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Graphene is theoretically expected to be a highly suitable
material for spintronic and quantum computation applications.
Current experimental reports assign surprisingly low spin
lifetimes to graphene and related carbon structures. Recently, we
showed a solvothermal synthesis method that can be employed
to produce a high-purity sample, which approximates very well

1 Introduction A material with long spin relaxation
time, Ts, permits the manipulation of coherent spin states and
thus allows its utility in spintronics applications. Graphene
has been suggested as a promising material for spintronics
applications due to the long T expected from the weak
hyperfine interactions due to the absence of nuclear spins
for the main '°C isotope and due to the small spin—orbit
coupling of the light carbon atoms. However, values of Ty
have been reported in the limited 0.2-2.3 ns range [2-6]
based on spin transport experiments. The origin of the
surprisingly low experimental spin lifetime is under
intensive debate. It was proposed that the sample preparation
has an important effect on the measured Tg [2]. Alternative
scenarios suggested the effect of the substrate [7], impuri-
ties [8, 9], finite-sized flakes [10, 11], or ripples [12—14]
to explain the unexpectedly small 75 found in graphene.
Contactless experimental methods to determinate the
intrinsic spin lifetime are thus favorable because impurity
and substrate effects can be avoided.

Electron spin resonance (ESR) is a sensitive contactless
method for measuring 7g [1, 15-19]. In carbon-based
insulating systems, the spectroscopic information due to the
small spin—orbit coupling and thus g-factor anisotropy is
sometimes limited [20—24]. This difficulty can be overcome
by using high-frequency ESR methods since the spectral
resolution is proportional to the ESR frequency in
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the assembly of graphene sheets. Using the contactless
spectroscopic technique of electron spin resonance (ESR), we
were able to identify in this graphene material the ESR of both
conduction electrons and localized spins [Néafradi et al., Carbon
74, 346-351 (2014)]. Here, we show the temperature dependent
evolution of the ESR of these two spin species.
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paramagnetic samples [25-30]. Moreover, in the case of
metallic systems, the separation of localized and itinerant
moments is feasible by ESR [31-35].

Here, we report on multi-frequency ESR spectroscopy
on a chemically synthesized graphenic material, which
mimics the assembly of uncoupled graphene sheets. In this
high purity material, a surprisingly long spin lifetime of
65 ns was found for itinerant conduction electrons.

2 Experimental We employed a solvothermal syn-
thesis method to obtain the graphene material. This procedure
produces three-dimensional networks of graphene [1, 36].
As alcohol feedstock, propanol was used. The solvothermal
reaction was performed with sodium metal at 493 K for 72 h.
A solid product was obtained by the solvothermal reaction,
which was rapidly pyrolized. The resulting carbon material
was subsequently washed with water and with acidified
ethanol (2M hydrochloric acid in ethanol, 1:4 v/v ratio).
Finally, the product was filtered under dynamic vacuum
before drying in a vacuum oven at 473K for 1h.

Multi-frequency ESR spectroscopy in the 9.4-420 GHz
frequency-range was performed. The temperature was
changed in the 2-300K temperature intervals. At the
lowest 9.4 GHz frequency, a commercial ESR spectrometer
was used. In the millimetre wave range (105-420 GHz)
experiments were carried out on a home-made quasi optical
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spectrometer [37, 38]. In order to enhance sensitivity,
conventional first-derivative-absorption spectra were detected
through applying sinusoidal modulation of the externally
applied magnetic field and lock-in detection. In order to avoid
distortion of the detected spectral lines the incident microwave
powers as well as the magnetic field modulation amplitude
were reduced. The spectroscopic parameters, i.e., the ESR
linewidth (AH), g-factor, and spin susceptibility (x), were
obtained by least square fitting of the derivative absorption
spectra. The absolute value of x was determined by a
calibrated CuSO, - SH,O reference sample following calcu-
lations detailed in Ref. [39].

3 Results and discussion Washing the graphene
material by stirring, and mild sonication treatments, are
known to disrupt the weakly fused graphene structure to obtain
free sheets [40]. Indeed, transmission electron microscopy
(TEM) in Fig. 1 shows that the secondary structure of the
material is dominated by extended networks of fused graphene
sheets. These large fragmented sections spanning micrometer
length scales [1]. From direct observation of Moiré patterns

Mumbes of Layers

Figure 1 TEM of an X-shaped graphene region with the yellow
box highlighting an area shown in (b) emphasizing a layered
structure. The graphene material forms narrow junctions between
20 and 80 nm in width, which meet at an island ca. 250 nm x 250
nm in size. The graphene canopy is evident both on top and beneath
the extended network, verging on decomposition due to the
intensity of the beam. (c) The differences in opacity of the layered
material was plotted by taking the line profile shown in (b) across
the fringes formed in the image of the graphene material over the
substrate, which indicated the approximate number of sheets to be
greater than 5. The abscissa in (c) is the length of the contrast profile
taken across the region in the image from the substrate over a region
of the sample with no consideration for depth. Scale bars represent
in (a) 100nm and (b) 50 nm.
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under the TEM, we realize that our sample consists of
layers of graphene with a small degree of angular offset
(i.e., twisting) with no inter-planar correlation. Selected
region electron diffraction pattern showed, however, that
the graphene material consists of large in-plane hexagonal
domains. Moreover, primary graphitic feature, i.e., the
ABAB stacking was absent.

Low-frequency ESR at 9.4 GHz revealed a single highly
symmetric Lorentzian signal of the graphenic material at
room temperature. The line is at g =2.0044 position with
AH=0.046 mT linewidth (Fig. 2). The spin susceptibility
is x=7x10%emug ', Assuming that magnetization
originates only from spin-1/2 paramagnetic moments
this value translates to x=3.7 x 10"sping™' [1]. The
corresponding average spin—spin distance iS 7...=1.3nm
assuming non-correlated defect sites and uniform three-
dimensional distribution for defects. Remarkably, the
dipole—dipole interaction between nearest neighbor spins
with this .. would induce an ESR linewidth of AHg;p,_gip =
0.87mT [1, 41]. This corresponding linewidth is about
20 times broader than the experimentally observed one.
Assuming two-dimensional spin distribution the dipole—
dipole linewidth would be even greater. Moreover, the
dipole—dipole interaction is only a lower bound for the ESR
linewidth. In insulating carbon nanostructures unresolved
hyperfine interactions and other anisotropies, like g-factor
anisotropy, in principle, further broadens the line [42, 43].
Thus, a narrowing mechanism is required to be active in the
system to describe the observed externally narrow ESR
linewidth. There are two possible processes: motional
narrowing of itinerant electrons or exchange narrowing
between localized spins. In insulting system exchange-

ESR (arb.u.)
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Figure 2 ESR spectra (9.4 GHz) measured at various temperatures
between 4 and 300 K (points). Red lines through the points are the
result of a fit to a derivative Lorentzian function. The quality of the
fit is good shown by the residue line (blue).
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narrowing between paramagnetic defects could be expected.
However, due to the large r.., this interaction can be
excluded in our case. Thus, we left with the conclusion that
itinerant conduction electrons are playing a crucial role in the
observed narrowing of the ESR linewidth.

In order to further support the presence of conduction
electrons, we compare ESR spectra taken at various
temperatures at 9.4 GHz (Fig. 2) and 315 GHz (Fig. 3). At
9.4 GHz, a single Lorentzian line persists at all temperatures.
The width slightly decreases upon cooling and reaches a
minimum of AH=0.41 mT at around 7= 100 K. By further
cooling the sample, AH starts to increase and AH =0.49 mT
is reached at T=5K. In this low-temperature range,
however, the deviations from the Lorentzian shape are
growing.

In contrast to 9.4 GHz ESR, experiments at 315 GHz
clearly show the presence of itinerant and localized spins
(Fig. 3). At high temperatures, a single Lorenztian line is
observed similar to the 9.4 GHz case. Only the line distortion
is somewhat higher. At low temperatures, however, a
spectrum characteristic to powdered material gradually
develops with extremely small g-factor anisotropy. Below
50K, the spectra change drastically. A powder distribution
spectrum is clearly observable furthermore, a new line with
conduction electron spin resonance (CESR) properties
appears in the 315 GHz spectra (Fig. 3).

At low temperatures, a paramagnetic powder-distribu-
tion spectrum is perfectly described with g,,=2.00441,
8yy=2.00452, g.,=2.00431 g-factor parameters. The
isotropic CESR line with gcgsg = 2.00434 is also observable
simultaneously.

ESR (arb. unit)

11.2115 11.213
Bo (T)

11.21

Figure 3 ESR spectra (315 GHz) at various temperatures between
2 and 300K (points). The blue lines tracing fits to a Lorentzian
profile. Below 40 K fits to the narrow CESR line shown in green and
paramagnetic powder spectra shown in red. Intensity is scaled to the
CESR intensity at low temperatures. Above 50K, the peak-to-peak
amplitude of the paramagnetic signal is normalized.
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The gradual broadening of the paramagnetic line above
50K and a smooth development of the powder-distribution
spectra is the consequence of the gradual decoupling of
itinerant and localized spins. The resolved extremely small
g-factor anisotropy, Ag=0.00021, produces about
0.035mT linewidth at 9.4GHz in accordance with the
observed low temperature broadening at 9.4 GHz [1]. The
spin susceptibility of the CESR line at 315 GHz is about 8%
relative to the paramagnetic signal, which is in good
agreement with the 9.4 GHz susceptibility anomaly [1]. The
line we assigned to CESR based on the 315 GHz experi-
ments exhibits temperature independent linewidth, g-factor,
and susceptibility. These are the well-known benchmarks
of a metallic signal. Note that the apparent increase of
the CESR amplitude (green line in Fig. 3) relative to the
paramagnetic powder line (red line in Fig. 3) at low
temperatures is a result of spectral broadening of the
paramagnetic line. The susceptibility associated to the CESR
is temperature independent. Remarkably, AHcggr observed
below 50K yields 65 ns spin lifetimes while assuming that
the linewidth is homogeneous, i.e., spin—spin and spin—
lattice relaxation times are equal (T} = T3) [1, 44]. To further
clarify this statement, however, additional pulsed ESR
experiments are required.

4 Conclusions Our results have provided new
insights into the interactions between localized and itinerant
electros in chemically derived graphene. We found a single
averaged ESR line at high temperatures and low frequencies
originating from a motionally averaged ESR of localized
and itinerant electrons. The independent ESR of two spin
centers can be resolved at high frequencies and low
temperatures to reveal independently the paramagnetic
and CESR contributions. The results highlight the important
role of itinerant conduction electrons in the spin dynamics of
graphene systems. From our results, the spin lifetime based
on the low-temperature ESR linewidth of the CESR
(AHcgsgr =0.14mT) was found to be 65ns [1, 42, 45].
This is in the range suitable for spintronics applications.
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