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The magnetic proximity effect is significant for atomically thin layers of two-dimensional materials. In this paper,
we study the mechanisms of photogeneration spin-polarized carriers in graphene on a magnetic insulator. The
magnetic proximity effect and lowered symmetry at the interface enhance the spin response of graphene in the
alternating electric field of the incident light. The first leads to spin splitting of the linear spectrum of Dirac
electrons. The second increases the role of the spin-orbit interaction. The main mechanisms of photogenerated spin
polarization have been considered, including spin flip intersubband and interband transitions, and their contribution

to the absorption coefficient of graphene.
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1. Introduction

An important feature of atomically thin layers of two-
dimensional materials such as graphene, dichalcogenides,
and transition metal carbides (TMDs and MXenes) is
the high susceptibility of their physical properties to the
external environment. Atomically thin materials experience
a noticeable proximity effect due to interaction with adjacent
materials, which can be used to deliberately change their
properties and create heterostructures with new charac-
teristics [1-3]. For example, when forming structures
based on superconducting compounds and graphene layers,
induced superconductivity [4] can occur in the latter. The
dielectric environment plays an important role for the
optical properties and exciton structure of transition metal
dichalcogenides [5,6]. In case of magnetic layers, there is
a partial hybridization of the states of a magnet and a two-
dimensional semiconductor at the interface, the so-called
magnetic proximity effect. It leads to the Zeeman splitting
of the spin states of two-dimensional charge carriers and
the formation of an equilibrium spin polarization in a two-
dimensional layer [7,8].

Recently, graphene-based heterostructures on magnetic
materials (G/M) [1] have obtained particular importance.
Significant progress is observed in the fabrication of
G/M structures using magnetic substrates of various chem-
ical compositions. A significant magnetic proximity ef-
fect in G/M has been demonstrated using ferromagnetic
metals [8-12], magnetic insulators [7,13-15], antiferro-
magnets [16,17] and monolayers of two-dimensional mag-
nets [18-22]. On the other hand, the understanding of
the physics of the magnetic proximity effect, the nature of
the hybridization of wave functions, and the modification
of the spectrum of two-dimensional electrons, taking into
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account new spin-dependent ones in the effective Hamilto-
nian [1,3,15], has significantly expanded.

Historically, studies of graphene in G/M structures have
been associated with the so-called K-point spin filter-
ing [23,24], which causes selective transmission of spin
polarization through the graphene layer. This effect is
considered to be a promising method for increasing the
efficiency of spin injection in devices based on the effect
of tunneling magnetoresistance (TMR) [25]. To date, it has
been established that the properties of such contacts strongly
depend on the structure of the interface between graphene
and a ferromagnet. In particular, when a strong covalent
bond is formed at the interface, the initial band structure of
graphene is practically practically lost, and the bulk states
of the ferromagnet have a dominant effect on the electronic
spectrum in graphene [24]. On the contrary, if the structure
contains an intermediate dielectric tunneling barrier [8,26],
then the spin splitting is observed without the suppression
of the Dirac cones.

The linear electronic spectrum in graphene is also pre-
served when placed on magnetic insulators, here the mag-
netic proximity effect manifests itself due to the exchange
interaction with the substrate. Recently the appearance of
spin polarization of Dirac electrons was demonstrated in
graphene with a Zeeman splitting of up to several meV
(EuS [7], YIG [14], CrBr3 [19]) and tens of meV [27]
(CrSBr [16], CrSe [17]). In addition, there are a number
of papers, the authors of which indicate the opportunity
of controlling spin splitting by technological [22,27,28] and
electrical methods [26,29).

G/M heterostructures seem promising for improving the
functionality of devices using the TMR effect [25], and the
electrical and tunneling properties of similar structures are
being actively studied. Meanwhile, much less is known
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about the physics of optically induced spin phenomena in
graphene under conditions of the magnetic proximity effect.
Symmetry reduction due to the presence of an interface and
partial hybridization between the electron states in graphene
and in the magnetic substrate are additionally accompanied
by an increase in the spin-orbit interaction (SOI), which
is described by various spin-dependent contributions in
the effective Hamiltonian [3,15,30-33]. Optical studies of
G/M structures are important for understanding the physics
of spin phenomena under the conditions of a complex
magnetic proximity effect, but today they are practically not
presented. Additionally, studies of optically induced spin
phenomena in two-dimensional nanostructures seem to be
important for optoelectronic devices using spin polarization
of carriers [34,35].

The presence of spin-orbit terms in the Hamiltonian
enhances spin-flip optical transitions similar to the effect
of enhancement of spin susceptibility as a result of electric
dipole spin resonance [36-38]. Previously, the effects of
spin generation in graphene under optical irradiation were
studied in papers [39,40]. In the [39] spin photogeneration
was due to Rashba spin-orbit interaction, which has a
spatially inhomogeneous random structure with zero mean
value. This mechanism depends on the correlation function
of the random spin-orbit potential and is relevant for non-
planar graphene layers with ripples“. The paper [40]
considered a strong spin-orbit coupling, when the spectrum
of graphene becomes parabolic for small wave vectors.
In both works, nonmagnetic structures were studied in the
Voigt geometry, when the external magnetic field vector is
parallel to the graphene plane.

In this paper, we study various microscopic mechanisms
of spin photogeneration in graphene located on a magnetic
insulator substrate. It is assumed that the linear electronic
spectrum is preserved upon contact with a magnetic sub-
strate. In contrast, the effect of the latter will consist in the
appearance of a spin splitting, the magnitude of which can
reach several meV, which agrees with experimental observa-
tions in structures with graphene [3,31,32]. In contrast to the
papers [39,40], we will assume that the spin-orbit interaction
is small compared to the Zeeman splitting due to the ex-
change interaction with the substrate, and the magnetization
orientation is perpendicular to graphene. Such a case is
specific for magnetic heterostructures: the equilibrium spin
polarization of Dirac electrons, oriented perpendicularly,
cannot be realized in nonmagnetic structures using an
external magnetic field without the simultaneous formation
of Landau levels.

In this paper, we consider the main mechanisms of spin
photogeneration in graphene due to an alternating electric
field and taking into account various interface contributions
to the spin-orbit interaction. The mechanisms of spin
generation for intersubband absorption are analyzed. It
is shown that the presence of momentum-independent
contributions to SOI additionally leads to interband spin-
flip transitions. These processes are important in a wide
spectral range (from several to tens of meV), while their

influence on the total absorption factor can reach 10% with
the efficiency of spin photogeneration up to several percent.

2. Effective Hamiltonian

We use the model of the effective Hamiltonian of Dirac
electrons H = Ho + Hex + Hso, Where

Ho = vr (koxky + oyky) (1)

— standard Hamiltonian of electrons in graphene. Here
vp~ 108cm/s — the Fermi velocity in graphene, the
momentum k is measured relative to the points (K, K’)
of the Brillouin zone (x = +1 refers to the valley K, and
k= —1to K’), 6 — a vector of Pauli matrices describing
the pseudospin. Units of measurement are selected so that
h=1. The term He takes into account the spin splitting
due to the proximity effect and exchange interaction with
the magnetic substrate

Hex = Aex(n : S)- (2)

Here s — electron spin operator, n — unit vector directed
along the substrate magnetization.

The remaining part of the effective Hamiltonian Hy,
contains various contributions from the spin-orbit inter-
action and essentially depends on the symmetry of the
system, the type of substrate, and its chemical composi-
tion [30-33]. In paper, we will focus on the Bychkov—
Rashba [15,18,41-43] mechanism associated with the ab-
sence of z — —z reflective symmetry at the interface (a spe-
cific mechanism may be associated with the appearance of
a transverse electric field or the substrate effect). The first
non-vanishing terms of the k-expansion expansion of Hs,
are described by two constants 4; and 1,:

where ag = 0.24nm — graphene lattice constant. It is
important to note that the first term does not depend on
the momentum of the electron k. Such a contribution is
specific to systems with a linear spectrum and will play a
particularly important role in our further consideration.

We neglect the intrinsic spin-orbit interaction of the
Kane-Mele [44] type, since for graphene it turns out to be
much smaller than the considered contributions. In addition,
we will not consider the effects associated with the breaking
of symmetry between the graphene two sub-lattices. They
can occur when graphene lies on a less symmetrical
substrate. On the whole, this leads to the opening of a
gap in the spectrum and to the appearance of additional
contributions to the spin-orbit interaction [31,34,45,46]. Let
us note that these mechanisms apparently have a significant
effect on the spin phenomena in structures based on
graphene and TMDs [31,34,45,47].

In contrast to traditional two-dimensional -electronic
systems, for example, GaAs-based quantum wells, spin
splittings in graphene on magnetic substrates turn out to
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be quite large in absolute value and lie in the region of
several meV [1,3,32] (in contrast to tens of ueV for SOI
splitting in GaAs quantum wells [48]). This circumstance
qualitatively indicates a potential enhancement of the effects
of spin generation upon absorption of light, if the induced
spin-orbit interaction is involved in this case.

3. Optical transitions

Let us consider the absorption of light by electrons
in the K-valley. For the valley K’ the consideration is
similar, and the final expression is multiplied by 2 (valley
splitting is not taken into account). The contribution Hiy
to the Hamiltonian from the interaction of electrons with
an electromagnetic wave is obtained using the minimal
coupling k — k — (e/c)A, where A — the vector potential
of the wave

Hiy = —g (UF (6A) + a0 [A x 5] ez) ’ (4)

where e; — the unit vector of the normal to the graphene
plane. In the chosen gauge we have A, = —(ic/w)E,
and ¢ =0. When the spin-orbit interaction is taken
into account, transitions with spin flip under the action
of the electric component of the field become allowed,
ie., in the electric dipole approximation. In the system
under consideration, the magnetic dipole transitions are
several orders of magnitude weaker, and we neglect it.

We will assume that the spin-orbit contributions are small
compared to the characteristic kinetic energy of the electron
and therefore can be taken into account in the framework of
perturbation theory. Meanwhile, the spin splitting due to the
exchange interaction and the magnetic proximity effect are
not assumed to be small, implying Aex > Hg,. Therefore,
the electron dispersion can be considered almost linear
& +.s = TUrK + AS and representing two cones separated
by an energy A, where S = +£1/2 is the spin projection
on the magnetization axis. Wave functions of an electron,

unperturbed Hyo, can be represented as iy, = €¥Up
0

kus

) = 75 () 19 )

Here ¢ — angle between k momentum direction and axis X,
|s) — spin eigenstate of operator Hex.

The scheme of vertical optical transitions in this system
is shown in Fig. 1. Here and below, it is assumed that
the momentum of the electron is conserved during the
transition between different states, and only the normal
incidence of the electromagnetic wave is considered. The
first term in Hiy (4) is not directly related to the spin
operator and leads primarily to interband transitions without
spin flip. These processes are responsible for the universal
absorption in graphene at zero temperature, at which the
absorption coefficient ay = w€’>/hc ~ 2.3% turns out to

where u = + and U, has the form
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Figure 1. Electron energy spectrum ¢(k) and scheme of interband
optical transitions in graphene on a magnetic substrate taking into
account the proximity effect. Acx — spin splitting value, u — Fermi
level in graphene. Arrows on the right — spin flip transitions.
Arrows on the left — transitions without spin flip.

be frequency independent and is determined by the fine
structure constant.

The second term in Hiy (4) is coupled with the electron
spin operator. Accounting for this contribution leads to
intersubband transitions with spin flip similar to the electron
spin resonance scheme. The term o Az[e; x A] acts as an
alternating magnetic field. To describe the transition in the
first order in Hy,, it is sufficient to take the unperturbed
wave function from expression (5). The matrix element of
the vertical transition between the states of two Dirac cones
(u = +1) with different spin projections on the n axis is
given by

e ~
NE = —C 2220A (U5 (e x 0p) U ). (6)

where op — the unit polarization of light, by definition
A, = Af,op, the index p determines the polarization of the
wave. It is important to note that transitions in this scheme
can only occur between the upper spin-split cones (or the
lower cones in the case of p-doping of graphene), since
the contribution from A, to the velocity operator does not
explicitly contain either pseudospin or momentum. The
resonant frequency of intersubband absorption turns out to
be constant iw = A, and the square of the matrix element
does not depend on the direction of the electron momentum
|N<r:|2 X (ﬂ,za()/vp)z.

The spin-orbit contributions to Hg,, which do not depend
on the electron momentum, do not directly affect the form
of Hiy, as happens in the case of linear in momentum terms.
However, their presence also leads to spin photogeneration,
so that spin-flip absorption can take place both for inter-
subband and interband transitions, which is noted in Fig. 1.
Optical transitions are excited in this case by the first term
in Hiy, while processes with spin flip arise from a change
in the wave functions of the electron when Hg, is taken
into account. This mechanism is specific for systems with
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a Dirac spectrum; the effect of spin photogeneration during
interband absorption was previously considered in [40].

Let us present in more detail the calculation of interband
matrix elements of spin-flip absorption. As can be seen from
Fig. 1, two such processes are possible; they differ in the
projection of the spin in the final state. The corresponding
matrix elements will be denoted as M_ for the transition
(= 1)—(+7) and M. for the transition (— 1) — (4 |).
To simplify the calculations, we will consider the case
n = ez, when the magnetization orientation is normal to the
graphene plane. The generalization of the calculation to the
case of an arbitrary orientation of n is straightforward.

The general expression is as follows

ME= —ZAB0p Ve y={> <k ()

where, for instance, v4 = (Uks+1|vro|Uk—|) — the matrix
element of the velocity operator v =vre calculated on
the exact amplitudes of the wave functions Uy,s taking
into account Hy,. To obtain M®? _, we use the formula
for changing the wave functions in the first order of
perturbation theory with respect to Hy,. The unperturbed
Hamiltonian is Hyp 4+ Hcx, while the spectrum of the system
&k +.s = TUFK + AxS and wave functions are given (5).
Taking into account the matrix Hg,, we have

Hggs/;u‘o‘) N
SUkus = Y ———— |Ue ) s'#s, 8
us ];t Ekus — Ekvs’ kvs > 7é ( )
where the matrix elements
HGHD = Gt = _% e v,
HéO*T;JFU — HéO*T;*l) — % e’i(”.

Let us extract the dimensionless factor MY related to the
wave polarization in explicit form from Mf. For example,
M3 = (e/c)vrAy M} in case of linear polarization op = ex.
In the first order by 4,

Acx £ vrk (1 — €729) o)
Acx(Aex £ 20pK)

MX _ =il

where for > it is necessary to take the upper sign, and for
< — the lower one.

It should be noted that at vpk > A the probabil-
ity of interband transitions is approximately equal to
IMX[2 & (A1/Acx)? sin® . The momentum distribution of
photoexcited electrons is determined by the square of the
absorption matrix element. The anisotropic dependence
of the absorption probability on the angle ¢ can lead to
alignment of carriers in momentum — linearly polarized
light excites charge carriers anisotropically distributed in
momentum space. As the momentum Kk decreases, the
angular distribution of |I\ﬁ; |> becomes more isotropic, which
2

is shown in the dependences |I\ﬁ; (p)|* in Fig. 2 for various

1.0
M-

0.5

M-

0402 | ~02 0.4
0.5
1.0

vpk =2.5A

Figure 2. Angular distribution of the probability of light spin-flip
absorption for two interband transitions M. - at different ratios
vrk/Acx. The orientation of the electric field of a linearly polarized
wave is shown by the red arrow.

ratios vpk/Aex. It should be noted that in the vk > A
region the averaged square of the absorption matrix element

<|I\ﬁ$ |2> turns out to be independent of the radiation

polarization. This circumstance is due to the specific
structure of Hy, and the term 1;, which does not depend on
the electron momentum.

The matrix element of spin-flip intersubband transitions
is calculated in a similar way. The final result for a linearly
polarized wave o, = ey for the conduction band the form

_ e 2i¢
MX =i, UAF';(l—ez). (10)
ex (Zka)
This transition leads to absorption at the same resonant
frequency as in the situation with the A, — mechanism
(hw = Aex). In the region vpk > A, however, the
square of the matrix element obtains an additional small
factor |M* |2 o< (1;/vrk)?sin® . Thus, one should expect
suppression of this mechanism when the Fermi level is
U > Ay, to the extent of the parameter (1;/u)? compared
to interband transitions. The polarization dependence of
(IMP |2} is also absent in the case of intersubband transitions.

4. Spin photogeneration

The absorption factor is related to the longitudinal optical
conductivity @(w) = (4m/c) Re [oxx(w)] and is equal in the
general case

4m’e?
a =

f - f / X ’
oA (fs kp') ’vﬁﬁ
k.88’

2
8 (e — &g + hw) ,

(11)
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where index = (u, S) includes orbital states 4 = +1 and
various spin projections, fyg — equilibrium distribution
function, A — sample area, v}éﬁ, — matrix element of
velocity operator v = dH/dk. Expression (11) includes
spin-flip processes. Next, we consider the case of zero
temperature T =0 and n-doping of graphene, when the
electrons are degenerate and fill part of the Dirac cone in
both spin sub-bands, with the Fermi level u > Aey.

It is convenient to represent the total absorption factor
as the sum of several terms corresponding to different
transitions:

Qotal = A7 + & + Qis + Ainter- (12)

Here ay,| corresponds to interband absorption inside the
spin sub-bands separately. This contribution has the form
of ar | = (ao/2)®(ﬁw — 2‘111,1), where Myl = U F Aex/2
and © — Heaviside function. In the frequency range
how > 2u 4+ A we have the contribution of the universal
absorption a; + @) = aq.

The terms ajs and ajyer refer to spin-flip absorption pro-
cesses and describe intersubband and interband transitions,
respectively. To calculate intersubband processes in the
upper Dirac cone, it is necessary to consider the terms
in (11) with indices 8 = (+, 1) and g’ = (4, |). Intersub-
band absorption is centered at the frequency w = A«/h
and has an §-shaped form. The characteristic resonant
frequencies w are in the terahertz range. For momentum-
independent contributions to Hy, we have

/12
ais ~ ﬁ S(hw — Aey). (13)

We note that in a situation where both mechanisms of the
Bychkov—Rashba spin-orbit interaction in (3) turn out to
be approximately of the same magnitude, the interference
contribution between them must be taken into account. The
width of the intersubband line is determined by the mecha-
nisms of transverse spin relaxation, which also significantly
affects the final efficiency of spin photogeneration.

The interband absorption ainer has a different frequency
dependence, let us consider it in more detail. As discussed
in the previous section, there are two interband processes,
which are described by matrix elements MX _ in accordance
with (9). We separate the contributions from these channels
in aj =a- +a~. Spin splitting preserves the electron-
hole symmetry of the spectrum, so that for processes with
spin flip (see Fig. 1) at zero temperature, absorption in
both channels is possible for the radiation energy hw > 2u.
To calculate these contributions to (11), it is necessary to
consider the indices 8 = (+ |), ' = (— 1) and B = (+ 1),
B" = (= 1) for MX _ respectively. Using (9), the calculation
of the sum can be carried out and analytical expressions can
be obtained

ap o Aex 1 1
e =—0A |1 £ — — + - how — 2u),
=T 1< hw> <A§x+(hw)2 Ot =21
14)
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Figure 3. Frequency dependence of the absorption factor in the
region of interband transitions and the efficiency of nonequilibrium
spin photogeneration. Parameters: u = 15meV, Ay =4meV,
A1 = 2meV.

where plus corresponds to < and minus — to >. The given
formulas are valid when y > A /2. At smaller y, it is im-
portant to take into account the transitions (+ |) — (= 1),
while the denominator in (8) can become zero, for example,
under the condition &y | — ek —,1 = 2Kvp — A =0. In
this region of wave vectors, the perturbation theory is
not applicable, and the corrections must be calculated
in a different way, for example, by performing an exact
diagonalization of the complete Hamiltonian. Here we do
not consider this situation and assume that 2Kvg # Aey.

The final expression for the interband contribution to the
absorption factor

e = 3 (g + Gz ) 0 =20, (19
In the p > A limit, it does not depend on the frequency
and is equal to (g/2)(A1/Aex)?. From the papers [7,31]
we took estimates of the quantities that determine the
spin splittings, Aex = 4meV and 1; = 2meV, and the Fermi
energy u = 15meV.

Figure 3 shows the spectrum of the total absorption
coefficient and the contributions from specific processes
with the conservation and change of spin in the frequency
range corresponding to interband transitions. For the
selected parameters, the dispersion of ainer is practically
absent. The stepped character of o is related to the
spin splitting of the Dirac cones. Universal absorption for
each Dirac cone starts with a different energy hw, and
the distance between the energies is 2A. (Fig. 1). In
addition, in the u > A limit, the relative role of transitions
with spin flip

Qinter __ ﬂ,_%

Qotal ~ 2A<23x.
For the chosen parameters we estimate this ratio ~ 12%.
Strictly speaking, the obtained value should be considered
the upper estimate, since in this case 1;/A = 0.5 and,
accordingly, the perturbation theory is not accurate.

(16)
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To estimate the efficiency of spin photogeneration, we
define the degree of optical orientation P as the ratio
of the difference between the absorption factors for pro-
cesses with different spins to the total absorption factor
P = (@~ — a<)/ota. This value shows the fraction of pho-
toexcited electrons with opposite spin polarization relative
to the total number of photoexcited electrons in the upper
Dirac cones. In the u > A limit, the degree of optical
orientation 5
M

P~
2Aexhw

(17)

decreases with increasing frequency of P oc @~!. With the
ration Ae/u =~ 0.25 we obtain P ~ 3%.

5. Possible experimental observation

The absorption factor of atomically thin materials can
be measured with sufficiently high accuracy by optical
methods, for example, when studying the reflectance from
a heterostructure [49,50]. Usually the optical contrast is
measured 6gr = |R— Ry, ie. relative difference between
the reflectances from the substrate with graphene Ry and
without it R. If ngis the refractive index of the substrate
and the absorption in graphene is small, then the following

relation is valid:
- 40lotal

8N .
R -1

By forming additional dielectric layers on graphene, the
optical contrast can be increased, which will allow to
measure finer contributions to absorption [51]. Moreover,
ultrasensitive schemes for optical studies of two-dimensional
materials, including those in the terahertz range, based on
the use of a substrate as a Fabry-Perot interferometer,
are currently being developed. The application of such
experimental techniques opens up the opportunity of direct
optical detection of the effect of spin photogeneration during
interband transitions under conditions when its efficiency
reaches at least 5—10%, and it seems possible to distinguish
the contribution of Qiyer from the background of random
noise [49,50].  Additionally, the frequency-independent
contribution of @jyer to spin-flip processes with suppressed
Az-should, in theory, manifest itself up to the near infrared
range. Let us note that to observe the spectral features of
the absorption factor shown in Fig. 3 (in a lower frequency
range), low temperatures and rather high electron mobilities
in graphene are required. The reciprocal scattering time in
energy units should not exceed a few meV; otherwise, the
response of interest can be masked by Drude absorption.

As an alternative to direct optical measurements, a
scheme for electrical detection of nonequilibrium spin
polarization in graphene using ferromagnetic contacts [52]
and the Johnson-Silsbee effect [53] can be used. The
advantage of this technique may lie in the fact that the
photovoltage is determined mainly by the nonequilibrium
spin polarization of electrons in graphene, which arises only
in the processes of spin photogeneration.

(18)

6. Conclusion

The processes of photogeneration of spin-polarized
charge carriers in graphene structures on a magnetic
insulator substrate were studied in this paper. The main
mechanisms of spin photogeneration under conditions of a
strong magnetic proximity effect and symmetry reduction at
the interface with the substrate are considered. It is shown
that taking into account the momentum-independent terms
responsible for the spin-orbit interaction in the Hamiltonian
for electrons in graphene leads to the appearance of new
channels for the generation of spin-polarized carriers during
interband absorption of light in the far-IR frequency range.
It was predicted that, for realistic parameters, spin-flip
transitions can make a significant contribution to the total
absorption coefficient, with the degree of optical spin
orientation reaching several percent. The results obtained
can be used for experimental studies of the magnetic
proximity effect in structures based on two-dimensional
materials, as well as for the development of optoelectronic
devices using the spin polarization of charge carriers in
conducting channels.
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