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over traditional semiconductor-based 
alternatives, including higher data pro-
cessing speeds, lower power consump-
tion, nonvolatility, and higher integration 
densities.[2] A central goal of spintronics 
is to identify materials exhibiting spin-
dependent effects, which are required for 
the occurrence of spintronic processes.[1] 
Graphene was recently suggested to 
be an attractive platform for spintronic 
applications[3–5] because it exhibits sev-
eral spin-related phenomena including 
tunnel magnetoresistance,[6] enhancement 
of spin-injection efficiency,[7] the Rashba 
effect,[8] the quantum spin Hall effect,[9] 
and large perpendicular magnetic anisot-
ropy.[10] It also exhibits several properties 
useful in spintronics, including ballistic 

charge transport,[11] long spin lifetimes and spin-diffusion 
lengths,[12,13] limited hyperfine interactions,[14] gate-tunable 
magnetic order,[15] and weak spin–orbit coupling.[3] Due to its 
exceptionally long spin lifetime of ≈10 ns (corresponding to a 
spin-diffusion length of several micrometers at room tempera-
ture), graphene has an intriguing spin-conserving potential. It 
is thus regarded as a promising material for spin transport in 
spin-valve architectures, enabling faithful transmission of infor-
mation encoded in a carrier’s spin across a device.[4] However, 
because of its diamagnetism and weak spin–orbit coupling,[16] 
it exhibits only weak transport-current-induced spin densities 
and weakly spin-polarized currents. Pristine graphene cannot  
function as a spin generator or an injector of spin-polarized 
carriers,[4] but strain induced in the material arising from surface 
corrugation and lattice mismatch between graphene layers and 
underlying substrates can severely change the electronic, mag-
netic, and transport properties.[17,18] Strain effects are known to 
promote modification of the graphene bandgap and can induce 
spin gap asymmetry and spin-polarization effects, locally or 
even extended over the 2D carbon network;[17,19] thus the 
“strain engineering” approach bears great potential for its appli-
cation in graphene-based nanofabrication technologies.[18,20] 
For example, Yan et al. have shown that cooperativity between 
strain and out-of-plane distortion in the graphene wrinkles 
provide valley-polarized sites with significant energy gaps, 
a property that offers the ground for realization of high- 
temperature “zero-field” quantum valley Hall effects.[21] Liu et al.,  
upon interfacing graphene with orthorhombic black phos-
phorus (BP), demonstrated that both lattices can be mutually  

The established application of graphene in organic/inorganic spin-valve 
spintronic assemblies is as a spin-transport channel for spin-polarized 
electrons injected from ferromagnetic substrates. To generate and control 
spin injection without such substrates, the graphene backbone must be 
imprinted with spin-polarized states and itinerant-like spins. Computations 
suggest that such states should emerge in graphene derivatives 
incorporating pyridinic nitrogen. The synthesis and electronic properties 
of nitrogen-doped graphene (N content: 9.8%), featuring both localized 
spin centers and spin-containing sites with itinerant electron properties, 
are reported. This material exhibits spin-switch behavior (on–off–on) 
controlled by microwave irradiation at X-band frequency. This phenomenon 
may enable the creation of novel types of switches, filters, and spintronic 
devices using sp2-only 2D systems.

Graphene Spin-Switching

Spintronics is a developing field of electronics that exploits both 
the charge and the spin of electrons to perform logic operations 
and to process, store, and transmit information.[1] Because spin-
polarized currents encode more information than charge alone, 
a diverse spectrum of efficient spintronic logic, transmission, 
and storage devices have been envisaged, including spin-field-
effect transistors, spin-light-emitting diodes, spin-resonant 
tunneling components, spin modulators and encoders, and 
quantum bits. They are expected to have many advantages 
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strained and sheared in such a way to create periodically 
fluctuating pseudomagnetic fields (PMFs), and valley polari-
zation could be manipulated by application of an external 
magnetic field, offering a route for developing a valley filter 
(valleytronics).[22] However, to create graphene spintronic 
devices without the underneath aid of inorganic ferromagnetic 
substrates, one must embed diverse spin-polarized  
domains directly into the graphene backbone. Spin-valve 
behavior, which is fundamental to spintronics, requires the 
presence of two types of spin components (see Figure 1A):  
i) localized spin centers (SL) and ii) spin-containing sites with 
itinerant electron properties (SI). Furthermore, these spin sys-
tems must interact within the molecular framework (Jex).

A major challenge is to identify or create systems in which 
these spin components coexist and are spatially separated while 
maintaining an intimate electronic interaction. Several strate-
gies for altering the electronic/magnetic and spin-related prop-
erties of graphene have been evaluated. These include doping/
substitution of the graphene lattice with non-carbon atoms, 
adsorption of atoms, sp3 functionalization, edge engineering, 
and spatial confinement.[16] Functionalization is very effective at  
enhancing spin–orbit coupling, imprinting, and stabilizing  

ferromagnetic or antiferromagnetic order at relatively high 
temperatures.[16,23–26] However, it introduces disorder and sp3 
defects that restrict charge mobility and reduce the spin relaxa-
tion length.[27,28] Theoretical studies indicate that while spatial 
confinement and edge engineering can induce the emergence 
of polarized spins and currents, this is most likely to occur in 
graphene nanoribbons below a threshold width, with a specific 
edge geometry[29–32] or edge functionalization (e.g., graphene 
nanoribbons functionalized with stable spin-bearing radical 
groups).[33] Therefore, despite its challenges,[34,35] doping with 
n- or p-type heteroatoms may be the most practical way to equip 
graphene with localized spins while maintaining a charge car-
rier concentration high enough to preserve its conductivity. 
In this context, nitrogen doping is envisioned as a method to 
imprint active centers into graphene to create materials suitable 
for organic-based spintronics.[36–40] Błoński et al.[36] recently 
reported that ferromagnetic spin ordering emerges in graphene 
doped with graphitic nitrogen. Conversely, Ito et al.[38] reported 
that pyrrolic nitrogen reduced the effective spin content of gra-
phene and suppressed its magnetic response. However, the 
influence of pyridinic nitrogen on the evolution of magnetic 
features in graphene and its effects on potential spintronic 
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Figure 1. The spin-switch effect in pyridinic N-doped graphene is driven by the exchange interaction between two spin domains. A) Model of two 
distinct spin systems (the SL and SI sites) embedded in nitrogen-doped graphene, separated by a diamagnetic region, showing the effective spin 
polarization and transitions between the two electronic Zeeman levels (±½) in an external magnetic field (B) with an appropriate phonon energy (hυ). 
When the exchange interaction (Jex) exceeds kBT and under the application of large microwave flux density (Pa), spin-flip-flop transitions from uncoupled 
and saturated SI and SL sites intercross the energy band of the coupled system (SISL). B) This causes spin injection of polarized electrons into the SISL 
band. C) First-principles DFT calculations show the theoretical charge density distribution in the spin-up channel corresponding to the energy range 
between −0.5 eV and Fermi energy (EF) in the density of states (DOS) plot shown in Figure 2D and in Figures S2 and S3 (Supporting Information). 
The Vienna Ab-initio simulation package (VASP, a cutoff energy of 600 eV) and the Perdew–Burke–Ernzerhof (PBE) approximation were used. The 
extent of the computational cell is indicated by the dashed lines. D) Calculated magnetic moment (in µB) distribution within the cell, corroborating 
the charge density distribution shown in (C).
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behavior are unstudied. More importantly, due to the electron-
donating nature and spin-inducing capability of nitrogen in 
graphene, 2D systems doped with pyridinic N could contain 
both spin-generating and spin-conserving regions and could 
thus operate in the spin-injection and spin-transport regimes 
simultaneously, opening a route to advanced multifunctional 
spintronic materials.[4]

In this work, we report a new graphene-based material con-
taining extensive pyridinic N-doping that acts as spin switch, 
in an “on–off–on” fashion, under microwave energy. Two spin 
systems with distinct natures (the SL and SI fractions) coexist 
within this material, as predicted by first-principles calculations 
(Figure 1C,D; Figures S1–S3, Supporting Information). We 
observed that spin flip-flop processes arising from relaxation of 
the magnetic moments of the SL and SI fractions intercrossed 
the energy band associated with the exchange-coupled (Jex) 
high-spin system, SISL. Polarized spin transfer occurred below 
a threshold temperature (T) when the material was exposed to 
a sufficiently high microwave flux density (Pa), which caused a 
dramatic increase in the net spin polarization of the high-spin 
component. Pyridinic 14N-doped graphene (pNG) is thus a 
microwave energy-driven spin-switch material (Figure 1B), with 
intrinsic spin-dependent properties that arise from its chem-
ical structure and can be manipulated at X-band frequency 
using microwaves. Electric and magnetic fields are commonly 
used to modulate spin injection in spin-valve systems; our 
results demonstrate for the first time that microwave irradia-
tion can be used for this purpose in graphene-based spin-valve 
architectures.

To produce graphene with a high content of pyridinic motifs, 
a system with high content of vacancies would be required. 
Preliminary studies in our laboratory established the forma-
tion of vacancies upon chemical treatment of fluorographene 
(FG); therefore, we attempted to prepare highly pNG using the 
versatile chemistry of FG.[25,41–44] FG was reacted with hydrox-
ylamine (NH2OH) at 130 °C in dimethylformamide (DMF), 
avoiding high-temperature treatment or highly reactive rea-
gents, used previously.[45–47] The Supporting Information pre-
sents a detailed characterization of pNG and the mechanism of 
its formation, which involves: i) the defluorination of FG and 
its transformation into highly N-doped (9.8 at.%) graphene (see 
Figure S4A–D in the Supporting Information); ii) the decom-
position of hydroxylamine into ammonia, (identified by trap-
ping the byproducts of the reaction, as described in Figure S4E 
in the Supporting Information), which undergoes dehydro-
genation at vacancies[48–50] and is thus a source of the atomic 
nitrogen that becomes doped into the graphene lattice; iii) the 
in situ formation of lattice vacancies in FG (see Figure S5A,B 
in the Supporting Information); and iv) the formation of a pre-
dominantly sp2 architecture (Figure S5C,D, Supporting Infor-
mation). Atomic force microscopy (AFM) and transmission  
electron microscopy (TEM) indicated that pNG consisted 
mainly of nanosized flakes (Figure 2A; Figure S6, Supporting 
Information). Figure 2B,C shows carbon and nitrogen 
elemental mappings of pNG flakes obtained by scanning 
transmission electron microscopy/energy-dispersive X-ray 
spectroscopy (STEM–EDS), revealing that the material exhibits 
very homo geneous N-doping (within the limit of the instru-
ment resolution of a few nanometers). This was attributed to 

the well-defined stoichiometry of FG, which ensures that all 
carbon centers in the starting material are equally susceptible 
to transformation. As predicted by first-principles calculations 
(Figure 2D; Figures S1–S3, Supporting Information), pyridinic 
nitrogen motifs enable the emergence of two interacting spin 
populations: i) a strong spin-up channel near the Fermi energy 
(EF), corresponding to ferromagnetically interacting localized 
spins (SL) consisting predominantly of the in-plane pxy orbitals 
of the undercoordinated carbons in divacancies (DV), and ii) the 
valence band, which is dominated by delocalized Cpz electrons 
(the SI spin population) and overlaps with the SL population, as 
shown in Figure 2D. In addition, small magnetic moments are 
present on carbon atoms near DV defects and between defects 
(Figure 1C,D), where the charge/spin densities are more dis-
persed (delocalized) along the σ-bonds. The system has a very 
small electron gap, which is on the order of several tens of meV 
and could be further reduced or even closed in the presence 
of graphitic nitrogen (as discussed in the following). Conse-
quently, a relatively mild stimulus should be enough to induce 
the injection of spin-up electrons into the conduction band.

The predominantly pyridinic character of the nitrogen dopants 
in pNG was verified experimentally using three independent 
techniques. First, scanning tunneling medium-angle annular 
dark-field (STEM-MAADF) and electron energy loss spectros-
copy (EELS) analyses indicated that the background-subtracted N 
K response of pNG is consistent with pyridinic N (Figure 2E).[51] 
Second, the pH dependence of the apparent surface charge (ζp, 
zeta potential) of a pNG suspension in water indicated that the 
material’s point of zero charge is ≈5.3 (Figure 2F), coinciding 
with the pKa of pyridine (5.2).[52] Third, the N1s high-resolution 
X-ray photoelectron spectroscopy (HR-XPS) spectrum of the 
partially protonated (as-prepared) pNG features two N compo-
nents (Figure 2F, left spectrum): a low binding energy (BE) com-
ponent attributed to pyridinic N and a high BE component that 
could be attributed to either pyrrolic N or protonated pyridinic 
N; N-protonation is known to increase BE.[53] Conversely, the 
N1s spectrum of pNG deprotonated by repeated alkaline wash-
ings (Figure 2F, right spectrum) could be fitted with a single 
symmetric Gaussian component with a BE typical for pyridinic 
N. In this case, a minor high BE (402 eV) component attrib-
uted to graphitic N was observed, which was reported to reduce 
further the bandgap.[36] Finally, theoretical modeling of the IR 
spectra corroborated the assignment of the pyridinic configura-
tion (Figure S7, Supporting Information).

The predicted difference in the nature of the SL and SI 
spin-containing domains was verified experimentally by elec-
tron paramagnetic resonance spectroscopy (EPR) experiments 
using pNG samples doped with 14N (p-14NG) and samples 
isotopically enriched with 15N (p-15NG). EPR results unveiled 
the importance of the presence of nitrogen nuclear hyperfine 
fields (IN) for the emergence of the “on–off–on” spin-switch 
behavior. Specifically, the EPR spectrum of p-14NG (T = 118 K,  
0.3 mW, Figure 3A-i) is consistent with an organic-based 
radical, featuring a sharp Lorentzian-type derivative signal 
(∆Bpp = 13.0 G; Figure S10A, Supporting Information) centered 
at a geff of 1.997. This signal is complemented by broad wings 
that develop asymmetrically in the low and high field regions. 
The overall signal could not be simulated using perturbation 
theory in the spin-Hamiltonian framework by a single S = 1/2 
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transition, whether of Gaussian, Lorentzian, or Voigt-shape 
type. Instead, the resonance appears to be a superposition 
of: i) a narrow Lorentzian-component (Figure 3A-i; simulated 
in Figure S10A (Supporting Information)_with an isotropic 
g-tensor of 1.997) and ii) a broad Gaussian component with an 
anisotropic g-tensor (g1 of 2.060, g2,3 of 1.997, and geff = 2.018; 
red line in Figure 3A-i). The Lorentzian component is related 
to localized unpaired electrons (SL) that experience strong 
exchange regime, resulting in a narrow signal, negligible 
zero field splitting, and no appreciable interaction with the  
14N atoms (and thus do not give rise to any hyperfine term in the 
Hamiltonian expression, Ĥ  =  βegŜB0 − Σn2JŜLŜL−1. The broad 
signal is associated with p-14NG to itinerant S = 1/2 electrons. 
Here, the hyperfine terms with nearby 14N nuclei are active but 
remain poorly resolved and are thus responsible for the observed 
resonance field broadening (Ĥ  =  βegŜIB0 − Σn2JŜIŜI−1 +  
ΣnŜIANIN). Because of these nuclear hyperfine interactions, the 

spin–spin relaxation time calculated for the Gaussian compo-
nent was appreciably shorter (T2 ≈ 0.4 × 10−9 s) than that for 
the noninteracting Lorentzian component (T2 ≈ 0.5 × 10−8 s). To 
confirm the presence of the N-hyperfine field interactions, we 
recorded the EPR spectrum of p-15NG, whose hyperfine inter-
actions differ from those of p-14NG because the nuclear spin 
of 15N is I = 1/2 whereas that of 14N is I = 1. Two distinct spin 
components were also observed in the p-15NG spectrum: one 
Lorentzian (simulated in Figure S10B in the Supporting Infor-
mation) and one Gaussian (red line in Figure 3B-i). However, 
a simulation of the broad component in the spin-Hamiltonian 
framework using second-order perturbation theory (Figure 3B, 
red trace, g1 of 2.009, g2,3 of 1.997, and geff = 2.001) predicted it 
to have weaker signal asymmetry and a smaller resonance-field 
spread (∆B of 500 G for p-15NG vs ∆B of 700 G for p-14NG) 
than the corresponding component in the p-14NG spectrum. 
These results are in harmony with the weaker hyperfine field 
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Figure 2. Characterization of pyridinic N-doped graphene (pNG). A) AFM image of pNG on mica support, showing single layer graphene nanoflakes. 
The insets show the flakes’ height profiles. B,C) STEM–EDS elemental mapping of a pNG nanoflake for carbon (B) and nitrogen (C). D) Orbital-resolved 
partial theoretical DOS of graphene doped with pyridinic N. CDV denotes carbon atoms adjacent to a DV defect, and energies are quoted relative to 
EF. E) STEM-MAADF image of a region near the edge of a pNG nanoflake and (overlay) the corresponding background-subtracted nitrogen electron 
energy loss spectrum. Scale bar: 1 nm (see also Figure S8 in the Supporting Information). F) Apparent surface charge (zeta potential) of an aqueous 
pNG suspension as a function of pH. Insets show the deconvoluted N1s HR-XPS spectra of the protonated (left) and deprotonated (right) pNG.
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associated with 15N nuclei (I = 1/2). The presence of stronger 
hyperfine interactions in the p-14NG system for the gen-
eration and control of an “on–off–on” spin-switch behavior 
became apparent upon recording the EPR signals of p-14NG 
(Figure 3A-ii) and p-15NG (Figure 3B-ii) at higher microwave 
power levels (Pa = 120 mW). The entire resonance spectrum of 
p-15NG exhibited only a slight symmetric broadening at high 
Pa, without indication of significant shift in geff; this indicates 
a small energy spread (∆E) associated with the ground <↓> 

and excited <↑> energy levels of the two spin configurations in 
both domains, SI and SL. In contrast to an isolated atom where 
unpaired electrons can interact only with one nucleus, the elec-
trons confined in pNG can interact with several N lattice nuclei 
with different strength (through Fermi contact and dipolar 
couplings), similarly as being immersed in a bath of nuclear 
spins.[54] The hyperfine spin-Hamiltonian (Ĥ  = ΣnŠIANIN) for SI 
can be viewed, in the simplest scenario with uniform hyperfine 
couplings, as a Heisenberg-type spin function. The isotropic 
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Figure 3. The two types of spin domains in pNG materials and their magnetic behavior revealed by EPR and bulk susceptibility. X-band (9.1–9.2 GHz, 
100 kHz modulation frequency) EPR spectra of the N-doped graphene materials recorded at T = 118 K. A) p-14NG recorded at: i) 0.3 mW and ii) 120 mW. 
B) p-15NG recorded at: i) 0.3 mW and ii) 120 mW. All samples were analyzed in a freshly dispersed frozen matrix of DMF. The red lines show the results 
of simulations of the broad component (SI) using the parameters specified in the text. C) Temperature dependence of the spin concentration in p-14NG 
(square) and p-15NG (triangle) for: i) the Lorentzian component alone (intensity-based: IEPR × T/√P vs T) and ii) the Gaussian (SI) and Lorentzian (SL) 
components combined (total area-based, ∫∫IEPR × T/√P vs T). D-i) Mass magnetic susceptibility, χmass, versus T of p-14NG, measured under an external 
magnetic field of 1 kOe; D-ii) mass magnetic susceptibility for paramagnetic, χmass,para, and ferromagnetic, χmass,ferro, fraction as a function of temperature.
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hyperfine interaction for electrons in an s-type conduction band  
in which the Fermi contact part dominates has been described 
as Ĥ = ΣnŠIANIN =  Š ×  h, with h = ΣnANIN and A = 4/3 (µ0gI 
µNµB|u0|2) with u0 being the Bloch function amplitude. For  
s-type conduction band electrons, the effective magnetic field h 
induced by nuclei onto the electron spin moment is referred 
to as the Overhauser field.[55] Small distribution in h produces 
narrow Overhauser fields and decreases the so-called electron 
spin decoherence effect induced by hyperfine terms, which 
is the decay of phase information encoded in the electron 
spin.[56] We hypothesize that in p-15NG there exists only a 
small quantum admixture of the SI and SL wavefunctions; the 
distribution in Overhauser field (h) is small for SI; and the SI 
and SL magnetic relaxation regimes are weakly perturbed by 
their mutual presence in the lattice, as can be seen later in the 
power-saturation experiments. On the contrary, for p-14NG, the 
entire resonance signal exhibits an extreme broadening at high 
Pa and at 118 K (i.e., a very pronounced increase in the mag-
netic field spread, ∆B, which reached ≈1750 G) being accom-
panied by clear shift in g-value (geff ≈ 2.030). This phenomenon 
suggests a larger energy spread of the pertinent SI states (large 
h spread) owing to the large perturbation of the electron-spin 
moments by stronger anisotropic fields from the 14N-nuclear 
hyperfine components (I = 1). Additional EPR spectra are 
given in the Supporting Information (EPR traces for p-14NG 
in Figures S11–S14 and for p-15NG in Figures S15–S17 in the 
Supporting Information).

Analysis of the variation of the spin concentration in p-14NG 
and p-15NG versus temperature (see Figure 3C and Figures S18  
and S19 in the Supporting Information) gives further insight 
of the temperature-dependent behavior associated with the 
SI and SL spin domains. For the Lorentzian component (SL), 
the temperature dependence of the EPR intensity-based spin 
concentration departed from Curie behavior in both systems, 
p-14NG (experimental data: squares, Figure 3C-i) and p-15NG 
(experimental data: triangles, Figure 3C-i), which is indicative 
of the strong exchange regime (Jex1SL·SL) with ferromagnetic 
interactions (IEPR × T/√P ≠ C, with C being the Curie constant). 
However, the temperature dependence of the total EPR signal 
area–based spin concentration (which is dominated by the 
broad SI component rather than the narrow SL one) revealed 
clear differences between p-14NG and for p-15NG (Figure 3C-
ii). The p-15NG system keeps the ferromagnetic behavior 
(Figure 3C-ii, triangles), and both SL and SI domains exhibit fer-
romagnetic character. Here the exchange interaction (Jex1) for 
the SL·SL domains and (Jex2) for the SI·SI domains dominate 
over the cross-exchange term (Jex1,2) SI·SL, in agreement with 
the proposed small quantum admixture of the SI and SL spin-
wavefunctions. The p-14NG system, on the contrary, followed a 
Curie trend (Figure 3C-ii, squares). The latter result suggests 
that in p-14NG the SI systems are perturbed more substantially 
by large anisotropic hyperfine fields; hence, the cross-exchange 
term (Jex1,2) associated with the SI·SL spin configuration domi-
nates; in particular, besides the ferromagnetic (SL) domain seen 
in the sharp Lorentzian component, the SI domain shows a 
dominant Pauli-type (temperature-independent) behavior. This 
effect must originate from a more efficient quantum admixture 
of the SI domains with part of the SL sites in p-14NG, forming 
SI·SL, a Fermi-degenerate 2D electron system. Electronic  

fingerprints of this type are typical of conducting electrons 
with Pauli character (Fermi-degenerate electron systems).[57] 
The presence of such electrons is consistent with our theoret-
ical calculations, which correlated the SI spin population with 
the valence band derived primarily from the delocalized Cpz 
(and Npz) electrons (Figure 2D). The coexistence of distinct 
spin systems in p-14NG was also confirmed by recording the 
temperature dependence of the mass magnetic susceptibility 
(χmass) (Figure 3D) and its hysteresis loop at 5 K (Figure S20, 
Supporting Information). In accordance with the EPR data, 
two magnetically diverse regions were identified, with over-
lapped contribution; one characterized by significant magnetic 
interactions that promote ferromagnetic ordering at low tem-
perature (≈79 K), and a second domain, exhibiting tempera-
ture-independent contribution (in the degenerate limit) from 
conduction (itinerant) electrons. The latter behavior was fully 
consistent with the conduction-electron fraction responsible 
for the Gaussian component observed in the EPR spectra. To 
investigate further the different magnetic behavior of p-14NG 
and p-15NG at high microwave power, we studied the total 
area-based spin concentrations (Figure 4A) upon increasing 
the applied microwave energy flux, Pa (i.e., their saturation 
behavior).

For p-15NG, the net spin concentration decreased substan-
tially as Pa increased which was well described by Portis and 
Castner’s theory[58,59] (Equation (S1) in the Supporting Infor-
mation). Fitting based on this theory (see the solid lines in 
Figure 4A) indicated that the spin packets associated with the SI 
and SL components are not cross-correlated, i.e., the sharp and 
broad components of Figure 3B behave as independent (noncor-
related) spin domains. The fitting analysis yielded the following 
estimated values at 143 K (P1/2 = 158.7 mW, b = 1.6), at 133 K 
(P1/2 = 84.6 mW, b = 1.6), and at 118 K (P1/2 = 63.2 mW, b = 1.6). 
As expected, the half-saturation value (P1/2) decreases upon 
lowering the temperature, in full agreement with the theory. 
The value obtained for the shape factor b is also consistent 
with the analysis of the EPR resonance envelopes, character-
ized by an admixture of Gaussian and Lorentzian lines, and 
further validates the conclusion that the SI and SL spin com-
ponents are magnetically uncorrelated (i.e., when spin systems 
exhibit b > 1).[60,61] The recorded evolution of the power satura-
tion EPR traces in p-15NG, obtained at 118, 133, and at 143 K,  
are given in the Supporting Information (Figures S21–S23,  
Supporting Information). The power saturation behavior of 
p-14NG was, indeed, very different from that expressed by 
p-15NG (Figure 4A). At high temperature (at 143 and at 133 K),  
the EPR resonance lines saturate much faster than those 
observed for p-15NG, giving, from fitting analysis, the following 
values of P1/2 = 15.5 mW, b = 1.0 at 143 K, and P1/2 = 13.2 mW, 
b = 1.33 at 133 K. At 123 K, the saturation behavior of p-14NG 
could not be analyzed in the framework of the Portis and Cast-
ner’s theory. At this temperature, the spin population in p-14NG 
decreased sharply until the applied microwave power reached 
11 mW, at which point it increased sharply before plateauing 
when the microwave power reached 91 mW. This behavior is 
unprecedented and suggests the occurrence of an “on–off–
on” transfer of polarized spins, thus interpreted in terms of 
spin-switch effects (see Figures S24–S26 in the Supporting 
Information for the power saturation EPR traces of p-14NG at  
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123, 133, and 143 K). The phenomenon was explained by pro-
posing that the new exchange-coupled high-spin state (SISL) is 
populated (beyond its normal Boltzmann distribution) when T 
is sufficiently low and Jex exceeds the available thermal energy 
(kBT ≤ 123 K). These interactions are reminiscent of those seen 
in metals and semiconductors, where the conduction electrons 
(the SI in this case) are bound to localized spins (the SL in this 
case) via an exchange energy interaction (Jex).[62,63] In p-14NG, 
flip-flop transitions may connect the power-saturated SI and SL 
states with the new unsaturated SISL coupled state, transferring 
local field energy away from the saturated states and resulting 
in polarized spin injection when Pa exceeds a certain threshold. 
This dynamic process of feeding SISL then plateaus at ≈91 mW 
(Figure 4A), at which point Pa and dPa/dB become proportional 
to H1

2 (Equation (S7), Supporting Information), and the ther-
modynamic process of relaxation occurs again in accordance 
with the Portis and Castner’s saturation theory. Because this 
phenomenon is not observed in p-15NG, the exchange inter-
action (Jex1,2SISL) must be mediated by the anisotropic AINS 
terms (originating from the interactions with the strong p-14N 
nuclear hyperfine fields), which are key for the through-bond 
propagation of spin-polarization and quantum admixture of the 
SI and SL states.

These experimental results were in full agreement with the 
theory-based prediction that graphene doped with pyridinic 
N would contain two spin populations on pxy and pz orbitals 
that overlap in energy, with the latter extending very close to 
and above the Fermi level (the SL and SI populations, respec-
tively). The experimental observation of multiple strong p-14NG 
nuclear hyperfine interactions with the pz spins should be con-
sidered responsible for the wide energy distribution of the pz 
density of states (DOS) in the density functional theory (DFT) 
calculations. These features, along with the very small bandgap 
in DOS, enable the SL·SI interaction and the injection of spin-
polarized electrons (given a sufficient microwave flux density) 
to an energy level lying extremely close to the conduction band 
(the coupled SI·SL state), generating a microwave-controlled 

spin switch, as illustrated in Figure 4B. From the analysis of 
the (three) as−synthesized batches of the p-14NG material, 
we observed that while the spin-switch behavior was clearly 
expressed at the same temperature threshold (123 K) in all 
cases, the power-dependent switching effect became active 
(in one batch) under microwave irradiation flux, Pa, as low as 
4 mW at T = 123 K, (see Figures S27 and S28 in the Supporting 
Information). This observation indicates that the hyperfine-
dependent switching phenomenon is dictated by the subtle 
combination of the mutual distance (R) and angles (θ) between 
the spin domains SI and SL belonging to the different sublat-
tices, Jex1,2(SI·SL) ∝ 1/R3 and Jex1,2(SI·SL)(R) ∝ sin2(θ)SI·SL,[64] as 
well as by the effective number (N) of interacting SI and SL sites 
involved in the cross-exchange process (∆N population of the 
coupled state modulate the spin-lattice relaxation term, T1, and 
in turn dictates changes in Pa; see Equations (S2), (S6) and (S7) 
in the Supporting Information). This is clearly one of the limits 
of the “wet-chemistry” synthetic methodology, because the exact 
positioning in the lattice of the doping nitrogens (and spin con-
taining SL sites) cannot be achieved with atomic precision.

The results presented in this work pave the way to sp2-only 2D 
systems exhibiting spin-switch behavior induced at X-band fre-
quencies by microwave energy. The possible doping of graphene 
with other elements e.g., phosphorous[65,66] (31P, I = ½, natural 
abundance 100%, a nuclear magnetic moment µI/µN of 1.1316) 
or arsenic (75As, I = 3/2, natural abundance 100%, nuclear mag-
netic moment µI/µN of 1.4395),[67] which encode nuclear hyper-
fine fields of different strengths, may offer further possibilities for 
investigating the impact of hyperfine interactions and application 
of microwave energy on the emergence of spin-switch behavior 
in organic materials. Controlled spin-switch behavior (On–Off) 
and transport properties are the current focus of research in sev-
eral laboratories (in academy and industry) for devising a new 
generation of graphene-based transistors. These materials and 
devices have shown some promise, as well as several limitations, 
for future development in semiconductor electronics, for digital 
logic and radio-frequency (RF) devices.[68,69] Carbon nanotubes 

Adv. Mater. 2019, 31, 1902587

Figure 4. The microwave-induced spin-switch effect in pNG. A) EPR power saturation plot showing the emergence of the spin-switch phenomenon 
in p-14NG (experimental data, circles) at low temperature (123 K) compared to its normal saturation behavior expressed at higher temperatures  
(133 and 143 K). The saturation trend of p-15NG (experimental data, squares), on the contrary, follows at all probed temperatures (118, 133, and 143 K) 
the saturation behavior expected from the theory. The plots are based on analysis of the EPR spectra considering the entire resonance line (∫∫IEPR/√P), 
normalized against the maximum observed intensity. The solid lines in the data plots result from fitting analysis of the data according to the Portis and 
Castner’s theory. The black line for p-14NG at 123 K is given here as guide to the eye. B) Schematic representation of the population of the SLSI band 
with spin-polarized electrons upon increasing the applied microwave power.
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in fact have been explored as potential building blocks for signal 
routing in future microwave networks,[70] and in high-frequency 
signal processing applications,[71] while graphene layers have been 
shown to be more suitable for building RF devices with high cutoff 
frequencies (acting as frequency filters).[72,73] Therefore, the results 
presented here may stimulate further research into the alternative 
generation and control of spin-polarized electron injection in gra-
phene-based materials, enabling the potential assembly of a novel 
class of spintronic and field-effect transistor (FET) devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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R. Zbořil, M. Otyepka, Chem. Mater. 2017, 29, 926.

[43] P. Lazar, C. K. Chua, K. Holá, R. Zbořil, M. Otyepka, M. Pumera, 
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