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raphene has emerged as a promis-
G ing and versatile material, with out-

standing electronic and spintronic
properties that could be useful in many
device applications, owing to its high carrier
mobility and long spin lifetime resulting from
low spin—orbit coupling (SOC) (~10~*eV) and
low hyperfine (hf) interaction.' > Recently, the
demonstration of room temperature electron
spin transport and spin precession in single-
layer graphene (SLG),* discovery of a large
band gap® in graphene nanoribbons (GNRs),
and the observation of room temperature long
relaxation times (~2 ns) and coherence
lengths (~0.7 um) in bilayer graphene (BLG)®
have suggested that graphene-based materi-
als could play a pivotal role in spintronic
devices that manipulate electron spin rather
than charge. In particular, zigzag GNRs (ZGNRs)
have magnetic (spin) states at their edges, and
these states can be antiparallel or parallel and
are prone to external stimuli.

As mentioned above, long spin relaxation
times and phase coherence lengths in gra-
phene are expected, which are based on the
weak atomic SOC in carbon (Z = 6). However, a
recent spin injection measurement*®~® based
on a “nonlocal spin valve geometry” revealed
surprisingly short spin relaxation times of only
about 100—200 ps. However, spin relaxation
times are reported to be weakly dependent on
the charge density and temperature. These
results appear puzzling, although the low mo-
bilities of the samples (about 2000 cm?/(V-s))
suggest that the measured spin relaxation
times are likely due to extrinsic effects such
as the substrate and contact of graphene with
external electrodes. As rightly discussed in
recent theoretical work’ spin relaxation in
graphene can be governed by the corrugations
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Here we report the results of a multifrequency (~9, 20, 34, 239.2, and 336 GHz) variable-temperature
continuous wave (cw) and X-band (~9 GHz) pulse electron spin resonance (ESR) measurement
performed at cryogenic temperatures on potassium split graphene nanoribbons (GNRs). Important
experimental findings indude the following: (a) The multifrequency cw ESR data infer the presence of
only carbon-related paramagnetic nonbonding states, at any measured temperature, with the g value
independent of microwave frequency and temperature. (b) A linear broadening of the ESR signal as a
function of microwave frequency is noticed. The observed linear frequency dependence of ESR signal
width points to a distribution of g factors causing the non-Lorentzian line shape, and the g broadening
contribution is found to be very small. (c) The ESR process is found to be characterized by slow and fast
components, whose temperature dependences could be well described by a tunneling level state
model. This work not only could help in advancing the present fundamental understanding on the

edge spin (or magnetic)-based properties of GNRs but also pave the way to GNR-hased spin devices.

KEYWORDS: electron spin relaxation rate - graphene nanoribbons - tunneling
level states - electron spin resonance - edge spin
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to realize working tunnel barrier contacts. This likely
brings in additional SOC leading to unrealistic relaxa-
tion times, obscuring their true intrinsic nature. To
probe the intrinsic spin relaxation, one should work
with ribbons free from substrate effects, metallic elec-
trodes, and charged impurities. Therefore, the tech-
nique of choice is pulse electron spin resonance (ESR)
spectroscopy. As suggested by the recent theoretical
analysis'® of spin relaxation time in graphene, it was
concluded that the spin relaxation in graphene is neither
due to the Elliott—Yafet nor due to the Dyakonov—Perrel
mechanism. Indeed, the authors in that reference have
suggested to employ ESR spectroscopy to assess the true
magnitude of the electron spin relaxation time.

Having realized the potential advantages of GNRs,
with innovative chemical methods, high-quality GNRs
have been produced'"'? in bulk quantities through
potassium splitting or oxidative unzipping of multi-
walled carbon nanotubes (MWCNTs). During the split-
ting or unzipping MWCNT process, if paramagnetic
defect centers are induced by the fragmentation of
C—C chemical bonds, characteristic ESR signals should
be observed." " If the GNR applications are to suc-
ceed, a thorough understanding of electrically/mag-
netically active point defects at the edges/graphene
fragments is required. ESR spectroscopy is a powerful
technique to probe unpaired electron spins in para-
magnetic materials and has been applied to pure
graphite'® and carbon nanotubes.'” From the analysis
of the ESR signals, the concentration of unpaired
electrons, their chemical distinction, and molecular
structure and the reactivity of such radicals may be
clarified and investigated. In carbon-based materials,
ESR can discriminate between localized and itinerant
electrons.

The objective of the present work is to address the
nature of edge spins and spin dynamics in detail
through a broad multifrequency continuous wave
(cw) and pulse ESR spectroscopy study carried out on
pristine GNRs. Our experimental investigations led to
spin relaxation times on the order of microseconds. It
was also discovered that spin relaxation times are
strongly temperature-dependent unlike the weak tem-
perature dependence theoretically predicted.’ The
current work concludes that the spin relaxation times
are found to be governed by a tunneling level state
(TLS)-type relaxation process, typically employed for
disordered solids in which the defect paramagnetic
centers are not strongly bound to the main phonon
bath (see below), indicating that the phonon contribu-
tion is minimal in free-standing GNRs. On the basis of
these data, we can rule out unwanted contributions
emanating from charged impurities that might be
present in a substrate (causing strong impurity Cou-
lomb scattering to the spin relaxation rate) as these
ribbons are free-standing, without being supported by
an underlying substrate.

RAO ET AL.

RESULTS AND DISCUSSION

Multifrequency Continuous Wave ESR. Figure 1a—e dis-
plays ESR signals measured at various microwave
frequencies (8.91, 20.60, 34, 239.2, and 336 GHz)
collected at 10 K on GNRs. The sharp signal seen in
Figure Ta—c appearing at g = 1.99869 + 0.00002 is due
to the co-mounted Si:P marker. For all three low frequen-
cies (8.91, 20.60, and 34 GHz), ESR detected only one
isotropic, non-Lorentzian ESR signal (see Supporting
Information), appearing at g ~ 2.0032. This value falls
within the reported'*~"* carbon ESR signal range (g =
2.0022—2.0035), indicating that the signal may be
ascribed to C-related dangling bonds of spin S = 1/2.
This narrow peak observed close to the free-electron g
value (g ~ 2.0023) is a characteristic of the localized
spins of the edge state.> '® In an effort to unravel the
origin and location of the ESR signal detected from the
ribbons, we have done extensive investigation, as
disclosed in our recent work.'® From the detailed ESR
work coupled with kinetic study,'® under various gas
environments and as a function of time and tempera-
ture, it has been inferred that, most likely, the ESR
signal originates from the edges of the ribbons. By
means of tilted magnetic field experiments, and by
applying the Lifshitz—Kosevich formula, Kurganova
and co-authors have reported® an exchange-induced g
factor (enhancement) of g = 2.7 £ 0.2 for both single-layer
and bilayer graphene, attributed to many-body interac-
tions. The apparent discrepancy in g value may either arise
from the fact that the transport measurements®° consider
many-body effects looking at charged (dressed) spins or
be due to an entirely different spin entity. However, the
conventional ESR spectroscopy provides the g value of
bare spins by neglecting many-body effects.

Through numerical double integration of detected
first derivative ESR signal measured at K-band and at
4.2 K with respect to the co-mounted Si:P marker
sample, the spin density for GNRs is estimated at
~6 x 10" g~ '. Detailed information and discussion
has been disclosed in our earlier work'*'* as well.

Despite intense signal averaging over broad field
ranges under various extreme and optimized spectro-
meter parameter settings, no other ESR signals could
be observed. Though intensely searched for, no corre-
lated additional signal structure could be traced nor
was there any sign of hyperfine (hf) structure possibly
ensuing from highly abundant 'H and 3K nuclei. The
non-Lorentzian line shape suggested the existence
of either a very complex spin correlation function in
the exchange-coupled system or a superposition of
several different overlapping components. In the
section below, we discuss our pulsed ESR measure-
ments, which were conducted in order to elucidate
this matter.

With the aim of resolving the origin of the non-
Lorentzian line shape, unlike the Lorentzian shape ESR
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Figure 1. Conventional first derivative cw ESR spectra measured on GNRs at 10 K, at the microwave frequency of (a) 8.91 GHz
(X-band), (b) 20.60 GHz (K-band), (c) 34 GHz, (d) 239.2 GHz, and (e) 336 GHz. The signal at g ~ 1.99869 (a—c) stems from a co-
mounted Si:P marker sample. For the first three spectrometers, the modulation field used was B,, = 0.42 x 10~* T and the
microwave power was P, = 2.5 nW. At high frequency (d,e), the modulation field used was ~1 0~ *T and the microwave power

was P, = 20 uW.

signal observed'* ™" from chemically converted gra-
phene nanoribbons (CCGNRs), we measured the ESR
signal from GNRs at two additional high microwave
frequencies, 239.2 and 336 GHz at 10 K. As displayed in
Figure 1d,e, we did not observe more than one ESR
signal nor did we observe any significant g shift from
the free electron g value (2.0023) at any measured
frequency. A single signal was detected at the two high
frequencies measured, and just a linear increase of
width with the frequency (f) is observed. Such a non-
Lorentzian ESR line shape has been reported in other
carbon-based materials such as peapods?' measured
up to 420 GHz and in carbon nanofoam samples.?
As plotted in Figure 2 (at 10 and 20 K), the peak-to-
peak ESR signal width ABpp is found to be linearly
dependent on microwave frequency (f). From least-
squares computer fitting of the experimental data, the
obtained f-dependent part ABp is 0.059 x 10~ #T/GHz
(at 10 and 20 K), which is a Gaussian part, though
it is found to be rather small compared to the frequency-
independent part (6.27 x 10~ T). This Gaussian part can
be attributed to a g distribution effect resulting from
different local environments of paramagnetic centers in
GNRs. The remaining f-independent part can be due to

T T T T T T T T T T T T T T T
s |4B,, (10°T) =6.27+0.059 f(GHz)
GNRs g
. 10K 1
20kLL® 20K n
=
o 15 _
o
<
10 -
s 8 ]
1 1 1 L 1 " 1 " 1 n 1 n 1 " 1

0 50 100 150 200 250

Microwave Frequency (GHz)

300 350

Figure 2. Microwave frequency (f) dependence of ABpp of
GNRs at 10 and 20 K. A linear frequency dependence was
observed, suggesting a strain-induced spread in g as a
limited line broadening (0.059 f(GHz)10* T) mechanism,
with a large f-independent part of 6.27 x 10~ T. The solid
lines represent a least-squares linear fit, described by ABpp
(107 T) = 6.27 + 0.059f (GHz).

dipolar interaction or unresolved hyperfine (hf) inter-
action—perhaps, arising from hydrogen nuclei—
resulting in inhomogeneous Gaussian broadening;
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there may also be a contribution from molecular
oxygen. However, in our recent work'® on CCGNRys,
we found that molecular oxygen does not broaden the
ESR signal width. Similarly, even in GNRs, we believe
that the effect of molecular oxygen on the ESR line
width is negligible. Then, the main contribution may
arise from the unresolved hf coupling to protons. The
explicit evidence for the presence of protons in GNRs
has been shown in our HYSCORE measurements as
discussed in our previous work."®

Now, we discuss the thermal evolution of ESR
signals measured from GNRs. Representative first deri-
vative X-band (~8.91 GHz) continuous wave ESR sig-
nals collected from GNRs are shown in Figure 3a as a
function of temperature (7, 30, 50, and 90 K). The signal
at g =1.99869 + 0.000 02 stems from a co-mounted Si:
P marker. All of the signals were recorded under the
same experimental conditions, except for the tempera-
ture. As one can immediately notice from Figure 3b, the
signal intensity appears to decrease as the tempera-
ture increases according to the Curie-type behavior;
also, a weak temperature dependence of line width is
observed—a typical signature of localized electronic
states. Such signatures have been observed previously'*
for CCGNRs, as well. For the conduction electron spins
to be detected, the ESR signal intensity is expected to
be independent of temperature. In addition, for con-
duction electrons, the ESR signal width increases as the
temperature increases, in accordance with the well-
known Elliott mechanism.** Several such ESR studies
have been reported®*? on carbon-based materials to
reveal the presence of a conduction electron. Appar-
ently, such signatures are found to be absent in our
GNRs as well as in CCGNRs.' In addition, we have
recorded ESR signals from pristine MWCNTSs as well as
fresh HOPG (highly oriented pyrolytic graphite) as a
function of temperature. Our data revealed typical
signatures of conduction electrons from these two
samples (MWCNTs and HOPG) as one might anticipate.
We have disclosed such information in our earlier
report.'* Also, the presence of localized states could
be inferred from our transport data, as well,'> which
was explained using a variable range hopping (VRH)
mechanism,'?'* typically used for disordered systems
of localized states. In addition, the transmission elec-
tron microscope (TEM) image published in our earlier
report'> on the ribbons (CCGNRs) reveals a non-
uniform structure resulting from harsh oxidative unzip-
ping process, indicating defective states/traps in which
the conduction electrons might have been trapped,
thereby reducing the mobility values of the ribbons in
comparison to pristine graphene.

X-Band Pulse ESR. Pulsed ESR methods use the elec-
tron spin—echo (ESE) signal for studying the dynamical
behavior of a spin system by observation of the spin
system magnetization behavior after a short (ns) mi-
crowave pulse excitation. According to our knowledge,
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Figure 3. (a) First derivative X-band (~8.91 GHz) ESR spec-
tra measured on GNRs using a modulation field of 0.3 (1074
T) and incident microwave power of 1.3 nW. The signal at
g ~ 1.99869 + 0.00002 stems from a co-mounted Si:P marker
sample. (b) Temperature dependence of normalized X-band
(~8.91 GHz) ESR intensity measured on GNRs, reflecting the
Curie-type behavior; the solid red curve represents the theo-
retical Curie dependence.

pulsed ESR has not been applied so far for the inves-
tigation of GNR systems, although it is a very promising
local probe that can provide unique information con-
cerning the spin relaxation process. Also, no direct
measurement of the spin—Ilattice relaxation time (T;)
by pulse ESR has been reported for GNRs. In contrast to
classical cw ESR, which operates on resolved spectral
lines, the ESE methods can resolve the line width of the
unresolved homogeneous spin packets that form the
inhomogeneously broadened ESR line by measuring
the spin—spin/phase memory relaxation time T, (T).
ESE can be excited for inhomogeneously broadened
ESR lines only. This allows the immediate differentia-
tion between ESR signals of delocalized spins
(conduction electrons, if any) having homogeneously
broadened ESR lines and ESR signals of inhomogen-
ously localized spins.

A spin packet is a group of spins having the same
resonance Larmor frequency. The various spin packets
making up an ESR line differ slightly in this frequency as
a consequence of nonresolved (super)hyperfine
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structure and/or inhomogeneity within the system or
the external magnetic field. Because the spin packets
are very narrow (typically tens of u-Tesla), they are very
sensitive to molecular and atomic dynamics. Pulse ESR
allows the direct observation of the relaxation pro-
cesses in unpaired electron spin systems. The magne-
tization of a spin system disturbed by pulse excitation
returns to equilibrium in a time of order of seconds at
liquid helium temperature and microseconds at room
temperature. It is due to spin—lattice relaxation pro-
cesses. Moreover, microwave pulses at resonance fre-
quency produce coherent precession motion of the
electron magnetic moments of spin as the ESE signal
decay. The decay rate is sensitive to spin diffusion and
spectral diffusion within the spin system and to local
motion of the radical center or its surroundings.

Given the non-Lorentzian character of the cw ESR
line shape (Figure 1), we decided to perform additional
pulsed ESR experiments. Though we did not see two
ESR signals even at high frequencies in cw ESR experi-
ments, in pulsed ESR experiments, we found that the
ESE signal could be deconvoluted into two compo-
nents, slower and faster decay components, as dis-
cussed below. Figure 4 presents the inversion—
recovery and Hahn echo decay traces (shown in black)
for GNRs measured at the field position of By ~ 3300 x
107* T and at temperature of 20 K. Least-squares
double exponential fits are indicated by continuous
curves (in red) for both the relaxation processes, that is,
spin—lattice (T;) and spin—spin relaxation times (75),
using the following equations

y = yo+Arexp( —27/T;) + Ay exp( —2t/T7) (1)
y = Yo+Arexp( —2t/T,) + A exp( —27/T;)  (2)

/Tmw = 1/T2+1/Tp (3)

where yj is the offset in the ESE amplitude, A; and A,
are the pre-exponential factors, T, is the spin—lattice
relaxation time, T, is the spin—spin relaxation time, 7 is
the time between the pulses, Ty, is the phase memory
time, and Tp is the time describing the echo decay due
to instantaneous diffusion (ID). For the measured spin
concentration of 6 x 10" g~', and the assumed
localization of the paramagnetic centers on the ribbons
edges, the instantaneous diffusion cannot be neglected
and the measured Ty, can be significantly shorter than T,
hence, Ty is being used. At all of the temperatures
covered, the relaxation times are extracted by fitting
the corresponding ESE signal by a double exponential
decay using the above equations. The temperature
dependences for the two components of each relaxation
processes are plotted in the Figures 5ab. The slower
component of T; decreases with the increase of tem-
perature (cf. Figure 5a) until the temperature of ~75 K,
and T; is almost constant above this temperature. A
similar behavior is observed for the faster component.
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Figure 4. X-band ESR pulse inversion—recovery traces
(black) for GNRs measured at the field position B, = 3300 x
107* T collected at 20 K for the spin—Ilattice relaxation time
(T,) (@) and for phase memory time (Ty,) (b). Least-squares
double exponential fits are indicated by red traces. For
further details, see the text.

On the other hand, as shown in Figure 5b, the slower
component of T, (Ty) increases as a function of tempera-
ture until ~100 K and then slowly decreases again with
further increase in temperature. The faster component of
this process behaves in a similar way but appears to be
less temperature dependent. It should be noted that
while a two-component decay well describes the experi-
mental data, it is possible that we have a superposition of
more than two components.

Such a two-component spin relaxation process has
been observed earlier®® in the case of hydrogenated
amorphous carbon. In the previous pulsed ESR
experiments®’ performed on carbon nanofoam sam-
ples, the authors inferred a low temperature T, of the
order of microseconds, and was shown to be constant
above 100 K. To probe the spin dynamics, Clewett and
co-authors®® conducted power saturation ESR studies
on MWCNTSs to extract temperature-dependent relaxa-
tion data. Similar to our observations, they also have
reported T, on the order of ~660 £+ 50 ns at all
temperatures while T; was found to be a strong
function of temperature; that is, T; is on the order of
2150 us below 10 K and ~7 us above 125 K, roughly
following an exponential decrease. In a recent sys-
tematic study® of spin transport in bilayer graphene,
long spin relaxation times of 2 ns have been observed
at room temperature and are reported to be longer

VOL.6 = NO.9 = 7615-7623 = 2012 K@}Nﬁ@i{\j

WWwWW.acsnano.org

7619



220 —

v 1 v 1 v 1 1 1 I
o 9.687 GHz B Fast component
® Slow component| 1
3 176 |- o |
=
£ @
< 132t % ]
<
2
5 o
© 88 R 4
8
% ®*° *®F 0000
= M} 4
<
‘a
i %
IR L LY
0 50 100 150 200 250 300
Temperature (K)
T v T v T M T M
9.687 GHz ° ®  Fast Component
o ° ® Slow Component|
o O ° ®
600 | §. ® o000
m °
£ °
=
[
£
< (b)
5 400 4
£
]
£
[
0
]
=
[~
200 i". a " --....... 4
1 " 1

" 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300
Temperature (K)

Figure 5. Temperature dependences of the spin—Ilattice
(T4) (@) and phase memory times (Ty) (b) for both the slow
and fast components measured on GNRs.

than those of single-layer graphene, which was attrib-
uted to the dominance of D'yakonov-Perel spin scat-
tering in BLG.

From this point on, we will continue our discussion
pertaining to the temperature dependence of T, derived
only from the longer exponential recovery component.
Generally, in solids, the temperature dependence of the
spin—Ilattice relaxation (SLR) process can be described by
direct, Orbach, and Raman mechanisms.?® The direct SLR
process is linear in temperature and is generally only
observed at very low temperature. At higher tempera-
tures, the Raman and/or Orbach processes usually dom-
inate. If a sufficiently large temperature range can be
studied, the Raman and Orbach mechanisms can be
distinguished from each other on the basis of their
different temperature dependencies.

We have tested the applicability of the Raman and
Orbach relaxation mechanisms to account for the
observed temperature dependence of the spin—lattice
relaxation rate in GNRs. As outlined in the Supporting
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Figure 6. Temperature dependence of the spin—lattice
relaxation rate 1/T, for GNRs sample. Shown are the experi-
mental data (symbols) as well as the theoretically generated
values (red curve) using the TLS model with a TLS splitting
(A) of 10 K.

Information, we have found that the temperature
dependence of spin relaxation rate may not be as-
cribed either to the Orbach process or to the Raman
process. A search for plausible mechanism has to be
sought. Alternatively, we have tested the validity of the
TLS model (see below) to describe the temperature
dependence of the relaxation rate more adequately. It is
pertinent to note that the role of the hyperfine field
originating from hydrogen cannot be ruled out as it was
shown® to play an important role in determining the
spin relaxation rate in other organic materials.

Having realized so, we have analyzed our data further
using a well-developed and widely tested model for
disordered solids such as carbon-derived materials, the
so-called two-level tunneling state model as it was
elegantly described and reported by Hoffmann's group
on various carbon-based systems such as carbon
nanoparticles,®' CO,~ radiation defects** paramagnetic
centers in polymers and in resins>>>* as well as in the case
of noncarbaneous materials.>

According to the TLS model, the potential energy
surface of a disordered solid contains many shallow
asymmetric local minima, which can be approximated
by a collection of two-level double wells. Similar to other
disordered solids, the relaxation rate 1/T; is relatively fast
at low temperatures (as compared to well-ordered solids)
and rather slowly increases with temperature. In Figure 6,
we plot the variation of the relaxation rate (1/T;) as a
function of temperature. This figure includes the experi-
mental data (symbols) as well as the pattern (red curve)
generated from the TLS model, given by the equation 4
shown below. We find that our data are in good agree-
ment with the TLS model

1 A
?1 = aT + b cosech (E) (4)

with parameters a = 21 sTTKT, b=134 x 10*s7,
tunneling level splitting A = 10 K, k= Boltzmann constant.
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From the above discussion, we may identify the most
likely mechanism that accounts for the tempera-
ture dependence of spin—Ilattice relaxation rate in
GNRs as TLSs with an orbital level separation is
about 10 K.

The temperature dependence of phase memory
time Ty, shows a rather complex behavior. It first grows
up to ~100 K and is observed to slowly decrease with
further increase in temperature. While trying to analyze
the temperature dependence of phase memory rate
(1/Ty), we have calculated the spin packet width
ABpacker”' as a function of temperature from 6 to
100 K. We find that ABg,et decreases from 76 uT
(at 6 K) to 62 uT (at 100 K), which is opposite to the
behavior expected for the TLS model3! Hence, it appears
that the same TLS behavior cannot account for both the
temperature dependences of the spin—Ilattice and the
phase-memory relaxation rates. Clearly, further work is
needed to arrive at a complete picture.

Now, we estimate the homogeneous line width
from phase-memory relaxation time Ty, = 1/(y X ABpp)
measured at 10 K at X-band frequency, where y is the
gyromagnetic ratio and Ty = 560 ns at 10 K. The
homogeneous line width is obtained as 0.2 x 107*T,
which obviously cannot account for the measured
X-band line width of ~6 x 107" T at 10 K (cf. Figure 2).
Therefore, the remaining line width must arise from
inhomogenous broadening. Hence, the pulsed ESR
data tell us that the existence of the ESE signal in GNRs
is evidence that the ESR line is inhomogeneously
broadened. This indicates that the unpaired spins are
localized in the GNRs. At this juncture, two questions
arise: (1) What is the reason for the inhomogeneous
broadening, that is, what is the origin of spin packets
forming the ESR line? Two possibilities can be considered.
ESR g factors can be slightly different for radical centers
located at different sites of GNRs. Such dispersion in g
value is generally observed in disordered and amorphous
solids and has been observed in coal samples also. It
seems that a small g factor dispersion can take place in
nanographitic units of GNRs. The second possibility is
related to dangling bonds on the peripheries of the GNRs.
These bonds are practically saturated and it can be
caused, at least partially, by attaching hydrogen atoms
during GNR preparation. Hyperfine coupling between
unpaired electron spins and hydrogen nuclei will produce

EXPERIMENTAL SECTION

Briefly, K-split GNRs were synthesized by sealing MWCNTs
with an outside diameter of 40—80 nm and approximately
15—20 inner nanotube layers in a glass tube with metallic
potassium, and the tube was heated in a furnace at 250 °C for
14 h, followed by quenching in ethanol. Upon sonication in
chlorosulfonic acid, the split MWCNTs were further exfoliated to
form GNRs. This procedure'" is known to produce GNRs that are
free from oxidative damage, with conductivities paralleling the
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inhomogeneous broadening of the ESR line. In GNRs,
both scenarios appear to be present. The latter possibility
can be seen from our results of HYSCORE experiments,
reported in our earlier work."> (2) A more fundamental
question is related to the origin of unpaired spin states in
GNRs. There is still no definite answer to this question.
Five different structural defects can be considered as
responsible for unpaired electron creation: (a) dangling o
bonds on the edges of graphene sheets; (b) a defect in
the form of an adatom, which can be a carbon atom lying
on a graphene plane and bridging a carbon—carbon
bond on the graphene surface; (c) a carbon vacancy
formed by removing a carbon atom from the gra-
phene sheet and relaxing to a pentagon structure
during the splitting process; (d) sterically protected
carbon radicals that are immobilized in the aromatic
system of sp>-bonded carbons; and (e) localized non-
bonding s-electron states at zigzag graphene edges.
However, from the presence of the strong ESR signal
detected on GNRs stored in open air, one may exclude
the possible contribution of carbon vacancies.

SUMMARY AND CONCLUSIONS

In the present work, we have addressed several
relevant items regarding the nature and dynamics of
spin states in GNRs using broad-band ESR spectros-
copy. The salient features of this study include the
following: (a) The multifrequency cw ESR data indicate
the presence of only carbon-related paramagnetic
nonbonding states, at any measured temperature,
where the g value (g = 2.0032) is independent of
microwave frequency and temperature. (b) A linear
broadening of ESR signal as a function of microwave
frequency is detected, which is ascribed to the pres-
ence of a distribution in g factors, also causing the non-
Lorentzian line shape. However, this inhomogeneous
broadening is found to be rather small; the large
contribution may come from unresolved hyperfine
interaction arising from hydrogen. (c) The electron
spin—lattice relaxation process is found to be charac-
terized by slow and fast components, whose tempera-
ture dependence could be well-described by a TLS-
type relaxation mechanism. The present experimental
work may help to advance the present understanding
on the edge spin (or magnetic)-based properties of
GNRs.

properties of the best samples of mechanically exfoliated
graphene. Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) images indicated GNRs with widths of
130—250 nm and a length of 1—5 um. Several techniques were
used to fully characterize GNRs and to test their electronic
properties, as published elsewhere.'!

Conventional first derivative cw ESR spectra were taken at
three different “low” microwave frequencies: X- (~8.91 GHz), K-
(~20.6 GHz), and Q-band (~34.0 GHz), operated in the
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temperature range of 4.2—300 K using locally constructed
X- and K-band spectrometers (providing the best sensitivity at
low temperature) and a commercial X-band Jeol JES-FA 100 and
a commercial Bruker EMX spectrometer. Depending on the
observational temperature, X-band observations were made
using either the JEOL JES-FA 100 spectrometer (room tempera-
ture investigations) or the locally designed instrument opti-
mized for low-temperature measurements. All four spectro-
meters were driven in the adiabatic mode, equipped with a
cylindrical TEq;, microwave reflection cavity. Routinely, conven-
tional cw low-power first derivative absorption (dP,/dB, P,
being the applied microwave power) spectra were detected
by applying sinusoidal modulation (~100 kHz; amplitude B, =
0.08 x 10~*T) of the externally applied static magnetic field B.
Defect densities were determined through double numerical
integration of the detected dP,/dB signals using a co-mounted
(point-like) reference sample. Depending on spectral composi-
tion and/or the ESR parameter aimed to isolate, various types of
markers were used. Mostly, this was a Si:P marker'® (electron
spin S =1/2, g = 1.99869 + 0.00002 at 4.2 K) which was used.

High-frequency ESR experiments were performed at 239.2
and 336 GHz using the quasioptical spectrometer that has been
developed at the National High Magnetic Field Laboratory
(NHMFL). This setup was a superheterodyne spectrometer,
employing a quasioptical submillimeter bridge, and operated
in the reflection mode without cavity, with a sweepable 12.5 T
superconducting magnet.' The incident power on the sample
was about 20 4W. The pulse ESR experiments were performed
using a Bruker Elexsys-580 X-band pulse ESR spectrometer,
which was equipped with an CF935 flow cryostat. To record
field-swept echo (FSE) ESR spectra and to measure the spin—
spin relaxation time T, or phase memory time (Ty), the two-
pulse 77/2-t-m-t-echo Hahn echo sequence was used (sequence 1),
while the electron spin—lattice relaxation time T; was measured
by the inversion—recovery s-t-77/2-t-m-t-echo pulse sequence
(sequence 2). In both cases, the lengths of the microwave 77/2
and 7 pulses were 32 and 64 ns, respectively, and the entire echo
was integrated. The pulse duration was experimentally chosen to
obtain full saturation and maximal echo amplitude. All ESR
experiments presented in this work have been performed on
GNRs stored in open air ambient.
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