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Abstract

Local magnetic moments can be created in graphene by incorporating different de-
fects. The possibility of regulating dynamics of magnetization in graphene, by employ-
ing the Purcell effect, is analyzed. The role of the system parameters in magnetization
reversal is studied. The characteristics of such a reversal can be varied in a wide
range, which can be used for various applications in spintronics. It is shown that fast
magnetization reversal generates coherent radiation.
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1 Introduction

Finite quantum systems demonstrate a rich variety of properties that can be employed for
numerous applications. Among such finite systems, it is possible to mention quantum dots,
nanoclusters, nanomolecules, trapped atoms, etc. [1]. A novel class of finite quantum systems
is presented by graphene.

When considering electronic properties of graphene, magnetic effects are usually disre-
garded, since they occur on much smaller energy scales than other energies [2-10]. For
instance, the Zeeman energy gupB, in the external field of B = 1 T, is only 4.3 x 107 eV
(0.5 K). This is much smaller than other characteristic energies in the tight-binding form
of the electronic Hamiltonian, the nearest-neighbor hopping energy 2.8 eV (3.25 x 10* K),
the next-nearest-neighbor hopping energy 0.1 eV (1.16 x 10® K, and the electron-electron
on-site Coulomb repulsion energy that is of order 1 — 10 eV (10* — 10° K). Direct spin-spin
electron interactions are also small, p%/a® ~ pu%/a ~ 107° eV (0.2 K), where a ~ 1.42 A is
carbon-carbon spacing and p &~ 3.9 x 10'® cm™2 is the planar density of carbon atoms. The
only energy that is smaller than the Zeeman energy is the energy of spin-orbit interactions,
which is of order 107¢ — 107° eV (0.01 — 0.1 K).

Magnetic effects become more pronounced in the presence of disorder that can come about
in many different forms, such as adatoms, vacancies, admixtures on the top of graphene or in
the substrate, and also extended defects, such as cracks and edges [2,3|57HI1]. Adatoms can
possess magnetic moments, interacting with electronic spins as in the Kondo problem [12].
Magnetic moments also develop around vacancies. Spins, localized at such defects, interact
with each other, either ferromagnetically or antiferromagnetically. Magnetization can be
induced at the edges of graphene flakes and quantum dots. A graphene quantum dot of
radius R ~ 100 nm can have 10 — 20 edge spins [7,[13]. A series of quantum dots can form
graphene ribbons with disordered edges.

There are numerous works confirming the existence of localized magnetic moments at
graphene defects, such as zigzag edges [11,[14H18], vacancies [I9-25], divacancies [26],27],
adatoms [28430], and transition-metal dimers [31]. Hydrogenated zigzag edges [17,132] can
possess local magnetic moments with spins 1/2, 3/2, and 5/2. Such dehydrogenated zigzag-
edge groups form dehydrogenated nanomolecules exhibiting ferromagnetism at room temper-
atures [17,33]. Examples of these nanomolecules are: CsgHoo, CgsHag, Cs6Hay, CoaHos, and
CesHar. Zigzag edges can show magnetism in bilayer graphene [34]. Organic substrates on
graphene can be magnetized [35]. Strain can also induce magnetism at zigzag edges [36L37].
In some cases, defects can form magnetic clusters on graphene [38], with spins up to .S = 5/2.
Paramagnetic impurities of isolated Mn?" ions also possess spins S = 5/2 [39].

Various types of defects in graphene are described in the review articles [40,[41]. Emer-
gence of defect-induced magnetism in graphene materials has been reviewed by Yazyev [42]
and by Enoki and Ando [43].

Magnetic properties of graphene nanostructures offer unique opportunities for various
technological applications related to spintronics, for instance, in quantum information pro-
cessing. One of the most important requirements for efficient spin manipulation is the
possibility to quickly vary the spin direction.

In the present paper, we describe a method allowing for fast magnetization reversal in
graphene. We accomplish numerical simulations and analyze the characteristic features of
the reversal process. We show that, by employing the Purcell effect [44], that is, coupling the



sample to a resonant electric circuit, it is possible to efficiently regulate the magnetization
dynamics. Here it is important to remind that under Purcell effect one often understands
quantum electrodynamics phenomena exhibiting enhancement of emission processes due to
a resonant cavity. However, the meaning of the Purcell effect is more general, implying
the enhancement of relaxation phenomena due to coupling with a resonator. Moreover, in
his original paper [44] Purcell considered not a cavity electrodynamics phenomena, but the
relaxation of a spin system. It is exactly spin dynamics that is the topic of the present paper,
and the Purcell effect is understood in its original meaning [44].

We demonstrate that fast magnetization reversal in graphene can generate coherent ra-
diation, whose characteristics depend on the properties of magnetic defects.

2 Model of magnetic graphene

Defects in graphene interact with each other by means of exchange interactions [42,/43]
characterized by a Heisenberg Hamiltonian
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where « is an anisotropy parameter and S} is a v component of an effective spin of a j-th
defect, with j = 1,2,..., N. We take into account the existence of an external magnetic field
By directed along the axis z. In order to realize the Purcell effect, the sample is placed inside
a magnetic coil of an electric circuit, producing a magnetic field H acting on the defect spins
and directed along the coil axis that is taken along the axis . Thus, the total Hamiltonian
is

N
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in which pg is a defect magnetic moment and the total magnetic field
B = Byn, + Hn, (3)

is the sum of a constant external field By along the unit vector n, and of a coil magnetic field
H along the unit vector n,. The magnetic moment p is due to electrons and is negative.

The coil magnetic field is a feedback field induced by the moving spins of the sample.
The equation for this field follows from the Kirchhoff equation and can be written [45,/46] in
the form
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is the circuit damping, w is the circuit natural frequency, and () is a resonator quality factor.
The effective electromotive force in the right-hand side of the equation is caused by the
moving magnetization
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due to spins of the sample inside the coil of volume V,.,. The angle brackets imply statistical
averaging.
The equations of motion for spins are given by the Heisenberg equations

ih djl’ [S}’, f[} (v=um,y,z2). (7)

Writing down these equations, we are interested in the temporal behavior of the averaged
over the sample spin polarizations
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The latter are treated in the mean-field approximation with respect to statistical averaging:
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For the sake of simplicity, we write in what follows e, instead of < e, >.
The feedback equation (4) defines the feedback magnetic field H, for which we introduce
the dimensionless quantity

H
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The electric circuit is tuned in resonance with the Zeeman frequency
1
wo = 7 [1oBol (11)
so that
w=wp . (12)

The parameter characterizing the coupling of the sample with the resonator can be defined
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poNS

= 13
B ' BO‘/;’es ( )
Differentiating Eq. (4), we come to the feedback equation
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where time is measured in units of 1/w. The initial conditions read as

h(0) = h(0) =0, (15)

with the overdot being time derivative.
The total intensity of radiation can be estimated by the formula
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where M is the sample magnetization moment
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As we have checked, the sharp peaks in the radiation intensity are due to coherent radiation,
but when radiation is spread over a long time interval, it is mainly due to the incoherent
part of radiation.

In the following section, we present the results of numerical solution for the equations
describing the average spin polarizations e, and the corresponding radiation intensity. Our
aim is to analyze the influence of the system parameters on the possibility of regulating
the dynamics of graphene magnetization, paying the main attention to the influence of these
parameters on the time of magnetization reversal, the value of the reversed spin polarization,
and the related coherent spin radiation.

3 Defects at zigzag edge

We consider the often met situation, when defects with spins are located along a zigzag
edge of a graphene ribbon or a graphene flake. This edge is assumed to be directed along
the axis = corresponding to the direction of the resonator coil. Such a geometry is taken
because it guarantees the best coupling of the resonator with the spins of the sample [47/[4§].
The spins of the sample are prepared in a strongly nonequilibrium state, similarly to the
setup employed in other magnetic materials [45H50]. At the initial time, the defect spins are
polarized downwards, with the total initial polarization e,(0) = —0.9. This initial state is
shown in Fig. 1. The sample is placed inside a resonator coil. And an external magnetic
field is imposed, for which the equilibrium polarization would correspond to upwards spins.
The questions of interest are: how quickly the spins reverse to the upward direction, how
this reversal time depends on the system parameters, how the latter influence the value of
the reversed magnetization, as well as the strength of the radiation intensity.

We accomplish numerical solution of the evolution equations for a chain of N = 100 defect
spins at a zigzag edge. The exchange interactions act only among the nearest neighbors, with
the fixed strength JS = hw, while other parameters are varied. In Fig. 2, we illustrate the
role of magnetic anisotropy, characterized by the magnetic anisotropy parameter «, for the
coupling parameter S = 0.01 and the resonator quality factor () = 10. Time is measured in
units of 1/w. Increasing the anisotropy makes the reversed value of e, smaller. Thus, when
there is no anisotropy (o = 1), the polarization reversal is practically complete, with the
final polarization e, ~ 0.9. Under the anisotropy parameter v = 1.2, the final e, ~ 0.75,
and for a = 1.4, the final e, ~ 0.7. The reversal time increases with the increase of the
anisotropy. When there is no anisotropy (o = 1) the reversal time is t,., ~ 50, although
there are oscillations before the reversed magnetization stabilizes. For a = 1.2, the reversal
time is ., ~ 100. And for o« = 1.4, this time is t¢,., ~ 3000. The anisotropy suppresses the
radiation intensity, as is clear form Fig. 3. In this and in the following figures, the radiation
intensity is measured in units of erg/s = 1077 W.

The role of anisotropy can be diminished by a stronger coupling with the resonator, as
is shown in Fig. 4, where g = 0.1 and Q = 10. In this figure, the first reversal happens at
trer = 15 for all anisotropies up to a = 1.5, although oscillations of e, remain for some time.



The final reversed value of e, decreases with increasing anisotropy. The related radiation
intensity is shown in Fig. 5.

Increasing further the coupling between the sample and the resonator coil, although
slightly diminishes the first reversal time, but induces strong oscillations of the spin polar-
izations, as is illustrated in Fig. 6 for # = 1 and Q = 10. The stronger coupling with the
resonator increases the radiation intensity, as is seen in Fig. 7.

An intermediate situation occurs when the coupling is weak, but the quality factor is
large, say, § = 0.01 and @ = 100. Then, at small anisotropy, there exist strong oscillations
that become suppressed at increasing anisotropy. However, increasing the anisotropy essen-
tially delays the magnetization reversal, as is shown in Fig. 8, and destroys the peak of the
radiation intensity, spreading it over a wide time interval, as follows from Fig. 9.

When for applications, it is necessary to achieve a short reversal time, but avoiding strong
oscillations, then the optimal regime for this would correspond to not too strong coupling,
under weak anisotropy, as in Figs. 2a and 2b. Although increasing the coupling suppresses
the role of anisotropy, but leads to strong oscillations that could be undesirable in practical
applications, such as information processing.

However, when, on the contrary, it is necessary to increase the reversal time, which could
be desirable for information preservation, this can be achieved by increasing the anisotropy.

Since there are numerous ways of producing magnetic graphene by incorporating different
defects, as is discussed in the Introduction, the parameters of the system can be varied in a
wide range. Therefore this kind of magnetic graphene could provide possibility for different
applications in spintronics, e.g., for information processing.
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Figure Captions

Figure 1. (a) Location of defects at a zigzag edge of a graphene ribbon: (b) initial
configuration of defect spins.

Figure 2. Transverse, e, (dotted line), and longitudinal, e, (solid line), spin polarizations
as functions of dimensionless time (measured in units of 1/w), for the coupling parameter
B = 0.01 and the resonator quality factor ¢Q = 10, for different anisotropy parameters: (a)
a = 1, which implies the absence of anisotropy; (b) o = 1.2; and (¢) a = 1.4. Increasing the
anisotropy reduces the value of the reversed polarization e, and increases the reversal time.

Figure 3. Radiation intensity in units erg/s = 1077 W for the same sample parameters
as in Fig. 2: (a) a =1 (absence of anisotropy); (b) a = 1.2; and (¢) o = 1.4. Increasing the
anisotropy suppresses the radiation intensity.

Figure 4. Spin polarizations e, (dotted line) and e, (solid line) versus dimensionless
time for the coupling parameter 5 = 0.1 and the resonator quality factor @) = 10, for different
anisotropy parameters: (a) a = 1 (no anisotropy); (b) e = 1.2; and (¢) o = 1.4. Increasing
the anisotropy reduces the value of the reversed polarization e,, but practically does not
change the reversal time.

Figure 5. Radiation intensity in units erg/s = 1077 W for the same sample parameters
as in Fig. 4: (a) a =1 (no anisotropy); (b) a = 1.2; and (c) a = 1.4. For a larger coupling
parameter, the suppression of radiation intensity by the anisotropy is weaker.

Figure 6. Spin polarizations e, (dotted line) and e, (solid line) versus dimensionless
time for the coupling parameter 8 = 1 and the resonator quality factor ) = 10, for different
anisotropy parameters: (a) a = 1 (no anisotropy); (b) a = 1.2; and (¢) o = 1.4. Increasing
the anisotropy reduces the value of the reversed polarization e, almost does not change the
reversal time, but induces strong oscillations of the spin polarizations.

Figure 7. Radiation intensity in units erg/s = 10" W for the same sample parameters
as in Fig. 6: (a) @ =1 (no anisotropy); (b) a = 1.2; and (¢) o = 1.4. For a larger coupling
parameter, the radiation intensity is not strongly suppressed by the anisotropy.

Figure 8. Spin polarizations e, (dotted line) and e, (solid line) versus dimensionless
time for the coupling parameter f = 0.01 and the resonator quality factor ) = 100, for
different anisotropy parameters: (a) a = 1 (no anisotropy); (b) o = 1.2; and (¢) o = 1.4.
Increasing the anisotropy suppresses spin oscillations, only slightly reduces the value of the
reversed polarization e, but strongly delays the reversal time.

Figure 9. Radiation intensity in units erg/s = 10" W for the same sample parameters
as in Fig. 8 (a) a = 1 (no anisotropy); (b) a = 1.2; and (c) @ = 1.4. Increasing the
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resonator quality factor induces many oscillations in radiation intensity.
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Figure 1: (a) Location of defects at a zigzag edge of a graphene ribbon: (b) initial configu-
ration of defect spins.
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Figure 2: Transverse, e, (dotted line), and longitudinal, e, (solid line), spin polarizations
as functions of dimensionless time (measured in units of 1/w), for the coupling parameter
B = 0.01 and the resonator quality factor ¢Q = 10, for different anisotropy parameters: (a)
a = 1, which implies the absence of anisotropy; (b) o = 1.2; and (¢) a = 1.4. Increasing the
anisotropy reduces the value of the reversed polarization e, and increases the reversal time.
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Figure 3: Radiation intensity in units erg/s = 1077 W for the same sample parameters as
in Fig. 2: (a) @ = 1 (absence of anisotropy); (b) @ = 1.2; and (c¢) o = 1.4. Increasing the
anisotropy suppresses the radiation intensity.
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Figure 4: Spin polarizations e, (dotted line) and e, (solid line) versus dimensionless time
for the coupling parameter § = 0.1 and the resonator quality factor () = 10, for different
anisotropy parameters: (a) a = 1 (no anisotropy); (b) e = 1.2; and (¢) o = 1.4. Increasing
the anisotropy reduces the value of the reversed polarization e,, but practically does not
change the reversal time.
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Figure 6: Spin polarizations e, (dotted line) and e, (solid line) versus dimensionless time
for the coupling parameter § = 1 and the resonator quality factor () = 10, for different
anisotropy parameters: (a) a = 1 (no anisotropy); (b) a = 1.2; and (¢) o = 1.4. Increasing
the anisotropy reduces the value of the reversed polarization e,, almost does not change the
reversal time, but induces strong oscillations of the spin polarizations.
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Figure 8: Spin polarizations e, (dotted line) and e, (solid line) versus dimensionless time
for the coupling parameter 5 = 0.01 and the resonator quality factor () = 100, for different
anisotropy parameters: (a) a = 1 (no anisotropy); (b) @ = 1.2; and (¢) o = 1.4. Increasing
the anisotropy suppresses spin oscillations, only slightly reduces the value of the reversed
polarization e, but strongly delays the reversal time.
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Figure 9: Radiation intensity in units erg/s = 10~ W for the same sample parameters as

in Fig. 8: (a) a =1 (no anisotropy); (b) @ = 1.2; and (¢) o = 1.4. Increasing the resonator
quality factor induces many oscillations in radiation intensity.
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