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Abstract

The electron-spin-resonance (ESR) features of tetrahedral amorphous carbon (ta-C) samples deposited by S-bend
filtered cathodic vacuum arc (FCVA) are investigated in a wide temperature range (4.3-295 K) before and after post-
deposition annealing at 500 °C. Special attention is given to the temperature dependence of the linewidths. While the sp*
content does not change with annealing, the temperature trend of the linewidth becomes much smoother for post-
deposition annealed samples. The results are discussed in terms of different possible mechanisms of motional line-
narrowing and line-narrowing due to hopping motion. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 81.05.uw; 76.30.-v; 66.35.+a

1. Introduction

In amorphous carbons [1], the nature of the
defects is still unclear, although, at least for a-C:H,
some explanation was recently attempted [2] in
terms of defects of (micro-)crystalline graphite.
This explanation, however, cannot account for the
nature of paramagnetic centres in tetrahedral
amorphous carbon (ta-C), since such material does
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not contain neither sp?> aromatic islands nor dan-
gling bonds but, more likely, sp? sites clustered in
chains and/or isolated sp? sites [1,3]. On the other
hand, besides the nature of defects, it is crucial to
understand their behaviour in the framework of
the transport properties. Such behaviour can be
investigated by electron-spin-resonance (ESR)
spectroscopy.

Despite amorphous carbons [1-3] and amor-
phous silicon are so different, a common point is
that, in each of these two classes of materials, the
transport of charge and the transport of the spin
excitation present some analogies [4,5]. Since the
ESR linewidths are related with the spin relaxation
times, the temperature trends of the ESR linewidth
are powerful tools to investigate the mobility
processes of unpaired electrons [4,5]. Indeed, if the
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signals are hopping- or motionally narrowed, the
linewidths decrease with temperature. Following
this approach, it is clear that, in order to get a
deeper understanding of the spin relaxation times,
one needs data acquired at various temperatures.
Here we present a temperature investigation of the
spin relaxation processes in ta-C. The nature of the
spin—spin interaction will be discussed.

2. Experimental

Ta-C films were simultaneously deposited on
quartz and Si substrates using a filtered cathodic
vacuum arc (FCVA) system with an off-plane
double bend (S-bend) magnetic filter. An optimal
filtering of the graphitic macroparticles is obtained
with this system. Thus, ta-C films homogeneous at
the nano scale are consistently deposited [6]. Our
samples have ~85% sp® as determined by electron
energy loss spectroscopy (EELS) [6].

ESR measurements were performed in the X-
band (w,» ~ 10 GHz) with a Bruker ESP300E
spectrometer. The spin densities and the g-factors
were obtained at room temperature by comparison
of the film signal with the reference signal gener-
ated by water solutions of TEMPO at known di-
lution. The silicon substrates were then etched and
ta-C powder collected. The etching process is the
same used to prepare the EELS specimens. Room
temperature measurements were performed in or-
der to check the consistency of the results obtained
for the powder and for films deposited on quartz
and silicon substrates. Low-temperature measure-
ments were performed on the powder under static
vacuum (1073 mbar) at liquid nitrogen (77 K) and,
down to 4.3 K, in a liquid-helium cryostat. At
each temperature, microwave powers between 1 to
160 mW were used in order to check the saturation
behaviour of the signal and to estimate (under the
assumptions of homogencous system, and 7; < 1,
[7,8]) the spin-lattice (t;) and spin-spin (t,) re-
laxation times. The powder and one of the quartz-
deposited films were then annealed at 500 °C in
vacuum (3-5 x 107> mbar) in a tubular oven. The
ESR measurements were then repeated. The EELS
measurements showed that no change in sp® con-
tent occurred after this annealing procedure.

3. Results

By considering the series of ESR measurements
recorded at different temperatures, we note that
the signal linewidth increases as the temperature
decreases (Fig. 1). In the as-deposited sample and
above Ty = 15 K, the signal is Lorentzian (Fig. 2).
However, for T < T, a transition occurs, the signal
line-shape becomes a Gaussian and Lorentzian
mixture and there is a steep increase of the signal
linewidth. After annealing the sp> content remains
unchanged, but a spin density reduction from
7.5(£1.5) to 2.5(£0.5) x 10* ¢cm~* occurs and a
less marked decrease of the ESR linewidth with
temperature is found (Fig. 1). The transition at
To = 15 K disappears and the signal has the same
(Lorentzian) line-shape from 295 to 4.3 K. The
integrated area of the spectra always increases with
the Curie law [7]. The g factor (2.0024 £ 0.0002) is
same before and after annealing.

The spectra recorded at different micro wave
power show that the spin-lattice relaxation times 1,
are very fast, both in the as-deposited and the an-
nealed sample. At room temperature and down to
15 K, no saturation of the signal is detected up to
160 mW. This means that 7; can be estimated to be
< 5x 1078 s [7]. Only below 15 K a weak satura-
tion can be observed. At 6 K, the spin-lattice re-
laxation times are estimated to be 1y = 1 x 1077 s
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Fig. 1. ESR linewidths of two ta-C samples (as-deposited and
post-deposition annealed to 500 °C) as a function of the mea-
surement temperature. The sharp trend of the as-deposited
samples becomes much smoother in the post-deposition an-
nealed ones.
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Fig. 2. Integrated ESR signals of the ta-C samples of Fig. 1.
The change in lineshape of the as-deposited sample when
measured at 5 K has no counterpart for the post-deposition
annealed one.

and 7, = 8 x 1078 s for the as-deposited and an-
nealed samples, respectively. The spin-lattice re-
laxation times 7, are longer than 5 x 10~% s only at
T ~ Ty (i.e. when the as-grown sample approaches
the sharp increase of the linewidth) so that, at such
temperature, 7, ~ 7, ~ 1 x 1078, This means that
the spin-lattice relaxation times we can calculate by
the saturation method (i.e. under the assumption
T > 1, see above) are meaningful in their actual
values only at 7 < Tj. At the opposite, for 7 > T
the primary channel of immediate spin-to-spin
energy transfer competes with a ‘secondary’ chan-
nel involving a ‘mediated’ energy transfer: first,
from an excited spin to the lattice; second, from
the lattice to another spin (i.e. a strong hopping
mechanism). As t; decreases much faster than 7,
with temperature [7], the primary channel will be
readily short-circuited by the other as the tem-
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Fig. 3. Spin-lattice relaxation time 7, at different temperatures.
The data scale with the inverse of the temperature, suggesting
the relaxation to occur by direct processes.

perature increases. Only below T7; (i.e. at the lowest
T) due to the increase of t; (now measurable with
saturation methods) the non-mediated (primary)
spin—spin channel comes into play. According to
our data (Fig. 3) t; decreases with temperature as
T-!. This means [7] that the spin excitation is ab-
sorbed by direct processes exciting long wave-
length lattice vibrations, resonant with the Larmor
frequency. Since the spin-lattice relaxation does
not depend on the spin—spin relaxation, a similar
trend 7,(7) oc T~ and similar processes probably
occur also at 7' > T;. This is also supported by the
results obtained in a-C(:H) where 7, can be mea-
sured by the saturation method up to room tem-
perature and shown to decrease as 7" (1 < n < 2)
[4]. The simultaneous occurrence of t; ~ 7, and
direct spin-lattice processes (exciting lattice vibra-
tions at frequencies w, comparable to the Larmor
frequency w,w) show that the role of the lattice is
crucial in determining the temperature dependence
of the linewidth.

Finally, from the spin densities, the non-
randomised distances between point-like spins are
2R, = 14 and 20 A, respectively, before and after
sample annealing. They correspond to randomised
[13] spin-spin distances of 2R = (3/4) 2R = 10 and
15 A. Both distances are quite larger than the
sp? cluster sizes in ta-C (3-5 A, if we hypothesise
the sp” sites to be in short chains and we assume a
C=C pair to be =~ 1.4 A long[1]). This means that,
at 0 K, the unpaired electrons are not overlapped
and the linewidths are not exchange-narrowed but
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the distances are not so large to consider the
paramagnetic centres to be diluted.

4. Discussion

In ta-C, the only active nucleus present (*C)
has a low abundance (~1%), ruling out the hy-
pothesis of unresolved hyperfine broadening. In all
amorphous carbons, the high field data (Q- and
W-band) have shown that no or little change in the
linewidth occurs by changing the microwave fre-
quency @y, ruling out the line broadening due to
a spread of the g factors [2,9]. This led to assume
[8] the main source of line broadening to be the
dipole—dipole interaction. In an homogeneous
system with N spins per cm® and g ~ 2, the di-
polar broadening of the signal (in Gauss) is found
to follow the law AHp;, ~ 8 x 107N [8], (i.e.
AHp;, = 60 G before and AHp;, = 20 G after an-
nealing). At each considered temperature, the
purely dipolar linewidths are higher than the real
ones: Aflp;, > AH,,,, indicating that a temperature
dependent line-narrowing mechanism comes into
play. Three different line-narrowing models will be
discussed in the following sections.

4.1. Floating bonds

In poly-Si(:H) films Nickel and Schiff (NS) [10]
assume the linewidth to be motionally narrowed
due to the migration of the dangling bonds in the
lattice, but no temperature effect was found by
the authors in amorphous-Si:H. They estimated the
linewidth as

AHyp, = AHgip /[1 + 0 (T) /7c(T)]- (D)

However, assuming a diffusion rate 1/tc =
o exp(—Ep/kpT) (as it would be assumed for
floating bonds in the lattice) Eq. (1) provides
curved-down lines [10], not fitting our trends, that
are curved-up (Fig. 2). Actually, Eq. (1) is not
valid when 1, ~ 1,. Beside these evidences, the use
of the NS model on ta-C is unphysical. The
paramagnetic centres are very different with re-
spect to the poly-Si(:H) ones: they are not diluted
dangling bonds but, more probably, sp? sites or
clusters [1,3] which migration, if occurring, would

require the break and reconstruction of more (and
more rigid) bonds. In our knowledge, there is no
model supporting the migration of sp? sites in ta-C.
Moreover in poly-Si(:H) the effect was at T >
300 K while our linewidths sharply change at low 7.

4.2. Non-floating bonds and variable range hopping

Another explanation (originally proposed for
glow-discharge deposited a-Si [11]) involves the
line-narrowing hopping motion of the electrons in
the lattice, with the ionisation of part of the iso-
lated sp? sites or odd-fold clusters responsible to
the ESR signal, but without any bond breaking or
reforming. In the presence of pure dipolar broad-
ening the linewidth can be written [12]

1 AHZ tc(T
op = — zL() for wyptc > 1;
Y12 Y
1 2AH; (T
AH,, = = ~ d%c() for o,wte < 1. (2)
2 n

Eq. (2) represents two ‘extreme’ behaviours, the
former corresponding to 7; < 1,, the latter (valid
for w,wtc < 1, equivalent to 7, ~ 7, [12]) being the
most appropriate in our case. In a semilogarithmic
plot (Fig. 4(a)) the linewidths linearly decrease as
T~/ suggesting a variable-range hopping [13] of
the unpaired electrons. The characteristic correla-
tion time tc would be [13]

B
I/TC:CUHOP%COQCXI)(—TI/“) (3)

with B~ 1.66[4%/(ksN(E))]'* and the decay
length A is assumed to not change with tempera-
ture, while the temperature dependence of the
hopping range is R~ [0.834]"*/[N(Ep)ksT]"*
[13]. However, by substituting Eq. (3) into Eq. (2)
and fitting our linewidths (Fig. 4(a)) the calculated
hopping ranges are R(295 K) = 0.08 and 0.2 A or
R(43K)=03 and 1.0 A, (before and after
annealing, respectively). They are unphysical
and inconsistent with the inter-spin distances in-
volved by the spin densities (> 10 A, Section 3).
More realistic parameters could be obtained
assuming the unpaired electrons to sit on the band-
tails rather than at Fermi level [14], but the band
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Fig. 4. The same data of Fig. 1 on a semilogarithmic plot (a) as
a function of 7-'/* (hinting a variable range hopping process)
or (b) as a function of T2 (hinting a modified nearest
neighbour hopping process, see text).

tails studied by photothermal deflection spectros-
copy (PDS) on the same samples [15] (< 10'8
cm® eV~!) seem to rule out such hypothesis.

4.3. Hopping in a non-diluted system with t; ~ 1,

A model using Eq. (2) was also recently pro-
posed by Yokomichi and Morigaki (YM) [16] for
fluorinated amorphous carbons (a-C:F, diluted
systems exhibiting N; ~ 10" cm~ and linewidths
varying at low-temperature [10]). In a-C:F, YM
found nearest neighbour hopping to be a realistic
mechanism and use, instead of Eq. (3),

I/TC = WHop

2R Wo
R woexp { — —- | exp "l ) (4)

Replacing Eq. (4) into Eq. (2), YM successfully
explain the temperature dependence of the line-
widths in a-C:F. The model applies indifferently
in the cases of floating-bonds or electron hopping;
however, in our ta-C case, the semilogarithmic
trend of the linewidths versus 7' does not present
any linear region, suggesting the YM model to
need some modification.

Actually, Egs. (1) and (3) are valid only under
the hypothesis of site-to-site hops (i.e. diluted
systems and t; < 1;). In the presence of fast spin-
lattice processes (7; ~ 7,) the phonon population
activated by the relaxing spins are so relevant that
more than two sites are involved. Namely:

(1) The changes in distance R + dR(T) between
two contiguous spin packets due to the lattice
vibrations are relevant. Let us consider that
the energy associated to a phonon excited by a
‘direct’ spin-lattice process (see above) is ap-
proximately %Mw% -OR(T )2 ~ kgT, where wy ~
o.w ~ 10 GHz and M is the carbon ion mass.
One ends up that, at room temperature, dR ~
0.18 R (as grown) and dR ~ 0.12R (after anneal-
ing). Since the hopping rate exponentially de-
pends on R, it is clear that the effect must be
considered. An exp[R/A — (ky/M)"?/(wy - A)-
T'2] dependence into Eq. (3) arises.

(2) In order to adapt Eq. (3) at the case of hops
involving more than two sites, one must con-
sider, at each temperature, the n sites involved
by the hop as a single, n-electron ‘cluster’ of
size A. Indeed the ‘bottlenecks’ of the process
will now become the ‘cluster’-to-‘cluster’ hops.
Curiously, a similar mechanism of inter-‘cluster’
hopping was already proposed to explain the
dc conductivity of amorphous carbons [17].
The size A of each n-electron ‘cluster’ increases
with temperature as the hopping frequency
increases, so that it needs to be optimised fol-
lowing the usual procedure (described for in-
stance on Ref. [13]; i.e. minimising 7c into Eq.
(3)). This implies a temperature dependence
also for the size: A =2 (ky/M)"?- T2 /wy, at
Wy ~ 0.

As a consequence of points (1) and (2) Eq. (4),
involved by the YM model, gives
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R(Do
(kB/M)1/2T1/2

Also Eq. (5), such as Eq. (3), could be successfully
combined with Eq. (2) to give the correct trend of
AH,, (T), that is strictly linear if plotted as a
function of T~'/? (Fig. 4(b)). The parameters pre-
sent into Eq. (5) (inter-spin distance R and phonon
frequency @y ~ w,w ~ 10 GHz) are all experi-
mentally determinable (Section 3) providing slopes
and intercepts which are correct with an accuracy
of +20%.

(5)

1/7¢c = Opep =~ woexp |1 —

5. Conclusions

In conclusion, the nature of the hopping process
responsible the temperature dependence of the
linewidth in ta-C is unclear and will be the subject
of further work supported by low-temperature dc
conductivity and high frequency ESR measure-
ments. The quasi-linear semilogarithmic trend vs.
T4 seems to indicate a variable range hopping
(VRH) mechanism. The difficulty to obtain real-
istic VRH parameters and the similarities with
a-C:F rather than to amorphous silicon lead to
suppose that nearest neighbour hopping is pref-
erable. We have also shown the relevant role of
annealing in reducing the temperature dependence
of the linewidth.
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