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We present pulsed electron spin resonance measurements of activated carbon fibers (ACFs) for pristine
samples and after adsorption of nitrobenzene in the fibers’ porous structure. Two-level tunneling state (TLS)
model is discussed in order to define the nature of paramagnetic centers and to explain the electron spin-lattice
relaxation mechanism in the studied system. Electron spin echo decay is dominated by spin diffusion at low
temperatures (below 7 K) and for higher temperatures the echo dephasing rate is governed by thermal excita-
tions of the TLS model. The model enables us to treat the nanographitic units being the basic structural units
of ACF, as quantum wells (dots) separated by potential barriers of the order of 25(2) cm™! determined from
temperature dependence of the spin-lattice relaxation rate. Stimulation of these barriers leads to spin localiza-
tion within nanographitic units. A possible control of the potential barriers is the crucial point for the problem
of nanographitic unit system treated as a quantum dot matrix.
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I. INTRODUCTION

Nanosized carbon systems having low-dimensional struc-
tures such as carbon nanotubes, graphene layers or ribbons,
and activated carbon fibers are of current interest due to their
unconventional properties' and potential applications in
nanotechnology and nanoelectronics.> A single sheet of
graphite called graphene has peculiar electronic and mag-
netic properties resulting from quantum size effect and can
display semiconducting or semimetallic character.>* Ther-
mally excited electrons in graphene behave like relativistic
particles called massless Dirac fermions and travel at very
high speed of 10°® m/s. Thus they conduct electricity with
virtually no resistance and move as if they were light waves.’
Fractional quantum Hall effect and Berry phase have been
discovered in such materials.%’

The general problem in the above mentioned graphitic
structures, including fullerenes,® is that these materials are
expected to be diamagnetic. However, the magnetic proper-
ties were discovered by magnetization measurements even in
the pure graphitic states,”* and clearly evidenced by strong
electron spin resonance (ESR) signals.!'~'* A specific source
of the magnetism observed in experiments, i.e., an origin of
unpaired spins in pure graphitic state and in graphitic struc-
tures, is still a subject of debate.”!>-1? In this paper we con-
sider this problem in activated carbon fibers.

Activated carbon fibers (ACFs) consist of graphite nano-
particles and are activated by heat treatment with simulta-
neous creation of nanoporosity., ACFs are a three-
dimensional disordered system of nanographitic units. Every
unit (grain) is approximately of 2.5 nm in diameter, contains
three to six graphene sheets, and has mass of about 1071 g.
The number of sheets can be evaluated from the shape of
Raman bands.?® The perfect AB stacking, existing in crystal-
line graphite, is disturbed in ACF nanoparticles.?! Moreover,
a slip of graphene planes produces orientational disorder, i.e.,
platelet-to-platelet angle can be randomly and widely distrib-
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uted. Interplane distance (0.353-0.378 nm) is greater than in
pure graphite (0.335 nm) and the planes are not necessary
equidistant. Another disorder can occur at nanographitic unit
edges (peripheral disorder), which are a combination of the
zigzag and armchair arrangements of the peripheral carbon
atoms. The disorder manifests itself as defect-type bands (D
bands) in Raman spectra.’’?> The edge shape and system
size critically determine the electronic and magnetic proper-
ties of ACF. Nonbonding m-electron states (edge states) are
created around the zigzag edges and can be the source of
spin magnetism due to electron localization. The magnetism
can be affected by various chemical species such as hydro-
gen and oxygen, which can terminate the peripheral carbon
atoms.

The electric properties of an ACF sample are determined
by intergrain contacts mainly and the conductivity is charac-
teristic of granular conducting systems.?® The size of slit-
shaped pores, existing between nanographitic units, is ap-
proximately 1.2—1.4 nm. Thus ACF samples are highly
porous with specific surface area up to 3000 m?/g and have
typical density of 1.6 g/cm?. The large specific surface area
and highly uniform porosity of ACF make them good and
selective adsorbers used in environmental toxin and pesticide
removal, protein separation, gas storage, and purification fil-
tering of organic solvents or white wine.

Adsorption of oxygen, nitrogen, and helium gas affects
the magnetic, electric, and structural properties of ACF.?*
Swelling of nanopores induced by gas uptake was observed.
Adsorbed oxygen induces structural rearrangement and
charge transfer from ACF to adsorbed oxygen. An influence
of adsorbed hydrogen atoms on magnetic properties of car-
bon nanotubes was observed by ESR.? A liquid adsorbed in
porous structure can also modify ACF properties. Moreover,
this gives a possibility of observation of molecules confined
in nanometer pores.’® The effect of H,0, CCl,, and
C¢HsNO, adsorption in ACF?**?7 was studied, as an increase
of potential barrier for charge carrier hopping and an in-
crease in the spin localization.
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The best method for studying magnetic properties and dy-
namics of radicals in carbon structures is ESR, which allows
distinguishing between various types of the radicals and de-
termination of the spin concentration. ESR signal of crystal-
line “bulk™ graphite is characteristic of conduction electron
spin resonance with the single line of the Dysonian
shape.?8-30 ESR signal of polycrystalline graphite also comes
from the highly delocalized unpaired electrons (charge
carriers).'? Similarly as for bulk graphite the ESR spectrum
consists of a single asymmetrical Dysonian line, which be-
comes symmetrical and Lorentzian for highly dispersed
graphite powders when microcrystal dimension becomes
lower than the skin depth (few microns). This line is rela-
tively narrow (0.3 mT) and homogeneously broadened due
to motional narrowing effect produced by dynamical delocal-
ization of the unpaired electrons over large number of grains.
Conduction electron spin resonance was observed also in
single-wall and multiwalled nanotubes but with broader
Dysonian lines (1-2.5 mT).3"32 Two symmetrical Lorentz-
ian lines were distinguished in ESR spectrum of nanohorns
prepared by a laser evaporation of graphite.>* The broad line
(0.45 mT) sensitive for oxygen arises from amorphous
interior of nanohorns whereas the narrow line (0.25 mT) is
due to the charge carriers in two-dimensional graphenelike
sheets.

ESR signals in nanographitic units of ACF display
Lorentzian line shape since the nanoparticle dimensions are
lower than the skin depth. Thus, the line shape cannot simply
identify a conduction electron ESR signal. In nanographite
prepared by heat treatment of diamond nanoparticles the
two-component ESR spectrum was recorded.’* Above 170 K
the single broad signal with the linewidth growing with tem-
perature (peak-to-peak linewidth=3.7 mT at 295 K) was ob-
served and assigned to 7 electrons at the graphene edge
states. At lower temperatures an additional narrow signal ap-
pears with the temperature independent linewidth
0.4-0.5 mT. This signal was assigned as due to localized
spins associated with structural defects.

We recently published ESR studies of activated carbon
fibers.>>3 We have shown that ESR spectrum of pristine
ACEF consists of a single narrow (AB,,=0.32 mT) Lorentz-
ian line at g=2.0031. The ESR signal is assigned as due to
localized unpaired electrons (not to the charge carriers) and
its linewidth is temperature independent. When H,0, CCl,,
and CgHsNO, molecules were adsorbed in ACF then a three-
component ESR spectrum was observed. Except for the nar-
row line characteristic of pristine ACF two broader Lorentz-
ian lines appear. The second signal (AB,,~2 mT) was
assigned to host nanographitic units surrounded by guest
molecules captured into ACF nanopores. The broadest com-
ponent shows strong increase of the linewidth with tempera-
ture from 4.5 mT at 10 K to 13 mT at 120 K. This line was
assigned to the surface centers of ACF.

In this paper we describe the results of pulsed ESR mea-
surements, both of pure ACF and of ACF with adsorbed
guest nitrobenzene molecules (NB=C4Hs;NO,), which de-
liver information on nature and dynamics of paramagnetic
centers in nanographitic systems and on the host-guest inter-
action. The host-guest interactions determine the possibilities
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of spin manipulations in ACF treated as a quantum dots
matrix.?* Spin population control is very important from the
point of view of possible future spintronic applications of
nanographitic unit system.3°

Pulsed electron spin resonance methods use electron spin
echo (ESE) signal for studying dynamical behavior of a spin
system by observation of spin system magnetization behav-
ior after short (nanoseconds) microwave pulse excitation.
Pulsed ESR has not been applied so far for investigation of
nanographitic systems, although it offers very promising pos-
sibilities. In contrast to classical continuous wave ESR,
which operates on resolved spectral lines, the ESE methods
work on much narrower nonresolved spin packets forming
inhomogeneously broadened ESR lines. Electron spin echo
can be excited for inhomogeneously broadened ESR lines
only. This allows immediate distinguishing between ESR
signals of delocalized spins (conduction electrons) having
homogeneously broadened ESR lines and ESR signals of
localized spins.

A spin packet is a group of spins having the same reso-
nance Larmor frequency. Spin packets forming an ESR line
differ slightly in this frequency and are a consequence of
nonresolved superhyperfine structures or inhomogeneity of
the system or the external magnetic field. Because the spin
packets are very narrow (typically tens of microtesla), they
are very sensitive to molecular and atomic dynamics. ESE
signal allows observation of fast relaxation processes in un-
paired electron spin systems. Magnetization of a spin system
disturbed by pulse excitation returns to the equilibrium in
time order of seconds at liquid helium temperature and mi-
croseconds at room temperature. It is due to spin-lattice re-
laxation processes. Moreover, microwave pulses of reso-
nance frequency produce coherent precession motion of
electron magnetic moments of spin packets. Dephasing of
the coherent precession appears in time of nano- to micro-
seconds and is visible as electron spin echo signal decay. The
decay rate is sensitive to spin diffusion and spectral diffusion
within the spin system and to local motions of a radical
center or its surrounding.

Spin-lattice relaxation has been considered with relation
to the broad ESR line (2 mT at 4.2 K) in graphite nanopar-
ticles prepared by heating of diamond nanoparticles.>* The
relaxation time 7= 10 ns was estimated from the linewidth
of the homogeneously broadened ESR line at room tempera-
ture and the relaxation was described in terms of scattering
processes of conduction electrons related to the 7r-electron
edge states. In this paper we present relaxation of electron
spins localized in ACF structure.

II. EXPERIMENT

ACF samples were acquired from Osaka Gas Chemicals
Co. Ltd., Japan. The ACF samples with pore size
1.2—1.4 nm were used. Before adsorption of the nitroben-
zene guest, the ACF samples were evacuated at 200 °C at
10* mbar for 1 h to ensure that the pores are empty. The
nitrobenzene underwent triple distillation process in order to
remove water and oxygen impurities. The samples for ESR
measurements were degassed and sealed under vacuum to
avoid contact with atmospheric oxygen.
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FIG. 1. ¢cw-ESR and ED-ESR spectra at low temperatures: (a) pristine ACF. The ED-ESR signal is recorded in the form of absorption
curve, whereas cw-ESR signal is recorded as the first derivative of the absorption. (b) In the cw-ESR spectrum of ACF+NB the three
components can be distinguished (Refs. 23 and 35), whereas in ESE experiments the echo signal can be induced with spins in narrowest line
only. The ED-ESR line is differentiated for better comparison with cw-ESR spectrum.

ESE measurements were performed with a Bruker ESP
380E FT/CW spectrometer equipped with an Oxford CF935
flow helium cryostat. Two types of pulsed experiments were
performed. At first we recorded electron spin resonance spec-
trum using pulse excited electron spin echo signal (echo de-
tected ESR=ED-ESR). In the second experiment we mea-
sured the electron spin-lattice relaxation using saturation
recovery method and the electron phase relaxation (ESE
dephasing) by ESE decay. The measurements were per-
formed in the temperature range 5—38 K. At higher tempera-
tures the ESE signal vanishes in the spectrometer dead time
(about 80 ns) due to the very fast ESE dephasing and simul-
taneously the electric conductivity becomes too high even
for continuous wave ESR spectrum detection.

In the ED-ESR experiment the two-pulse ESE amplitude
is registered when external magnetic field is swept through
the ESR spectrum. The ED-ESR spectrum has the absorption
shape and allows differentiating between lines having differ-
ent ESE dephasing time called the phase memory time 7.
The two-pulse sequence used in this experiment was the
same as used during spin-lattice relaxation time measure-
ments described below. The spin-lattice relaxation time 7}
was determined by measurements of the ESE amplitude after
pulsed saturation with the pulse of 72 ns duration for pure
ACF and 56 ns for ACF+NB sample. The full saturation
was achieved with these pulses. The recovery of the magne-
tization was observed using a Hahn-type ESE signal gener-
ated by two identical 48 ns pulses with the interpulse interval
200 ns for the pure ACF sample and 80 ns-200 ns-48 ns se-
quence for ACF+NB sample. The pulse duration was experi-
mentally chosen to obtain full saturation and maximal echo
amplitude. The recovery of the magnetization after saturation
was described as a sum of two exponential functions in the
whole temperature range. The shorter component is weaker
and is temperature independent. This component becomes
negligible at higher temperatures and it seems to be an arti-
fact, so we present results for 7| time derived from the
longer exponential recovery component.

The phase memory time T),, describing the dephasing of
the spin precession motion (ESE amplitude decay), was mea-

sured with the same two-pulse sequence as used during the
spin-lattice relaxation measurements. The echo signal decay
was exponential over the whole temperature range.

III. RESULTS AND DISCUSSION

A. Electron spin echo detected electron spin resonance
spectrum

Low temperature ESR spectrum of ACF recorded as the
first derivative of the absorption (typical continuous wave
ESR spectrum) and the pure absorption spectrum recorded
by the ED-ESE method are compared in Fig. 1(a). The single
ESR line of 0.32 mT linewidth is well reproduced by the
ED-ESR line. The existence of the ESE signal in the pristine
ACEF is a proof that ESR line is inhomogeneously broadened.
This confirms that the unpaired spins are localized in the
nanographitic particles. Two questions should be answered:
(1) What is the reason of the inhomogeneous broadening,
i.e., what is an origin of spin packets forming the ESR line?
Two possibilities can be considered. ESR g factors can be
slightly different for radical centers located in different sites
of the sample. Such dispersion of g value is generally ob-
served in disordered and amorphous solids and has been ob-
served in coal samples also.’” It seems that small g-factor
dispersion can take place in nanographitic units of ACF. The
second possibility is related to dangling bonds on peripheries
of pure nanographitic units. These bonds are practically satu-
rated and it can be due, at least partially, by attaching hydro-
gen atoms during ACF preparation. Hyperfine coupling be-
tween unpaired electron spins and hydrogen nuclei will
produce inhomogeneous broadening of ESR line. The latter
possibility can be rather excluded, as it will be seen from the
results of ESE dephasing experiments. (2) More fundamental
question is related to the origin of unpaired spin states in
ACEF. There is still not definite answer for this question. Five
different structure defects have been so far considered as
responsible for unpaired electron creation: (a) dangling o
bonds on edges of graphene sheets;'¢ (b) a defect in a form
of adatom, which can be a carbon atom lying on a graphene
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plane and bridging a carbon-carbon bond on the graphene
surface; (c) a carbon vacancy formed by removing a carbon
atom from graphene sheet and relaxing to the pentagon
structure;!” (d) sterically protected carbon radicals which are
immobilized in the aromatic system of sp2 bonded carbons;!'8
and (e) localized nonbonding -electron states at zigzag
graphene edges.®?033

It should be noted that the density of the unpaired spins is
very low. It is known that there exists one unpaired electron
per 60 carbon atoms in graphite and per over 10* atoms in
carbon nanotubes.?? In graphite nanoparticles formed from
diamond nanoparticles by heating, the rather high density
10'%/g of the unpaired spins was found.’* We evaluated this
density in our ACF samples, from ESR line intensity at 40 K
with respect to ultramarine standard, as being 3.6 X 10'4/g.
This is relatively low density indicating that in ACF there is
about 3.6 X 107 unpaired spins per nanographitic unit (as-
suming single nanographitic unit mass ~107'° g). Low den-
sity of the radical centers and its uncontrolled dependence on
a graphitic system and preparation method indicate that the
unpaired electrons are localized onto structural defects and
rather are not related to the nondisturbed structure of
graphene sheets forming the nanographitic particles.

After treatment of the ACF with nitrobenzene the ESR
spectrum essentially changes [Fig. 1(b)]. Except the narrow
(0.32 mT) line the two additional broader components ap-
pear in the spectrum. The 1.9 mT broad line is temperature
independent and corresponds to 6.3 X 10'3/g spin density.
The broadest line with the peak-to-peak width 4.0 mT at
4.2 K corresponds to the spin density 1.3 10'7/g. This line
broadens with heating. Electron spin echo detected ESR
spectrum [shown as its first derivative in Fig. 1(b)] clearly
displays signal from the narrowest line only, the same as in
pristine ACF, except a small increase in the line amplitude.
Thus, the two spectral lines are homogeneously broadened
and are due to unpaired spins delocalized over nanographitic
units.

It seems that the two broadest lines can correspond to the
ESR lines observed in the graphite nanoparticles created
from diamond nanoparticles.* Thus, the similar paramag-
netic defects can be created by liquids adsorbed in nanopores
of graphitic nanoparticles and by graphitization of nanodia-
mond powder at high temperatures (above 1500 °C) in an
inert atmosphere. This suggests that the delocalized spins
appear on grain surfaces.

B. Electron spin-lattice relaxation

Spin-lattice relaxation rate 1/7] is typical for amorphous
systems where phonon-type dynamics does not exist, i.e., the
relaxation rate 1/7; is relatively fast at very low tempera-
tures (as compared to crystalline solids) and rather slowly
grows with temperature. Temperature dependence of the re-
laxation rate in pristine ACF and after nitrobenzene adsorp-
tion is presented on Fig. 2. The dependence is well described
by the following equation:

1 A
— =aT+ b cosech| — (1)
T, kT

with parameters 5=3.9X10° s™!, A=24(2) cm™'=35K
=0.28 kJ/mol. The linear term a7 appears only in the
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FIG. 2. Temperature dependence of the spin-lattice relaxation
rate 1/7, for ACF and ACF+NB samples. The solid lines are the
best fits to Eq. (1) with thermally activated process having activa-
tion energy 24 cm™!.
nitrobenzene treated samples ACF+NB with a
=550 s~! K=!. This term generally appears in samples where
distribution of paramagnetic centers is not perfectly
uniform.?® The second term describes the relaxation mecha-
nism operating in nanographitic units. Relaxation theories
predict that this mechanism can be related to (a) two-level
tunneling states (TLSs);***! (b) local tunneling oscillators
having large amplitude of vibration and trapped in a sym-
metrical double potential well having two low-lying vibra-
tional states with splitting A and not populated excited vibra-
tional states. The experimental A value seems to be too small
for this mechanism (typically A=80—150 cm™!);42 (c) Mur-
phy mechanism*? which involves spin diffusion and phonon-
induced simultaneous spin flip and an excitation of a local
vibrational state of surrounding molecules such as reorient-
ing NH; groups and mediated by spin-spin dipole coupling.*?
This mechanism can be excluded in nanographitic units, ex-
cept the case when tunneling molecular groups are attached
to peripheral dangling bonds; (d) relaxation via a small num-
ber of rapidly relaxing pairs of paramagnetic centers in the
case when pair-bath relaxation is the rate-limiting step in the
overall relaxation process.** Radical pair formation is prac-
tically not probable for such small overall spin densities as
we determined in our samples. Moreover the ESR spectra do
not show any trace of pair lines.

Thus the most probable mechanism of the electron spin-
lattice relaxation in nanographitic structure are thermal exci-
tations between TLSs having splitting A=24 cm™'. TLS is a
theoretical concept, which assumes that the potential energy
surface of an amorphous or disordered solid contains many
shallow asymmetric local minima, which can be approxi-
mated by a collection of two-level double wells. In disor-
dered and amorphous materials such potential minima can be
imagined as two local conformations of molecules or two
possible sites for some atoms. Possible orientational and pe-
ripheral disorders in nanographitic units, described in the In-
troduction, can lead to the TLSs. Also tunneling of a carbon
adatom between two positions can produce spin relaxation
described in terms of TLS theory. We are not able to identify
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the molecular origin of the TLSs in the studied material. The
electron spin-lattice relaxation mechanism involves coupling
of a radical center to the phonon-induced relaxation of a
nearby-localized TLS.*® The energy A in Eq. (1) should be
treated as an average energy difference between ground
states of various TLSs, which are expected to have a disper-
sion of A values due to a disorder existing in a solid. The
dispersion of A in ACF is very small, similarly to very small
dispersion in g factors, otherwise the recovery of magnetiza-
tion would be described not by the pure exponential function
M_.=My[1-exp(-#/T;)] but by stretched exponential M,
=M[1-exp(~t/T,)P] with stretched exponent S related to
the degree of the disorder as generally observed in amor-
phous materials.*> The very small dispersion of A and g fac-
tor indicates that the studied ACF is a very homogeneous
system with a very small dispersion between nanographitic
units. It suggests that TLSs are intrinsic property of the nan-
ograins which is detected by paramagnetic centers. The TLS-
containing nanographitic particles of AFCs can be consid-
ered as quantum wells or quantum dots,*® as we already
mentioned discussing electric conductivity results.>?> They
have spins localized within nanoparticles and well defined
discrete energy levels without distribution of parameters.
Thus, except for well known quantum dots in semiconduct-
ing nanocrystals which confine electric charge carrier mo-
tions in all spatial directions,*® we suggest their existence in
graphitic nanoparticles. One should notice, that the quantum
dot concept is not restricted to semiconducting and metallic*’
nanocrystals, and that our idea of quantum dots, localized in
graphitic nanoparticles, well inscribes in general picture of
low-dimensional nanosized quantum system. All atoms are
quantum dots. Quantum dots were identified in micelles of
biological systems,*® in molecular metal redox centers,*” and
in living cells and dyes.® Quantum dots are called qubits in
quantum computing nanotechnology, and the “quantum dot-
cellular automata” is a promising concept in molecular
electronics.’!

C. Electron spin echo dephasing (phase relaxation)

After pulsed excitation the electron spin echo signal
quickly decays. Various processes producing randomization
of the precession phase of excited spins can produce the
decay. As the result the perpendicular magnetization, formed
by a coherent precession of spins excited by the first pulse,
decays in time and vanishes in typical time of microseconds.
The two-pulse ESE amplitude V decay is characterized by
so-called phase memory time 7,;,, which in a simple case
of exponential decay, is defined by the equation V(7)
=V, exp(-27/T),) where 7 is the interpulse interval. The de-
cay of ESE amplitude in ACF and ACF+NB is shown in Fig.
3. The decay rate is different in both samples and does not
show any electron spin echo decay envelope modulation,
which is generally produced by weak dipolar interactions
with surrounding magnetic nuclei. It means that in pristine
ACF the edge dangling bonds are not saturated with protons
and that after nitrobenzene adsorption there is no interaction
between localized spins and nitrobenzene protons and/or ni-
trogen nuclei. This indicates that the radical centers, local-
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FIG. 3. Electron spin echo amplitude decay in ACF and ACF
+NB at 22 K. The recovery is exponential and shown by the solid
lines resulting from Eq. (2).

ized in pristine ACF structure and giving narrowest ESR
line, are located at a distance larger than about 0.5 nm from
nanopores where nitrobenzene molecules are adsorbed. The
ESE decay was exponential in the whole temperature range
and described by the equation

V(1) = Vyexp(- a\s’;— b7). (2)

The best fit to Eq. (2) is shown by solid lines in Fig. 3.

The first term in Eq. (2) is characteristic of spin diffusion,
i.e., a transfer of spin excitation energy between excited and
nonexcited spins of the system.*>? This is due to dipole-
dipole flip-flops and thus is temperature independent. The
second term in Eq. (2), i.e., Vyexp(=b7), can have a few
sources:>” (a) instantaneous diffusion,” i.e., dephasing pro-
duced by the second microwave pulse which perturbs dipolar
coupling between excited spins (the instantaneous diffusion
is temperature independent); (b) molecular motions which
produce temperature dependent broadening of the spin pack-
ets forming an ESR line;’* (c) spin-lattice relaxation pro-
cesses effective in higher temperature range.>* It should be
noted that for samples with adsorbed nitrobenzene, where
microwave pulses excite only spins in the narrowest inhomo-
geneously broadened line, the spin diffusion and instanta-
neous diffusion are governed by dipolar coupling within the
whole spin system, i.e., spins in both nonexcited lines are
also involved.

Figure 3 shows that the phase relaxation is faster in pris-
tine ACF samples than in ACF with adsorbed nitrobenzene.
It suggests that adsorbed molecules influence the ESE
dephasing mechanism. A difference in behavior of pure ACF
and ACF+NB is well visible in temperature dependence of
the phase memory T),. The effective phase memory time 7,
characterizing total decay described by Eq. (2) is defined as
the time where ESE amplitude V decreases to V,/e value.
The temperature dependence of the dephasing rate 1/7), is
shown in Fig. 4. This experimental dependence is well de-
scribed by the following equation:>*%

014304-5



LIJEWSKI et al.

1.0x10%
o~ 7.5x10°
)
|:E
~ 5.0x10°
X ACF+NB
5
2:5510 1/T, contrib.
0 10 20 30 40

Temperature (K)

FIG. 4. Temperature dependence of the ESE dephasing rate
1/ Ty (Ty is the phase memory time). The exponential increase in
1/Ty, is due to thermally activated motion with activation energy
27 cm™! for ACF and 44 cm™! for ACF+NB.

(i) )eeenl-3) 0
Ty \Ty)o \1,) TP\ T g ) ®)

where ¢ is a coupling coefficient.

The temperature independent term (1/7);), is due to spin
diffusion and instantaneous diffusion and has a different
value in ACF and in ACF+NB. The lowering of the (1/T},),,
when NB is adsorbed in ACF, is due to a screening of the
paramagnetic centers by nitrobenzene molecules leading to a
decrease in effective dipolar coupling between unpaired elec-
trons. The second term describes possible ESE dephasing
due to spin-lattice relaxation processes. The contribution of
this term is temperature dependent as visible in Fig. 3 and is
simply calculated using the parameters of Eq. (1). This con-
tribution is very small and is shown by a dashed line in Fig.
4. The exponential term in Eq. (3) is related to molecular
dynamics in a slow motion range? and is responsible for the
temperature dependence of the dephasing rate. The best fit of
Eq. (3) to the experimental points is shown by a solid line in
Fig. 4 with parameters listed in Table I. An increase in 1/7),
with temperature indicates that the spin packet width AB,, ;..
grows with temperature as a result of molecular motions in
which the radical center is involved. The AB,,,.,, is related
to the dephasing rate as

L _Bews
Ty(s) 2 h

ABpacket( T) > (4)

which gives AB,, =9 uT at 10 K both for ACF and
ACF+NB, and AB,,;.,,=26 uT for ACF at 25 K. These very
narrow spin packets are easily influenced by molecular
dynamics.®
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The above results show that molecular motions in nan-
ographitic units are strongly suppressed when adsorbed NB
is frozen in nanopores at low temperatures. It is reflected by
an increase in activation energy AE and a decrease in the
coupling coefficient ¢ in Eq. (3). The value of AE
=27 cm™! determined from the phase relaxation is, within
experimental accuracy, the same as value AE=24 cm™! de-
termined from temperature dependence of the spin-lattice re-
laxation. It means that the same thermally activated motion
(TLS dynamics) is a source of both the spin-lattice relaxation
and the ESE dephasing, although mechanisms of the relax-
ations are different.

IV. CONCLUSIONS

Activated carbon fibers show granular structure and dis-
play electronic conductivity limited by tunneling or hopping
of charge carriers between grains with activation energy
219 cm™! for hopping.?® At low temperatures (below 100 K)
the itinerant electrons become progressively localized allow-
ing observation of ESR signal®*3> and generation of ESE
signal below 40 K. The low temperature localization of un-
paired electrons is evidenced in electron spin echo experi-
ments. An ESE signal can be induced only when the ESR
line is inhomogeneously broadened, which is not possible for
dynamically delocalized centers. The line inhomogeneity
seems to result from dispersion of the ESR g factors. The
dispersion is relatively small indicating a good homogeneity
of the granular system.

Electron spin relaxation delivers information about inter-
nal dynamics of nanographitic units. Both the spin-lattice
relaxation and phase relaxation data indicate that this dynam-
ics can be described as thermal excitations in double well
potential with average activation energy of about 25(2) cm™!
(average from T, and T, results), which can be described in
terms of the TLS model. This model shows that individual
nanographitic unit can be treated as a quantum well (dot)
having localized spin states. To find mobile electrons out of
the edge, a potential barrier stimulation between separated
nanographitic units is necessary.

When nitrobenzene molecules are adsorbed in nanopores
of the ACF, the two broad lines appear additionally in the
ESR spectrum. The spins of these lines do not produce ESE
signal, thus are homogeneously broadened due to unpaired
electron delocalization. Guest nitrobenzene molecules reduce
the spin diffusion and/or instantaneous diffusion, which are
governed by dipole-dipole coupling between unpaired elec-
trons. Nitrobenzene influences also the TLS dynamics pro-
ducing an increase in the barrier height between potential
wells from 25 to 44 cm™!. The results suggest that one can

TABLE 1. Parameters used for best fit of Eq. (3) to experimental points in Fig. 4.

(1/Ty) ¢ AE
ACF 3.7X10° s7! 3.48x10° 57! 27(2) em™'=0.32 kJ/mol
ACF+NB 23%x10° 57! 8.5X 100 s—1 44(8) cm™'=0.52 kJ/mol

014304-6



ELECTRON SPIN RELAXATION AND QUANTUM...

influence the potential barrier between TLS states in ACF
particles both by the temperature and by guest molecules
adsorbed in porous system of ACF. This can be related to a
reduction in size of nanographitic unit produced by guest
molecules®>3 and/or changes in the edge states present
around the peripheries of the graphene sheets,>* which are in
contact with guest molecules located in nanopores. Finally,
we conclude that both the results for pristine ACF and for
ACF with adsorbed guest molecules indicate possibilities of

PHYSICAL REVIEW B 77, 014304 (2008)

control of nanographitic unit system treated as a quantum dot
matrix.
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