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In the present work the aim was to prepare an automatic installation for studies of
galvanomagnetic effects in solids and to test it by calibration measurements. As a result required
automatic installation was created in this work and test measurements were performed. Created
setup automatically provides measurements of the magnetoresistance of the Hall effect with an
accuracy of £ 2 pV in the temperature range 2 — 300 K and steady magnetic fields up to 6 T. The
test measurements of the glassy carbon samples showed that the setup is reliable, has high
sensitivity and is easy to use. The results obtained in the research process are pioneer and will be
separately analyzed.
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Symbols

Roman letters

a,b,c lattice constants

B magnetic field

Cj theoretical slope of the magnetoresistance in weak field
c speed of light

cos cosine

D constant

E electric field

Ea the activation energy

Ee transverse electrostatic field

Eq forbidden energy gap

En Hall voltage

EnnH activation energy of the nearest-neighbor hopping

e q charge of electron

F, Lorentz force

g factor of spin split of energy levels of charge carriers in magnetic field

I current through specimen

J current density

Ks the Boltzman constant

K Kelvin degree (temperature)
I, h,w distance



Mo mass of free electron

m,, Mp, Mg,  components of effective mass tensor of charge carriers

me cyclotron mass of charge carrier

My, My effective mass of electrons and holes, respectively
n concentration

Ny density of free charge

p impulse of electron

r resistance, captured with a transport contacts
rs radius of curvature

M magnetoresistance

Ru Hall coefficient

R Hall resistance

sin sinus

S area

T absolute temperature

Ty experimental temperature (= 77K)

T, experimental temperature (= 4K)

To characteristic temperature

Uy Hall voltage

Greek letters

o, angle

A, D LA points of the Brillouin zone



€ activation energy

Op Debye temperature
A free path

u mobility

p resistivity

Po resistivity prefactor
c conductivity

o8 drift velocity

Yi Grilineisen constant
ACHRONYMS

DC direct current

EMF electromotive force
GPIB general-purpose interface bus
IR infrared radiation

LabVIEW laboratory virtual instrument engineering workbench

LPT line print terminal

MFD magnetic field device
NNH nearest-neighbor hopping
PC personal computer

RS recommended standard
SE Shklovskii—Efros



USB universal serial bus
VI virtual instruments
VISA international service association

VRH variable-range hopping
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INTRODUCTION

Carbon is an extraordinary element. The number of known allotropes of pure carbon continues to
grow, producing materials like fullerenes and nanotubes and their derivatives. These materials are
scientifically fascinating and they have huge numbers of potential applications. Carbon has a
number of advantages over their metal counterparts: it is lightweight, very stable, simple to
process, and less expensive to produce. Despite many decades of work, even the properties of the
parent compound graphite are still poorly understood. It was found that properties of carbon
nanopowders strongly depend on technological parameters of their manufacturing. It is important
to know transport properties of nanocarbon and special setup was designed and built up in this

work.
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1. THEORETICAL PART

1.1  MAIN PROPERETIES OF GLASSY CARBON

Glassy carbon is carbon material, which has high strength and is almost gas-tight. Moreover it is
chemically inert especially in reducing atmosphere. Glassy carbon is fragile and has almost
defectless outer surface and looks like inorganic glass. Glassy carbon has high corrosion

resistance in various environments.

Glassy carbon’s atomic structure is clew randomly intertwined ribbons of carbon. This ribbons
are stitched carbon bonds with different angles between them. This structure is a heiress of the

original polymer (see Fig.1).

Fig.1. Model of glassy carbons structure.

First glassy carbon materials were manufactured in 1930™ by charring extruded products of high-
fine cellulose fibers. Use of cellulose derivatives (viscose fiber) and coal or petroleum tar pitch
for manufacturing of carbon fibers still has commercial value, but the main part of carbon fibers
and products from glassy carbon are made of completely synthetic pitches. Application of resins
(polymers) is based on high strength and good performance of products manufactured from them.
Viscose and pitch are much cheaper than synthetic polymers, but the materials derived from them
are inferior in fiber strength. The main material for creating glassy carbons fibers is
polyacrylonitrile. The fibers of polyacrylonitrile are good for further hardening during
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graphitization at the 2500-2800°C. Polyacrylonitrile is used almost exclusively for the fibers
manufacturing, which have sufficiently small depth of diffusion as compared to large-sized

products [1].

For thick-walled products made of glassy carbon are used thermosetted polymers, primarily

phenol-formaldehyde and furan.

To transform polymer into carbon is used slow roasting of them in an inert atmosphere at 800-
1300°C. From polymers during the process is gradually separated low-molecular products of
thermolysis, such as water carbon dioxide, methane, hydrogen, etc. The polymer’s structure is
enriched with new cross-linking by the new carbon-carbon bonds. Charred material consists of
carbon for 90 - 97%, and the rest are oxygen, hydrogen and nitrogen. Further products can be
ignited up to 3000°C to improve their purity. Process of removing the volatile compounds is
associated with their diffusion through the volume of the material. This requires considerable
time and slowing down the heating process with increasing of thickness (up to several weeks at
thickness of 2 - 3 mm). Usually glassy carbon is obtained in the form of products with a wall
thickness of 3 mm (see Fig. 2) [2].

Fig.2. Products of glassy carbon
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Cutting of glassy carbon products is possible only by diamond tools or using ultrasound, laser
beam or silicon carbide. On the other hand, molding products from polymeric mass has wide

opportunities for designers.

Glassy carbon is used as high-temperature material for the manufacturing of chemically resistant
cookware, in high-temperature processes in oxygen-free atmosphere or in air at temperature lower
than to 500°C.

Glassy carbon has isotropic properties and has very small and mostly closed porosity that makes
it almost completely gas-tight. Glassy carbon has good electrical and thermal conductivity. The
small magnitude of conversion factors of thermal expansion enables rapid heating to high

temperatures and rapid quenching of the product that is comparable only with quartz glass.

In glassy carbon the content of impurities is on the level of the purity of the initial polymers
usually does not exceed 0.02%. In decreasing order they are: iron, vanadium, calcium, silicon,
aluminum, manganese, magnesium. Processed products in the chemical utensils from glassy
carbon are polluted less than a bowl of the traditional coaly carbons materials because the
migration of impurities on the surface of glassy carbon is difficult. Crucibles and bowls from
glassy carbon are widely used as laboratory glassware in chemical analysis, as well as for the
melting of phosphorus, fluorinephosphates and other glasses.

Containers, tubes, ampoules plates, rods and other products from the glassy carbon are used in
obtaining single crystals of very pure substances. Also it is used as heaters and radiators, cathodes
and anodes in the electrochemical industry. Glassy carbon has good compatibility with living

tissue, which creates the perspectives for its use in medicine.

Polymeric materials mentioned above are used in the industrial production of glassy carbon due
to the fact that the recycling of carbon output in relation to the mass of the initial polymer is 40 -
65%. This factor affects to the production costs, and on to the reducing of the size and the
concomitant change in the shape of final products. However, for special applications, the search
for new polymers and their combination, gives a lower yield of high quality glassy carbon.
Examples of such applications could serve as adsorbents, molecular sieves, membranes, catalysts,
carriers for catalysts, electrode materials for chemical current sources and capacitors of high

capacity and other electrical applications [3].
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1.2 HALL EFFECT IN WEAK MAGNETIC FIELDS

The Hall effect is difference of potentials on the opposite sides of a sample in magnetic field,
which is perpendicular to the direction of magnetic field and electric current [4]. The reason for

the Hall effect is interaction between electric current and magnetic field in the conductor. The

Hall field Ewx is perpendicular to the electric current and magnetic field. Hall voltage value
depends on electric current, magnetic field and conductor thickness. Hall effect characterizes
properties of the material of the conductor. Current consists of moving charged particles (usually
electrons) that are affected by the Lorentz force in the presence of a magnetic field. When the
magnetic field is absent, there is no Lorentz force and charge is following its "line of sight" path.
When magnetic field is applied perpendicular to electric current, charged particle under the
influence of Lorentz force gets velocity component, which is perpendicular to the magnetic field.
As a result, the electric potential is created between opposite sides of the sample (see Fig. 3) [5].
Due to the Lorentz force a Hall element (see Fig. 3) creates a negative charge on the top edge
(symbolized in blue) and positive at the lower edge (red). In the "B™ and "C" electric current or

magnetic field changes their direction, resulting in reverse polarization of Ex . Reversing both

current and magnetic field (see Figure "D") gives again a negative charge on the top edge.
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Fig. 3. Hall effect diagrams showing the flow of electrons with different configurations of
magnetic field and electric current (inserts B, C, D). (1) are the electrons, (2) is the Hall element,

(3) is a magnet, (4) is the magnetic field, (5) is the power source.

We denote the current density by J, the magnetic field by B, the electric field generated in the y
direction by Eu, the Hall constant by Ry which characterizes properties of the material. In this
case equation for Ey is:

E, =R, -[TxB], (1.1)
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where E,, :U'%v and J :% :%v-d . Here Uy is Hall voltage, | is electric current through the

sample, S is a cross-sectional area of the sample, w is width and h is thickness of the sample (see
Fig. 4) [6].

Fig. 4. Hall effect circuit.

If angle between J and B is 90 ° we can substitute [JxB] by J, -B,, and

|
Yu g, Lg :uH:RH'?X

B,. (1.2)

It is clear that Hall voltage increases linearly with magnetic field. Finally the Hall constant will be

R, = . (1.3)
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Electric current in a conductor (or semiconductor) is the flow of charged carriers and the Hall

constant is equal to R, = %n , Where n is the concentration of free charged carriers and q is the

charge of these particles. Measurements of the Hall coefficient give the concentration of free

carriers in the material [7].
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1.3 MAGNETORESISTANCE IN MAGNETIC FIELDS

Magnetoresistance (magnetoresistance effect) is the dependence electrical resistance on magnetic
field. In semiconductors, the relative change in electric resistance is bigger than in metals and can

reach hundreds of percents.

Let the current J flow through the sample along the axis X. In the absence of magnetic field
charge carriers move along straight lines, and between two consecutive collisions they pass some
distance defined as mean free path 1. In an external magnetic field B, their trajectories are part of
the cycloid in an infinitely large sample. On the free path 1 along the electric field E the particle

will move the way shorter than 4, namely

Ay lecosgoz/i(l— “2252) (1.4)
Finally, during the mean free time z the particle moves a shorter way along the electric field E .
This is an equivalent to a reduction of the drift velocity (or mobility) and, as result, the
conductivity. In the other words, the resistance will increase. Considering statistics of dispersion
along the free way (and length), then we can write for the relative resistance change

App — 1B?. (1.5)
In finite limited sample the Hall field compensates the influence of magnetic field and, as a result,
the charge carriers move along the straight lines, therefore magnetoresistance should not exist.
However velocities of electrons and holes are different and magnetic field influences stronger
than Hall field to the fast particles, but slow particles deviate under the influence of the Hall field.
As a consequence, dispersion in particles’ velocities decrease the contribution in conductivity
from fast due to magnetic field and slow due to Hall field charge carriers that lead to increasing of
resistance.
If the magnetic field is directed along the J, the magnetoresistance will not occur. In some cases

the magnetoresistance is observed, due to complex Fermi surface in certain materials [8].
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1.4  TRANSMISSION ELECTRON MICROSCOPY

In the optical microscope the resolution is limited by the wavelength of the light and the angular
aperture of the optical system. In 20™ century, scientists discussed the topic of overcoming
problem connected with wavelength of visible light, wavelengths of 400-700 nanometers, by the
use of electrons with much shorter wavelength. Like any elementary particle, the electrons have
wave and particle properties, as it was shown by Louis de Broglie. Wave properties indicate that
electron beam can behave like a beam of electromagnetic radiation. Then the electrons are
accelerated by high potential difference and are focused on the sample by electromagnetic, or
electrostatic, lens. The beam transmitted through the sample contains information about the

electron density, phase and frequency, which are used for the image formation.

Transmission electron microscopy (TEM) is a method in which the image of ultra-thin object
with thickness of about 0.1 microns, is formed by the interaction of the electron beam with the
material of the sample. Signal is a consequently increased in the magnetic lenses and is
registrated on the fluorescent screen. To register images one can use sensors, such as Charge -
Coupled Device. The first practical transmission electron microscope was built by Albert
Prebusom and J. Hillier at the University of Toronto in 1938, using the concept proposed earlier
by Max Knoll and Ernst Ruska [9].
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Fig. 5. Transmission electron microscope. (1) is High tension cable, (2) is Electron emitter, (3)
are Stepper motors for centering the electron beam, (4) is condenser, (5) are aperture controls, (6)
is specimen holder, (7) are objective lens, (8) are projector lens, (9) are optical binoculars, (10) is
fluorescent screen, (11) are vacuum pump leads, (12) is goniometer, (13) are vacuum and

magnification control, (14) is focusing control [10].
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1.5 X-RAY FLUORESCENCE ANALYSIS

X-ray fluorescence analysis (XRF) is one of the modern spectroscopic methods for studying solid
state objects in order to obtain its element composition, i.e., its element analysis. By this method
can be analyzed various elements from beryllium (Be) to uranium (U). The method of XRF is
based on the collection and subsequent analysis of the spectrum, obtained by working with the
material analyzed by X-rays. Irradiated atom goes into an excited state, accompanied by the
transfer of electrons to higher quantum levels. The atom stays in the excited state very short time,
about one microsecond, and then returns to the ground state. The electrons from the outer shells
formed vacancies. Excess of energy is emitted as a photon, or energy is transferred to another
electron from the outer shells. In this case, each atom emits a photoelectron with strictly defined
energy value, such as iron irradiated with X-rays emitted photons K, = 6.4 keV. Then
respectively the energy and the number of quanta are analyzed and the composition of samples is
defined [11].

X-ray tubes and isotopes of the elements may be used as a source of radiation. The tubes can be
either with rhodium and copper, molybdenum, silver or other anode. The anode tube, in some
cases, is selected depending on the aim of investigations should be achieved. For different groups
of elements it is necessary to apply different values of current and voltage on the tube. For
studying of light elements is quite enough to have voltage 10 kV, 20 - 30 kV for medium, and 40
- 50 kV for heavy elements. In addition, when studying light elements great influence on the
spectrum has an atmosphere, so the camera with the sample is either evacuated or filled with
helium. After that the excitation spectrum is recorded at a special detector. The better spectral
resolution of the detector, the better it will be able to separate photons from different elements,
which in turn will impact on the accuracy of the device itself. At present the best possible

resolution of the detector is 123 eV.

In the detector photoelectron is converted into a voltage pulse. Pulse are calculated by counting
electronics and transferred to a computer. Below is an example of the spectrum, obtained from
mortar corundum (Al,O3 content of more than 98%, the concentration of Ca, Ti about 0.05%)
(see Fig. 6) [12].
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Fig. 6. Spectrum of Al,O3[12].

All the peaks of the obtained spectrum can be qualitatively analyzed. It is possible to determine,
which elements are in presence in the sample. To obtain an accurate quantification of the
resulting spectrum it must be processed through a special calibration program (quantitative
calibration device). The calibration program must be pre-created using standard samples whose
elemental composition is known exactly. In quantitative analysis the spectrum of an unknown
substance is compared with spectra obtained by irradiation of standard samples. This gives

information about the quantitative composition of the substance.

X-ray method is widely used in industry and research laboratories. Using of this method
continues to expand due to simplicity possibility of rapid analysis, accuracy, absence of complex

sample preparation.
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1.6 ATOMIC FORCE MICROSCOPY

Atomic force microscope (ATM) is a scanning probe microscope of high resolution, based on the
interaction of the probe cantilever with the surface of the sample [13].

It was invented in 1986 by Gerd Binnig and Christoph Gerber in the U.S.A. and is used to
measure surface topography, surface modification, as well as for manipulation of micro - and

nanoobjects on the surface [14].

Usually, the interaction is understood as the attraction or repulsion of the probe cantilever, caused
by the van der Waals forces. When using special cantilevers one can study electrical and
magnetic properties of the surface. Unlike the scanning tunneling microscope, by using the AFM
one can investigate conductive and non-conductive surfaces. In addition, the AFM can measure
the topography of the sample immersed in a liquid. This makes possible the work with organic
molecules, including DNA. The spatial resolution of atomic force microscope depends on the

radius of curvature of the tip of the probe [15].

Detector and
Feedback

Electronics

Photodiode

’ Laser

Sample Surface ;:;:::_“T' Cantilever & Tip
PZT Scanner

Fig. 7. Scheme of atomic force microscope [16].
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Atomic force microscope is a system of sample + needle (cantilever) (see Fig. 7). Depending on
the distance between atoms on the substrate and the tip the force is different. The magnitude of
this force depends exponentially on the distance. Abnormalities of the probe by the influence of
closely spaced atoms are recorded by the nanodisplacement meter, in particular, using optical,

capacitive or tunneling sensors.

The main technical difficulties when building a microscope are:

o Creating a needle of atomic dimensions.

o Provide mechanical, thermal and vibration stability better than 0.1 A.

o Creating a reliable detector capable to capture such small displacement.
. Creating a system scan with a step in a fraction of 1A.

o Ensuring a smooth convergence of the needle with the surface [17].

In comparison with scanning electron microscope (SEM), atomic force microscope has several
advantages. AFM gives truly three-dimensional topography if the surface is smooth enough. In
addition, image of non-conducting surface, taken by AFM, does not require preparation of
conductive metal coating. For normal operation SEM requires vacuum, whereas the majority of
AFM modes can be implemented in the air or even in liquid. This fact opens the possibility of
studying biological macromolecules and living cells and, in principle, AFM can provide higher
resolution than SEM. It was shown that the AFM is able to provide real atomic resolution in
ultrahigh vacuum. Ultrahigh-resolution AFM is comparable with the scanning tunneling
microscope and transmission electron microscopy. AFM also can be used to determine the type of

atom in the crystal lattice.

Normal AFM is unable to scan the surface as fast as SEM. For the AFM images is required time
from several minutes to several hours, while the SEM is able to work virtually in real time, albeit
with relatively low quality. Because of the low-speed, scan images obtained by AFM are distorted
by thermal drift, which reduces the accuracy of the measurement of scanned relief. Temperature
coefficient of linear expansion of most materials is about 10°°. When the manipulator has the size
of a few inches changing in temperature for 0.01 K leads to the displacement of the needle due to
thermal drift for 1 A. To increase the speed of the AFM as been proposed a few constructions,
among which are probe microscope, called videoASM. VideoASM provides a satisfactory quality

images of the surface with a frequency of a television sweep, even faster than with conventional

24



SEM. Several methods have been proposed to correct the distortions introduced by the

temperature drifts [18].

In addition to temperature drifts the AFM images can also be distorted due to the piezoceramic
properties such as nonlinearity, hysteresis and creep, and cross-parasitic coupling acting between
X, Y, Z-elements of the scanner. To correct the distortions in real time it has been used advanced
AFM software (e.g., feature-oriented scanning) or scanners, equipped with closed servo system
composed of linear position sensors. Some of the AFM scanners are using XY and Z-elements
instead of a piezotubes. Such elements are mechanically unrelated to each other, thus eliminating

any spurious links.

As a rule, decoding of image captured by a scanning probe microscope is difficult because of
inherency in the method of distortion. The results of the initial scan are almost always subjected
to mathematical treatment. This software is used directly and is supplied with SPM. There is

software released under the GNU license, for example, Gwyddion [19].

Currently, scanning probe microscopes have been used in almost all fields of science. In physics,
chemistry, biology they are used as a research tool of AFM. In particular, it is interdisciplinary
science and may be used in such areas as biophysics, material science, pharmaceuticals,
nanotechnology, physics and chemistry of surface electrochemistry, corrosion research,
electronics (eg, MEMS), photochemistry, and many others. Promising direction is the
combination of scanning probe microscopes with other traditional and modern methods of
research, as well as the creation of new devices. For example, combination of AFM with optical
microscopy (conventional and confocal microscopy), electron microscopes, spectrometers (eg,

Raman spectrometers, Raman scattering and fluorescence), ultramicrotome is very useful.

AFM and STM manipulators with dimensions of a few centimeters allow to move the needle with
a resolution better than 0.1 A [20].
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2. EXPERIMENTAL EQUIPMENT

For the investigation of the galvanomagnetic effects in glassy carbon is used magnetic field
device (MFD), which is a source of magnetic field and temperature. MFD consists of 2 main pats:

a low temperature part (see Fig. 8) and a control unit (see Fig. 9).

Fig. 8. Cryostat of magnetic field device.
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Fig. 9. Control unit of magnetic field device.

A control unit consists of (see Fig. 10)
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Fig. 10. Parts of control unit. (1) is temperature controller, (2) is liquid helium controller, (3) is
buffer, (4) is SQUID electronics, (5) is PC, (6) is magnetic field controller, (7) is gas pressure
controller, (8) is commutation block, (9) and (10) are high temperature controllers.

Low temperature part consists of liquid nitrogen shielded helium cryostat and variable
temperature insert (VTI) to the cryostat.
A cryostat consists of (see Fig. 11)
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Fig. 11. Scheme of cryostat of magnetic field device. (1) is Tail volume, (2) is Sample tube
thermometr, (3) is SQUID housing, (4) is Helium reservoir volume, (5) is Siphon cone, (6) is
Nitrogen reservoir volume, (7) is Top of nitrogen reservoir, (8) is Airlock, (9) is Sample insertion
mechanism, (10) is Base of nitrogen reservoir, (11) is Heat exchanger thermometer, (12) is VTI
helium inlet, (13) is Magnetic field centre, (14) is Tail thermometer and heater.

In the cryostat is located the variable temperature insert (VTI) (see Fig. 12).

29



Fig.12. variable temperature insert (VTI).

It consists of parts presented in Fig. 13.

Fig.13. Schematic of variable temperature insert (1) is VTI outer wall, (2) is Thermometer A, (3)
is Filtered helium inlet, (4) is 6.5 tesla magnet, (5) is Centre of FLUX transformer, (6) is
Thermometer B, (7) is SQUID housing, (8) is Heat exchanger.
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For transport measurements this construction was refined as follows. From the beginning was

prepared the sampleholder (see Fig. 14).

Fig. 14. Fabricated sampleholder.

Sampleholder has place for fixing the sample, thermistors for the precise determining of sample

temperature and connector to connect the sample to measuring setup (see Fig. 15).

Fig. 15. Lower end of sampleholder. (1) is sample place, (2) are thermistors, (3) is connecting
block.
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The main part of the device is prepared from stainless steel tube and has technological openings
for helium flow (see Fig. 16). Lower part of the sampleholder have different diameter along its

length (see Fig. 17) to reduce the heat transfer from the top of cryostat.

Fig.16. Technological opening

Fig. 17. Changes in diameter.

On the top of device is installed 32 pins connector to connect adapter cables (see Fig. 18).
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Fig.18. Adapter cables.

Wires are coming down from the top of the 32 pins connector to the bottom of the connector
block inside the sampleholder (see Fig. 15). Adapter cables are connected to the commutational
block (see Fig. 19).

Fig.19. Commutational block.

Commutational block connects voltmeters and current source with the sample. This allows to
arrange any kind of configuration of sample contacts and to combine digital voltmeters, current

source and computer into one measuring unit (see Fig. 20).
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Fig.20. Computer, voltmeters and current sources connected to the commutational block.

Automatic Hall measurements consist of the following steps.

o Preparation of a sequence file, which includes the desired temperature and magnetic field.
o Start measurements program, which waits signal from reed switch (see Fig. 21).
o Then go desired number of elementary cycle of measurements.

Elementary circle of measurements

o MFD is accordance with a sequence file, prepares desired temperature and magnetic field
and checks the ratio and stability.

o When everything is stabilized stepper motor starts to move. On the body of stepper motor
is fixed magnet which affects a red switch gives command to PC to start measurements.

o It is possible to make any reasonable number of measurements in this conditions, which
will be average to later on by PC to increase signal — noise ratio.

o After that new temperature or magnetic field are installed.
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Fig. 21. (1) is reed switch, (2) is magnet, (3) is step motor.
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3 SAMPLES PREPARATION AND CHARACTERIZATION

Glassy carbon is a product of thermal treatment of cross-linked polymers, primarily phenol

formaldehyde resin, featuring high strength, and virtually gas tight.

3.1 SYNTHESYS OF GLASSY CARBON

Samples were obtained during thermal equipment. Glassy carbon is a product of thermal
treatment of cross-linked polymers, primarily phenol formaldehyde resin, featuring high strength,
and virtually gas tight.

The process of sample preparation consists of several stages.

First, a mixture is prepared on the basis of dibutyl phthalate (DBP) and polyethylene - 10-glycol
ether iso - oktilphenol (PE10). This mixture was placed in pre-weighted glass bottles. Then was
added 3 grams of furfuryl alcohol (FA), stirred, then added 2 - 15 drops of para - toluene (PT)
butanol (36.9 wt% para - toluene) for catalysis of polycondensation reaction of FA. The value
addition PT depends on the degree of dilution FA and increased from 2 drops of pure FA and 15
for the solution with 20 wt% FA. Application of these conditions led to a nearly simultaneous

conversion of FA into the polymer in all samples with staining solutions in dark colours.

From each sample was selected 20 ml mixture and added salt solutions Co, Au, Fe: acetate, cobalt
(110 g/ 1 Co), HAuUCI; (3.9 g/ I Au) and Fe (NOs) 3 * 9H,0 (55.8 g / | Fe). The amount in each
series of samples was 0.1ml. Then was added 8 drops of dilute hydrochloric acid - HCI (25%) for

catalysis of polycondensation reaction of FA.

In a series of samples with gold was added 15 and 20 drops of dilute hydrochloric acid. With the
addition of an excess of catalytic reaction rate of polycondensation has reached a critical value at
which the heat of reaction had no time to be discharged into the vessel wall. These lead to the
heating of the mixture, further increasing the reaction rate and, ultimately, to the boiling reaction
mixture. As a result, much of the material samples were ejected from the reaction vessel. In a

second series of samples with the addition of HAuCl, was added 8 drops of hydrochloric acid.

After adding the acid, the samples were subjected to intensive mixing to homogenization of the
entire volume of the sample. As a result, after 5 - 10 minutes, they turn dark brown with a
greenish tint colour and quickly thickened. After this the samples were kept at room temperature
for 2 - 3 days to complete the polymerization.
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After the samples were polymerized at room temperature, they were dried in oven, first at 50°C
for 24 hours, then at 100°C for 24 hours and at 150°C for 24 hours. As a result, the samples
obtained black colour with a matte rough surface that can hold the shape; some samples split into

several parts as a result of drying.

Then the samples were heated in a furnace with increasing the temperature for 50°C per hour up
to a temperature of 970°C, and were heated at this temperature for an hour in a reducing
atmosphere of the soot filling. Calcined samples were glassy carbon materials in black, save the

form, but reduced in size. Linear shrinkage is higher, the higher is the content of PE10 and DBP.

It was observed that samples containing a large concentration of PE10, were destroyed during
calcination. At the stage of synthesis, some samples underwent segregation into two phases,
looser and more dense. Dense phase is more concentrated polymer solution (the density of FA
above the densities of other components), which in some cases sink to the bottom and could be

separated from the upper, more friable parts of the sample.
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3.2  RESULTS OF TRANSMISSION ELECTRON MICROSCOPY

The structure of glassy carbon was studied by the scanning electron microscope. Glassy samples
were split in an agate mortar. After that the fragments of up to 5 mm were pasted to electrically
conductive substrate. Measurements were done in BelSU, Belgorod, Russia. The results are
presented in the Figs. 22 - 28. These photos show a variety of glassy structure: microspheres,
microporous tube, solid samples and hollow microspheres. The minimum observed structural is
50 nm (see Figs. 22 - 28). Upgraded scanning microscope does not allow to distinguish the
smaller objects, but the data of adsorption of benzene showed even smaller pore size.

In the photos are visible pores, block boundaries, grains and other defects with different sizes and
it is possible to conclude that the long-range order is absent in these samples.

HV

'mag

4.8 mm | 100 x‘ 20.00 kV|2.70 mm 0 © Quanta FEG

Fig. 22. TEM image of glassy carbon sample. Amplification is 1 mm.
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Fig. 24. TEM image of glassy carbon sample. Amplification is 100 um.
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Fig. 26. TEM image of glassy carbon sample. Amplification is 50 pum.
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Fig. 27. TEM image of glassy carbon sample. Amplification is 30 um.
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Fig. 28. TEM image of glassy carbon sample. Amplification is 100 pm.
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3.3 RESULTS OF MICRO BEAM X-RAY FLUORESCENCE ANALYSIS OF
GLASSY CARBOON

The samples were studied with micro beam X-Ray spectroscopy. These studies give elemental
composition in the sample at a chosen point. Measurements were done in BelSU, Belgorod,

Russia. The results of the spectroscopy are presented in Figs. 29 and Table 1.

EV:30.0Tilt:0.0 Take-off:35.5 Det Type:SUTW+ Res:128 Amp.T:51.2
FS : 25445 Lsec : B4 10-Mar-2010 17:32:40
C K
E K
O K R1E S K E K
0.70 1.40 2.10 2.80 3.50 4.20 4.9%0 5.60 6.30 kev

Fig 29. Spectrum of micro beam X-Ray spectroscopy.
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Table 1. Results of micro beam X-Ray spectroscopy.

EDAX FAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Elsment Wt % Lt %

C R 93.75 95.39

o R 3.759 4.43

Z1F 0.21 0.05

3 K 0.16 0.06

KK 0.0% 0.03

Total 100.00 100.00
Elsment Net Inte. Bkgd Inte. Inte. Error P/B
C R 1083.57 1.71 0.33 £33.76
oK 28.8%9 4.1% 2.29 £.590
L1FK 12.83 16.44 5.72 0.78
2 K 13.18 1%.08 5.90 0.5
K 6.86 15.53 .85 0.43

As it is seen from the results the material consists of about 95.4 at% carbon and about 4.4 at% of
oxygen. Everything else are impurities on the level of 0.1 at%. That suggests superficial oxidation
of the samples, mainly on the surface. Carbon on the surface is partly oxidized, and this means
that the sample surface is active, but in a very thin layer. Accuracy of the presented results is 0.1

at%.

43



3.4 RESULTS OF ATOMIC FORCE MICROSCOPY OF GLASSY CARBON
Measurements were done in loffe Physical technical Institute, Saint - Petersburg, Russia. Studies

using AFM were carried out with different amplifications (see Figs. 30 — 32).
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Fig 31. Results of AFM. Amplification is 10000 nm.
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Fig 32. Results of AFM. Amplification is 2000 nm.

Fig. 30 shows that the grains are clearly defined and are located at different heights.

Fig. 31 shows that the grains are oriented randomly. On the grains are presents peaks, which
indicate the presence in the grains range order.

Fig. 32 shows that the peaks are located randomly, which indicates the absence of long range

order.
From the results of AFM is visible that the sample has grains with different orientation, what

shows the existence of some structure in these grains. This is confirmed by the results in figure

32, where sharp maximum are visible for some grain sizes.
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3.5 SAMPLES PREPARATION FOR TRANSPORT MEASUREMENTS

In the prepared sampleholder the sampleplace is 6 mm in diameter (see Fig. 15). Contacts were

prepared using the standard 6 contacts scheme (see Fig. 33).

3 5

) ~ =
= !
4 6/

Fig. 33. Scheme of wires location. 1 and 2 are current contacts, up 3 to 6 are potential contacts. 3

and 5 or 4 and 6 for resistivity measurements and 3 and 4 or 5 and 6 for the Hall effect

measurements.

Carbon can not be soldered, so it was necessary to choose an alternative way to prepare contacts.
In the beginning was chosen a low-temperature silver glue to make contacts. As it was mentioned
earlier, the samples are porous. This led to a too fast drying of glue, resulting in that the glue
formed structures, which did not give the desired rigidity. As a result, the wire fall off from the
sample. Re-gluing led to the flowing of glue into the pores in large quantity, and point of contact
with the sample was shifted into the sample. These leads to the fact that for accurate calculation
one can not use the measured size of the sample, since the geometry has been changed during the
preparing of the specimen. Later the glue was replaced by indium. Indium has a firm structure
and is not leaking into the sample, but was very well rubbed into the pores. Wire was wound
around the sample for additional stiffness. This was allowed to do, because magnetic field in the
solenoid is steady. Magnetic field, passing through the loop, creates an inductive current in the
loop and in a pulsed magnetic field such current would have no time to relax before the field
ceases to operate and remove incorrect values. But in the constant magnetic field, one can simply
wait till the current in the circuit will become permanent, and then to start measurements. It was

found out that different samples have different resistance. Some of the samples with length of 6
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mm have resistance of 150 Ohms, some have few ohms, and some samples demonstrated infinite
resistance. Resistance value does not depend on the fact from which series the sample was taken.
Two different samples from the same series could show completely different resistance. Thus, we
must conduct sampling, because at sufficiently large sample resistance our current source is
unable to keep a stable electric current in the system. Sample with wiring is shown in Fig. 34.

Fig. 34. Sample with contacts and contact wires.

Contact wires from the sample was soldered to the mounting block on the samlpeholder (see Fig.

15). Then sampleholder was placed into MFD cryostat.
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4. ESPERIMENTAL PART

4.1 EXPERIMENTAL PROCEDURE

Before starting measurements in MFD is created a sequence file. In the file is written a sequence

of desired temperatures and magnetic fields. File format is shown in Table 2.

Table 2. Structure of sequence file. Column A is magnetic field, column B is status of magnetic
field, column C is Temperature, column D is type of measurements, column E is numbers of

scans, column F is length of scans, column G is numbers of rpm (if work with a sample rotation).

AB|C[D|E[F |G|
00772 10200,

Next, the installation is placed to the starting position. After installing the initial configuration
must elapse time for the system to come to a stable state.

Next, the computer runs the stepper motor (see Fig. 21).

The stepper motor passes a reed and with the help of a magnet starts the measurement.

The computer starts to conduct measurements, recording results of measurements in the file. The

file structure is shown in Table 3.
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Table 3. Structure of output file. Column A is date and time, column B is difference of
potential on the 1% voltmeter with direct current, column C is difference of potential on the 1%
voltmeter with reverse current, column D is difference of potential on the 2" voltmeter with
direct current, column E is difference of potential on the 2™ voltmeter with reverse current,

column F is magnetic field.

A | B | C | D | E | F
Date Time | V1+ V1- V2+ Va2- B
12.04.2010 13:12 -0,009559 0,009563| 0,06506  0,06488 0T
12.04.2010 13:12 -0,009565 0.009565| 0,065019  0,06508 0T
12.04.2010 13:12 -0.009563 0.009567| 0065171 0,064995 0T
12.04.2010 13:12 -0,009563 0.009565 006511  0.06512 0T
-0,0095625 0.009565  0.00956375
12.04.2010 13:13 0.009564 -0,009564 0.065021 0064474 0T
12.04.2010 13:13 0.009563 -0,009564 0064335 0064622 0T
12.04.2010 13:13 0.009566 -0,009565  0.064673) 0064775 0T
12.04.2010 13:13 0,009565 -0,009565 0064636 0064774 0T
0.0095645 -0,0095645 -0,0095645
12.04.2010 13:13 0.009566 -0.009566 0.064814 0064897 0T
12.04.2010 13:13 0.009566 -0,009565 0.064802 0,064879 0T
12.04.2010 13:13 0.009564 -0,009562 0.064918 0.06481 0T
12.04.2010 13:13 0.009564 -0,009563 0.064865 0064896 0T
0.009565 -0,009564 -0,0095645
12.04.2010 13:13 -0,009568 -0,009565 0.065003) 0064883 0T
12.04.2010 13:13 0,009569 -0,009567 ) 0.064964 | 0064909 0T
12.04.2010 13:13 0.009565 -0,009561 0,064805 0.064847 0T
12.04.2010 13:13 0.009566 -0.009563 0,064833 0.064732 0T

Data from every four consequent were averaged. The obtained value is a recorded into 5 line on

a table.

49



42 DETERMINATION OF TEMPERATURE

During experiments one multimeter measured resistance of the thermistor, that was situated near
the sample (see Fig. 15). The measurements were done in two rates of helium flow in MFD, fine
and fast modes.

The calibration of thermistor was performed after experiments. The procedure of calibrating of
the thermistor is following. To reduce the error in determining of the temperature it is necessary
to use wires of the same diameter as that of determining the resistance of thermistors. Thermistor
and calibrated Cu — Cu:Fe thermocouple were dipped gradually into liquid helium. Data about the
resistance of the thermistor and the temperature of thermocouple were recorded into the file.
Thus, the temperature dependence on resistance of the thermistor was obtained. This dependence

is presented in Fig. 35.

50



1550

1450

1350

1250

1150

1050

950
0 50 100 150 200 250 300 350

Fig. 35. The temperature dependence of the resistance of thermometer used in this work.
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43  CALCULATION METHOD

It has been designed and prepared special setup for performing transport measurements in
magnetic fields up to 6 T and temperature range 2 to 300 K.

The computer collects data from the current source and two digital voltmeters (see Fig. 20).
Power source is connected to terminals 1 and 2 in Fig. 32. One voltmeter is reading signal from
the Hall contacts, and the second one from resistivity contacts. Data is collected by computer and
is registered to file in a form of a table with six columns (see Table 3). In the first column of the
table is recorded date and time, in the second and third columns is recorded resistivity on the
magnetoresistance contacts, in the fourth and fifth columns is recorded resistivity on the Hall
effect contacts. In the sixth column is recorded the magnetic field. To eliminate influence of
thermal electromotive force (EMF) to the measured signals during the measurement, polarity of
current is switched. If the system prior to the measurements did not have time to stabilize after the
current switching, the point from the readings of voltmeters flew off and then it dropped. Further
readings of voltmeters and current source are converted to resistance and resistance is averaged

over the magnetic field.

Parameters on the input of the calculation are:

o B is the magnetic field,

o r is resistance, measured from transport contacts,
o R is resistance, measured from the Hall contacts,
o | is length of the sample,

o w is width of the sample,

o h is height of the sample.

For calculation were used formulas

RH,[m3/C]=%UW][m], (4.1)
L1 qc]
n’[m ]_ RH [m3 /C] ’ (42)
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r[Q]-h[m]-w{m]

JQ-m]= , 4.3

plQ-m] ] (43)
m? R,[m*/C

U, =_H L ] . (4.4)

V-s o[- m]

Where:

. Ry [cm®/C] is the Hall coefficient,

. n is concentration,

o p Is resistance,

o L is mobility.
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44  EXPERIMENTAL RESULTS AND DISCUSSIONS

Output file (see Table 3) is transformed. The structure of the new file is presented in Table 4.

Table 4. Structure of transformed output file. Column A is date, Column B is time, Column C is
current, Column D is difference of potential of the platinum thermistors, Column E is resistance
of potential wires (See Fig. 33), Column F is resistance of the platinum thermistors, Column G is
resistance of Hall effect wires (See Fig. 33), Column H is magnetic field.

eI e F | 6 | H
Date Time Current |R3 R1 R2 B
16,04,2010 | 11:18:37 0,004935 2029052 5733874 100133704 1.711105
16,04,2010 | 11:18:56 0,004935 2029072 573531 1,00134704 1.711308
15,04,2010 | 11:20:30 0,004931 203,0846 57435 1,00141031 1,712263
15.04,2010 | 11:20:53 0,004933 203.0128 5740328 1,00146207  1.710416
15,04,2010 | 11:21:10 0,004931 203,0846 5604301 1,00141031 1.711123 0
16,04,2010 | 11:29:45 0,004934 202 9749 5762215 1,00147804 1710519 0,25
15,04,2010 | 11:30:01 0,004935 2029052 5762208 1,00133704 1,709889 0,25
16,04,2010 | 113017 0,00494 2026882 5755901 1,00127967 1,70823 0,25
16,04,2010 | 11:30:36 0,004934 202939 5764138 1.00130106 1,71047 0,25
16,04,2010 | 11:30:58 0,004931 203,0846 577136 1,00141031 1,712948 0,25

oo o o

15,04,2010  11:33:16 ) 0,004937 202,8335 5,758424 ) 1,00138878 1.71012 0.5
15,04,2010 | 11:33:39 0,004937 2028294 5285288 1.00136878 1.710222 0.5
16,04,2010 | 11:33:55| 0,004935 202,8991 5,763348| 1.00130704 1.710624 0.5
16,04,2010  11:34:11 0,004934 202,9708 5,763023 1.00145804 1.710316 0.5
15,04,2010  11:34:27 0,004935 2028971 5761304 1.00129705 1.710548 0.5
15.04,2010 ' 11:36:52) 0,004834 202,937 5761732 1.00129106 1.710521 0.75
15,04,2010 | 11:37:09 0,004943| 2025829 5,751977| 1.00136731| 1,707654 0,75
16,04,2010 | 11:37:27| 0,004943| 202,5843 5,75078| 1.00137v731 1,707022 0,75
15,04,2010 | 11:37:47 0004935 202,9133 5758637 1.00137704 1,709687 0,75
15,04.2010  11:38:02) 0,004939 2027739 5753445 1.00150049 1.,707998 0.75
15042010 11:42:31 0.00494 2027003 5,75074) 1.00133966 1.707243 1
16,04,2010 | 11:42:55) 0,004946 202,4798 5,743744| 1,00146487 1,705512 1
15,04,2010 | 11:43:13) 0,004942 2026207 5746686 1,00135137 1,706539 1
15,04.2010 | 11:43:28 0004946 2024777 5741646 1.00145487 1.70488 1
15,04.2010 | 11:43:44 0004927 2032685 5.,762763 1.00150391 1.710938 1
16,04,2010 | 11:46:35) 0,004934| 202,9769 5,272836) 1.00149804 1,708239 1,25
15,04.2010 | 11:46:57) 0,004947 2024063 5737701 1,00130406 1,703319 1,25
15,04,2010 114715 0,004939 202,7598 56838 1.00143049 1,706631 1,25
15042010 114732 0004943 2025829 506126 1.00136731 1.704822 1.25
16,04,2010 | 11:47:48| 0,004943 202,5849 5,742612| 1.00137731 1,704746 1,25
15,04,2010 | 11:52:300 0,004933 2030148 575201 1,00147207 1,708237 1.5
15,04,2010  11:52:52) 0,004937 2028314 5745182 1,00137878 1.70569 1.5
15,04.2010 © 11:53:09) 0.00494 20268682 5,74136) 100127967 1.705244 1.5

After the measurements thermistors’ resistances data are averaged. Then resistances data on

columns E and G (see Table 4) are averaged on magnetic field.
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After that the data is written to a temporary file (see Table 5).

Table 5. Structure of temporary file. Column N is magnetic field, Column O is resistance of
potential wires (See Fig. 33), Column P is resistance of Hall effect wires (See Fig. 33).

N | O | P
B r Hall

0| 5711463 1711243
0,25 5762375 1,710411
0.5 5666399 1710366
0,75 5755314 1708576
1 5749117 1,707022
1,25 5499642 1705551
15 5741806 1,70493
1,75 5736836 1703581
2 5733884 1702677
225 5723035 1697389
25 572348 1,696823
275 571874 1683746
3| 5.706314 1.693016
3,25 5717976 1,688936
36 5712964 1688536
3,75 5705209 1,685033
4 5648761 1683543
425 5700083 1665851
4.5 5704924 1,683983
475 5554316 1680223
5 5562045 1.68172

After that, using Eqgs 4.1 — 4.4, one may calculate the Hall coefficient, concentration, resistance
and mobility.

One can determine the temperature by taking in to account Fig 38 and average readings of
thermistor’s resistivity.
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45  GRAPHICS OF RESULTS

It was measured 3 samples from 1, 2 and 3 series. Sample #3 is doped with Co, and other samples
with Au.

454 Samplel

Resistance of thermistor in fine flow mode was 1007.649 Q and in fast flow mode 1468.074 Q).
Using Fig. 35 it can be determined that the temperature was T; =77 Kand T, =45 K

In this sample, Hall signal was very unstable. That’s why it is possible to plot only the resistivity
p(B) (see Figs. 36 and 37).
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Fig. 36. Magnetoresistance p(B) of the sample 1 at T, = 77 K.
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Fig. 37. Magnetoresistance p(B) of the sample 1 at T,=4.5 K.

It is obvious that at lower temperature increases the resistance, what is similar to semiconductor

behavior.
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455 Sample 2

Resistance of thermistor in fine flow mode was 1007.760 Q. Using Fig. 35 one can determine

the temperature T; = 76 K.

The resistance of this sample at temperature of T, was so high that measurements were possible

only at T; = 76 K (see Figs 38 — 40).
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Fig. 38. Magnetic field dependence of Ry for sample 2 at T, = 76 K.
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Fig. 39. Magnetoresistance p(B) of the sample 2 at T, = 76 K.
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Fig. 40. Magnetic field dependence of mobility x(B) in sample 2 at T; =76 K.

The graph shows that the mobility strongly decreases with increasing of magnetic field.
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45.6 Sample3

Resistance of thermistor in fine flow mode was 1007.343 Q. Using Fig. 35 one can determine the

temperature T; = 78 K.

The resistance of this sample at temperature T, was too high. Thus, graphs can be plotted only for

temperature T, (see Figs 41 — 43).
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Fig. 41. Magnetic field dependence of Ry for sample 3 at T; = 78 K.
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Fig. 42. Magnetoresistance p(B) of the sample 3 at T; = 78 K.
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Fig. 43. Magnetic field dependence of mobility «(B) in sample 3 at T; = 78 K.

As seen from Fig. 40 and 43, the mobility of the samples is practically the same. This may be
logical, bearing in mind that the samples are made from the same material by the same method.
Obtained experimental results of galvano — magnetic effects in glassy carbon samples some how

correlate with data for bulk carbon. Now these results are under further analyzing.
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CONCLUSIONS

As a result of this work automatic installation for galvanomagnetic measurements in the
temperature range 2 — 300 K and magnetic fields up to 6 T was prepared. This installation
demonstrated its accuracy and reliability what is confirmed by calibration measurement done in
diploma work of Marina Belova. In this work were performed first measurements of magneto
resistance and the Hall effect in nano glassy carbon samples. Obtained results are in some
correlation with results for bulk graphite and now are under analyzing. Shortly, with decreasing
of temperature increases the resistance, what is in agreement with solid state theory in the case of

carbon.
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