein for s the Arrhenius law with Veff¼ 30 V is fulfilled.

It is obvious that the real part of v0(x) susceptibility assumes

the form

v0 xð Þ ¼ M2
nrVeff

kBT 1þ x2s2ð Þ : (14)

The maximum Tmax(x) of the susceptibility (14) is

defined by the transcendental function

2KVeffx2s2

kBT exp � 2KVeff

kBT

� �
þ x2s2

� � ¼ 1: (15)

Figure 5 shows the calculated curve of the susceptibility

maximum Tmax(x) position on the temperature axis from

(15) (line) and experimental values of the magnetization

maxima from Fig. 3(a). It can be seen that there is a qualita-

tive correspondence between theory and experiment.

Likewise based on the calculated dependence v0(Tmax) [Fig.

3(b)] it follows that as the frequency increases, the amplitude

of the maxima drops, which corresponds to the results of the

experiment on Fig. 3(a).

The frequency dependences (experimental and calcu-

lated) of the susceptibility maximum of a carbon-metal C-Ni

complex are shown in Fig. 6 on a logarithmic scale. Here the

experimental curve is made of dots, and the dot-dashed line

shows the calculated curve. The certain difference in the

f, kHz

.

.

.

.

.

em
u/

cm
3

f, kHz

(a)

Experiment
TheoryK

(b)

Fig. 5. The frequency dependences of the position of the maximum Tmax(f)
and the magnitude of the real part of the complex susceptibility v(Tmax) at

the maximum (b).

Fig. 6. The frequency dependences of the susceptibility maximum in a loga-

rithmic scale: experimental (dots) and calculated (dot-dashed curve).
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slopes of the curves indicates the approximate nature of the

chosen model which does not account for the magnetic inter-

action complexes in the nanostructured C-Ni powder.

4. Conclusion

Carbon-metal nanocomplexes C-Ni were obtained by

metalizing graphite with clusters of metallic atoms. The mate-

rial had a highly non-equilibrium magnetization behavior dur-

ing cooling in a magnetic field (FC) and without (ZFC). The

superparamagnetic particle model was used to explain the

behavior of the magnetic properties of these nanocomplexes.

The anisotropy was determined and the characteristic particle

size was estimated within the framework of this model.
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