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Photoinduced phases in jacutingaite monolayer
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The topological phases of monolayer jacutingaite (Pt2HgSe3) under off-resonance high-frequency and high-
intensity laser irradiation and staggered sublattice potential V are investigated. The various steady-state phases
are realized by an appropriate choice of the off-resonance circularly polarized laser field parameters and the
staggered sublattice potential. By tuning the band gap through V and/or laser intensity, a phase diagram is
deduced and explained. Increasing the laser intensity at V = 0 leads to a photoinduced quantum Hall insulator
state with chiral edge currents, while increasing V in the absence of laser field changes the phase from quantum
spin Hall to quantum valley Hall phases. An electromagnetically induced, steady-state spin-polarized quantum
Hall state is predicted at particular values of V and the laser intensity relative to the spin-orbit coupling strength.
The emergence of the topological phases is corroborated by calculating the Chern numbers of each band, and
the Hall conductivity at zero temperature. Calculations of the Nernst coefficient give further evidence at nonzero
temperatures. Along the phase boundaries, we observe steady-state single Dirac cone, spin-polarized, and spin-
valley-polarized metal states which may be exploited in use of jacutingaites in spin and valleytronics.
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I. INTRODUCTION

Much research has been devoted in recent years to topo-
logical materials that exhibit for instance quantum spin Hall
(QSH) states with prospective use in low-power energy
consumption devices and quantum computing [1]. QSH in-
sulators support edge states which are theoretically immune
to backscattering. To establish a QSH system, certain key
characteristics are required. First, a hexagonal lattice structure
helps facilitating a sizable spin-orbit coupling (SOC) [2]. The
Kane-Mele insulator (KMI) is an example of such a system.
Secondly, for applications, the material should have a topolog-
ical gap that persists to room temperature to ensure stability at
ambient conditions [1]. Additionally, weak intralayer interac-
tions, specifically of the van der Waals type, are desirable for
enabling exfoliation of thin layers from bulk materials [3].

Graphene and silicene have been considered as potential
candidates of KMIs [2,4–7]. Their SOC strength is however
rather weak. Monolayers of transition metal dichalcogenides
(TMDCs) in the 1T′ phase also exhibit significant SOC
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which is beneficial for achieving a QSH state [8,9]. However,
TMDCs are challenging candidates from an application point
of view due to their metastable nature [9] and susceptibility to
oxidation which limits their use.

Jacutingaite [10], a mineral characterized by the general
formula Pt2AX 3 (A = Hg, Cd and X = S, Se) is exfoliable and
consists of a Pt layer sandwiched between two layers of Se
and Hg ordering in a honeycomb structure [11], similar to sil-
icene and graphene [12,13]. Monolayer jacutingaite serves as
a KMI realization at room temperature with a relatively large
SOC-induced gap of around 160 meV [14–16]. Additionally,
it is highly stable, making it a potentially good candidate for
various applications.

Various external probes can be used to adjust the band gap
in two-dimensional (2D) materials such as electric [17–19] or
antiferromagnetic exchange fields [20]. Also, off-resonance
circularly polarized laser fields can be used to tune the
steady-state properties. Experimental [21–23] and theoretical
[24–30] studies on TMDCs confirmed that off-resonance light
can manipulate spin and valley degrees of freedom. A key
feature is that, in off-resonance and high-frequency approx-
imation, the intensity and photonic spin angular momentum
can modify the charge and spin degrees of freedom (in pres-
ence of SOC). Time reversal symmetry ensures that left (right)
circular polarization interacts with the K (K ′) valley.

Ezawa [4] has studied the phases of an irradiated silicene
sheet in the presence of an electric field and uncovered vari-
ous distinct phases depending on the fields’ parameters. The
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heterostructure Pt2AX 3/CrI3 is a valley-polarized Chern in-
sulator with a large orbital magnetization that may induce a
measurable optical Kerr effect [12]. Recently, the topologi-
cal phase shifting of monolayer jacutingaite under magnetic
exchange interactions and staggered sublattice potential is
investigated [13]. It is found that in the presence of the
Rashba interaction in certain parameter regimes, the system
exhibits both quantum anomalous Hall and quantum valley
Hall effects, simultaneously. A similar study on the familiar
topological insulator Bi2Se3 shows that when thin films are
irradiated with off-resonance light, distinct phases emerge
in the phase diagram depending on frequency, intensity, and
polarization of the off-resonance light [31]. A recent study on
the jacutingaite family also shows that induced spin splittings,
Berry curvature (BC), and spin texture between two valleys
can be swapped upon reversing the electric field from positive
to negative without destroying Z2 topological hallmarks [32].
However, the impact of off-resonance light on the phase tran-
sition of nonmagnetic jacutingaites has not been extensively
discussed so far.

In this paper, we investigate the phases in a monolayer of
jacutingaite. We utilized the Kane-Mele model and consider
the effects of a sublattice staggered potential (V ) that arises
when applying a vertical electric field (Ez) and off-resonance
light imparting effectively an energy �� to the system. By
analyzing the total (C), spin (Cs), and valley Chern num-
bers (Cv), we demonstrate that jacutingaites exhibit a wide
range of topological phases. Our findings reveal that by ap-
propriately modulating the fields, the system can undergo
transitions between the QSH, the quantum valley Hall (QVH),
the photoinduced quantum Hall insulator (P-QHI), and the
electromagnetic-induced spin-polarized quantum Hall insu-
lator (S-QHI) phases. Moreover, we identify the emergence
of electromagnetically adjustable single Dirac cone (SDC),
spin-polarized metal (SPM), and spin-valley-polarized metal
(SVPM) states at the phase boundaries. Furthermore, we cal-
culate the spin/valley anomalous Nernst coefficient (ANC) for
further insight and validation at elevated temperatures.

II. FORMALISM

We consider a transverse circularly polarized laser field
impinging perpendicular onto the 2D material. Within the
dipole approximation the field’s vector potential reads A(t ) =
A(sin(±ωt ), cos(±ωt )), where ω = 2π/T is the frequency
of light and the ± sign corresponds to the right and left
circular polarization, respectively. |A| = |E0/ω| with E0 be-
ing the amplitude of the laser’s electric field and the pulse
duration is assumed much larger than the period T . In the
high-intensity, high-frequency regime, based on Floquet anal-
ysis [33] it follows that a steady-state electronic structure is
established in the presence of the laser [4,34]. More precisely
for eAvf/h̄ω � 1 (where vf = 3 × 105 m/s is the Fermi ve-
locity in monolayer jacutingaite) and after averaging over
the high-frequency dynamics, the steady-state dynamic of the
monolayer jacutingaite in the presence of off-resonance light
and perpendicular electric field is captured by the effective
Hamiltonian [4,13,35]

Hη,sz = h̄vf (ηkxσx + kyσy) + ηszλσz + η��σz + V σz, (1)

where kx and ky are the components of the wave vector

k with k =
√

k2
x + k2

y , and �� = (evf A)2/h̄ω is the energy
contribution due to the interaction with the laser field. Here,
sz = +1 (−1) refers to the electron spin up (down), η =
+1 (−1) corresponds to the K (K ′) valley, and σx,y,z is the
Pauli matrix in the sublattice space. In Eq. (1), the first term
resembles a massless graphene-type Hamiltonian [36], and the
second one is the Kane-Mele SOC with λ = 81.2 meV [14],
which is almost 20 times larger than that in silicene [37], and
respects both time reversal and inversion symmetries. Jacutin-
gaite monolayer exhibits different structural parameters and
Fermi velocity than silicene or graphene (such as the lattice
constant) which have consequences for the topological and
transport properties. First-principles studies on the band gap
and its tunability do exist (e.g., Refs. [14,38]). Here, the large
separation between the high-symmetry lines in the momentum
space and the relatively small difference between the conduc-
tion band minimum point of K and M points indicate that our
remain conclusions are valid at low temperatures.

The eigenvalues of Eq. (1) can be written as

En
η,sz

= n
√

(h̄vfk)2 + (�η,sz )2. (2)

The mass term �η,sz = η�� + ηszλ + V indicates the effec-
tive gap, and n = ± stands for the conduction and valence
bands, respectively.

The velocity operator v = ∂Hη,sz/∂ p [13] has two compo-
nents: vx = ηvfσx and vy = vfσy. Having the velocity opera-
tors and the eigenvalues, the BC is obtained as [13,39,40]

�n
η,sz

(k) = −2h̄2Im
∑
n �=n′

fnk
〈unk|vx|un′k〉〈un′k|vy|unk〉(

En
η,sz

− En′
η,sz

)2 , (3)

in which fnk = [1 + exp(En
η,sz

− Ef )/kBT ]−1 is the Fermi-
Dirac distribution function for the nth band with Fermi energy
of Ef , and unk is the eigenstate of Eq. (1). Here, we used the
condition vx(y),n′;n(k) = v∗

x(y),n;n′ (k), due to the Hermiticity of
vx,y.

Generally, the spin-valley-resolved Hall conductivity at
zero temperature can be obtained as

ση,sz = e2

h

∫
d2k�n

η,sz
. (4)

In the insulating regime when the Fermi level lies in the
bulk gap, the spin-valley-resolved Hall conductivity is given
as ση,sz = e2/hCη,sz , in which Cη,sz is the spin-valley-resolved
Chern number and defined as

Cη,sz = 1

2π

∫
d2k�n

η,sz
. (5)

In the band gap, for monolayer jacutingaite the
aforementioned definition could be simplified to

Cη,sz = η

2
sgn

(
�η,sz

)
, (6)

where sgn(x) is the sign function. The charge Chern number
and spin Chern number are both topological invariants
utilized for indexing a topological insulator phase [4,41].
The spin and valley Chern numbers are given by Cs =
(C↑ − C↓)/2 and Cv = (CK − CK′ )/2, respectively, in which
C↑(↓) = ∑

η Cη,↑(↓) and CK(K′ ) = ∑
sz

CK,sz(K′,sz ). Similarly,
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we define σ↑(↓) = ∑
η ση,↑(↓) and σK(K′ ) = ∑

sz
σK,sz(K′,sz ).

Accordingly, the total Chern number (C) is the sum of all
spin-valley-resolved Chern numbers: C = ∑

η,sz
Cη,sz .

Note that if the Fermi energy falls within a band, the Chern
number is not defined. Regardless, Eq. (4) can still provide the
Hall conductivity.

From the velocity and the entropy density follows the spin-
valley resolved ANC as [42,43]

αn
η,sz

= ekB

2π h̄

∑
n

∫
�n

η,sz
(k)Sn

η,sz
(k)dk2, (7)

in which Sn
η,sz

(k) is the entropy density given by Sn
η,sz

(k) =
− fn(k) ln fn(k) − [1 − fn(k)] ln[1 − fn(k)]. The total ANC
(TANC) can be calculated by summing over all spin-valley
resolved ANCs and the spin ANC (SANC) or valley ANC
(VANC) are defined as αs = α↑ − α↓ and αv = αK − αK′ ,
respectively.

It should be noted that the phase terminology used here
(in line with the literature) is meant to simplify the classifi-
cations of the results. We are not dealing with ground-state
quantum or thermal phase transitions but with nonequilibrium
phenomena that occur in the presence of the laser. In addition,
we rely on the validity of an effective single-particle descrip-
tion of the system that yields band structure from which we
infer the transport coefficients under the assumptions that the
external perturbations are weak. Generally, stronger pertur-
bations may invalidate the single-particle picture (even for
weakly interacting systems in the ground state) as well as
the linear response approach to transport. When an effective
single-particle approach breaks down, we cannot rely on the
above approach for the equilibrium of the system. For dealing
with many-body effects under the influence of strong external
perturbations and beyond the linear response (which is out of
the scope of this paper) one has to resort to other methods such
as nonequilibrium Green’s functions.

III. RESULTS AND DISCUSSION

In Fig. 1, the numerical results for the phase transitions in
monolayer jacutingaite show how varying V and �� impact
the system’s topological phase. The combined index (C, Cs,
Cv) labels the different regions or phases indicated also by the
different colors. Additionally, for the arbitrary marked points
P1–P4 (C1–C4) we calculated the energy spectrum and other
topological properties and we display them in the subsequent
figures. Given that both V and �� affect the effective gap,
the phase changes occur along both directions, and there are
significant differences in Chern numbers arising from their
varying roles in the Hamiltonian. In the case of unperturbed
jacutingaite (i.e., when V = �� = 0), which is labeled by the
P1 point in Fig. 1, it is seen that C↑ = 1 and C↓ = −1, result-
ing in Cs = 1, while C = Cv = 0, leading to a QSH phase that
originates from the SOC-induced band gap of the material.
This is in agreement with what has been reported in Ref. [13].
However, neglecting the SOC closes the band gap, leading to
a semimetallic behavior, as pointed out in Ref. [32].

Increasing V or �� to values under λ does not change the
phase since under this condition, the gap remains open and
supports the QSH phase. However, at �� = 0, when V = λ

is applied, the effective gap | V + ηszλ | becomes zero for

FIG. 1. The phase diagram as a function of the parameters
(V,��). The white lines indicate the phase boundaries and the yel-
low ones refer to �� (V ) = λ = 0.0821 eV. Different colors label
different phases as stated to the right of the graph. The numbers in
each region stand for the combined index (C, Cs, Cv). P1–P4 and
C1–C4 are arbitrary chosen points at which the system will studied
in depth in subsequent figures.

η �= sz, leading to a gap closure (see the C1 point in Fig. 1).
Increasing V further, the phase changes from QSH to a band
insulator (BI). When the gap closes and reopens by electric
field tuning, the spin Chern number vanishes while the valley
one becomes 1, indicating the BI phase is related to the QVH
state (for instance, see the P2 point in Fig. 1).

Conversely, applying �� > λ by itself does not change the
valley Chern number due to the valley index in the Chern
number’s definition [see Eq. (6)]. Instead, it substitutes C = 0
with C = 2 via C↑ = C↓ = CK = CK′ = 1, resulting in a quan-
tum anomalous Hall effect caused by light, namely a P-QHI,
as observed in the P3 point of Fig. 1. When both fields are
switched on and are strong enough, i.e., | ±V ± �� |> λ,
the spin- and valley-resolved Chern numbers become C↑ = 1,
C↓ = 0, CK = 1, and CK′ = 0 leading to the emergence of an
electromagnetically induced S-QHI. Interestingly, reversing
the sign of V (��) changes the sign of Cv (C), which can
be attributed to the role of this field in the Hamiltonian.

As seen in Eq. (1), the electric field does not couple with
spin or valley indices and only relies on the band type (valence
or conduction). However, in addition to band coupling, off-
resonance light couples effectively to the valley index. At first
glance, the phase diagram illustrated in Fig. 1 may bear resem-
blance to that of silicene [4] or germanene [35]. Nevertheless,
owing to the relatively robust strength of SOC in monolayer
jacutingaite, there exists a considerably broader spectrum of
(V,��) ranges within which each phase manifests itself.

To demonstrate how various fields impact the system’s ef-
fective gap, we present a detailed band structure around K and
K ′ valleys at different parameter regimes in Fig. 2 using the
model demonstrated in Eq. (2). In the absence of both fields
(i.e., point P1 in the phase diagram), the bands display spin
and valley degeneracy with the same gap of 2λ in both valleys
due to SOC [see Fig. 2(e)]. This result is consistent with what
has been reported in Refs. [13,32], thus validating our model.
By adjusting V and ��, which contribute to the effective gap,
the band gap can be tuned, similar to what has been observed
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FIG. 2. Band structure of jacutingaites at the K and K ′ valleys for different parameter regimes as labeled on top of each panel. The
corresponding point in the phase diagram is indicated in Fig. 1. The blue and red lines refer to spin up and down energy bands, respectively.
The black horizontal line denotes the Fermi energy Ef = 0.

in silicene [44,45]. Applying V < λ does not close the gap,
but when V = λ is applied, the gap closes for a specific spin
state at each valley, resulting in a SVPM state, as depicted
in Fig. 2(a), and coincides with the C1 point in the phase
diagram. This indicates that the structure behaves metallic at
V = λ, but the band structure is not the same for both valleys.
It should be noted that switching V → −V reverses the band
structure (not shown here). Conversely, applying �� = ±λ

(corresponding to C2 and C3 points in the phase diagram)
closes the band gap for a certain spin state in both valleys,
leading to a SPM state, as shown in Figs. 2(b) and 2(c). This
may be useful for applications in spintronics in that it can
provide a laser-controllable spin-polarized current across a
wide energy range.

The difference between the effects of V and �� can be
explained by the Hamiltonian given in Eq. (1). Although both
of these parameters contribute to the effective gap (�η,sz ),
the laser interacts with the valley index while the electric
field is a spin-valley-independent parameter. Thus, when the
system is only laser irradiated, the effective gap term becomes
(ηszλ + η��)2. Therefore, at �� = ±λ, the effective gap be-
comes the same for both valleys. On the other hand, at �� = 0
and V = ±λ, the value of the effective gap is distinguishable
for two valleys. Interestingly, as shown in Figs. 2(b) and 2(c),
the polarity of the light can reverse the spin state of the closed
gap. When both fields are turned on and set at λ/2 (coinciding
with the C4 point), the gap of a particular valley closes while
that of the opposite valley remains open, indicating a SDC
state, as seen in Fig. 2(d). The SDC state can appear in differ-
ent types depending on the chosen parameters [4]. However,
it is generally observed when | ±V ± �� |= λ is satisfied.
The phase remains unchanged when V < λ and �� < λ are
applied. However, increasing V (��) beyond λ reopens the
gap, and the system enters the QVH (P-QHI) phase, as seen in
Fig. 2(f) [Fig. 2(g)]. The emergence of these phases is verified
in the remaining figures by calculating the Chern number and

Hall conductivity. Finally, when the sum of both fields exceeds
the SOC value, i.e., | ±V ± �� |> λ, all degeneracies are
broken, leading to a S-QHI phase, as illustrated in Fig. 2(h)
and marked by the P4 point in Fig. 1. The system at this
condition can act as an effective spin-valley filter. In fact, by
appropriately setting the Fermi energy, only one spin-valley
energy band can be made to touch the Fermi level.

For an overview, the predicted phases as indicated by spin-
and valley-resolved Chern numbers (C↑,C↓,CK,CK′ ) are pre-
sented in Table I. For | ± V ± ��| < λ, the system displays a
QSH phase (for instance, see the P1 point in Fig. 1), where
the edge states of spin up and spin down exhibit opposing
current directions, namely helical modes. In this case, the
valley Chern numbers are equal to zero, which is consistent
with previous studies on this material [13,32] as well as its
counterpart, silicene [35]. On the other hand, when �� > λ

(V > λ) is applied, the spin up and spin down Chern number
becomes 1 (0). Also, at �� > λ the K and K ′ valley Chern
numbers equally become 1, while at V > λ they show 1 and
−1 for K and K ′ valleys, respectively, indicating a P-QHI
phase for the former and QVH for the latter. It should be noted
that since the valley Chern number does not vanish at the BI
phase, it can be considered as a type of QVH phase. When
| ± V ± ��| > λ, the system enters a S-QHI phase with a
zero Chern number in one valley and one spin, indicating that
the current originates solely from one spin and valley edge
mode.

To confirm the obtained Chern numbers, we have cal-
culated the spin and valley Hall conductivities at zero
temperature using the Kubo formula [13]. As shown in
Eq. (5), the spin-valley resolved Hall conductivity is pro-
portional to the Chern numbers when the Fermi energy lies
within the gap. Figure 3 displays the spin and valley Hall
conductivities as a function of Fermi energy at zero temper-
atures (T = 0). The Hall conductivities drop to zero when the
Fermi level is far from the gap, which can be attributed to the
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TABLE I. Spin- and valley-resolved and spin (valley) Chern numbers for different parameter regimes of the proposed structure at Ef = 0.

C↑ C↓ Cs CK CK′ Cv Phase Spin modes Parameter regime

1 −1 1 0 0 0 QSH Both spins have helical edge modes V < λ, �� = 0
0 0 0 1 −1 1 BI (QVH) No spin edge modes V > λ, �� = 0
1 −1 1 0 0 0 QSH Both spins have helical edge modes V = 0, �� < λ

1 1 0 1 1 0 P-QHI Both spins have chiral edge modes V = 0, �� > λ

1 −1 1 0 0 0 QSH Both spins have helical edge modes V + �� < λ

1 0 1 1 0 1 S-QHI Only one spin state has edge modes V + �� > λ

scattering process. Since we are interested in the topological
phases, we focus mainly on the gap region and set Ef = 0
while selecting the parameters that keep the gap open for
at least one spin-valley state. At V = �� = 0, correspond-
ing to the P1 point in the phase diagram (Fig. 1), the Hall
conductivity is zero for both valleys and ±1 for sz = ± spin
states, confirming the helical currents predicted in Table I and
thereby verifying the QSH phase shown in Fig. 1. It should
be noted that the region where σs = ±1 coincides with the
gap region presented in Fig. 2(e). The spin degeneracy leads
to equal energy ranges in which σs = ±1 for both spin states
and causes symmetry between the two spin Hall conductivity
curves, as demonstrated in Figs. 3(a) and 3(b).

As predicted in the phase diagram at the P2 point and
shown in Fig. 3(c), application of V > λ destroys the spin
Hall conductivity in the gap. When V > λ, the effective gap is
always positive, leading to the sign function in the Chern num-
ber’s definition being 1 for all spin-valley flavors [see Eq. (6)].
However, the valley index coupled to the sign function results
in different sign of the Chern numbers (with same values)
for different valleys, causing the summation of spin Chern

FIG. 3. Spin and valley Hall conductivities with respect to the
Fermi energy at T = 0 K. The first to the fourth rows refer to the
P1–P4 points in the phase diagram, respectively (see Fig. 1).

numbers to become zero. On the other hand, the valley Chern
numbers maximize for the same reason. This observation can
also be justified by the sign of BC. The BC has opposite signs
for a specific spin state at different valleys, resulting in their
integration canceling each other and destroying the spin Hall
conductivities.

Conversely, application of off-resonance light when �� >

λ maximizes the Hall conductivities for all spin and valley
states due to the same reasons described above. Since the
light is coupled to the valley index, it can produce chiral edge
currents, as shown in Figs. 3(e) and 3(f), thereby verifying the
emergence of the P-QHI phase at the P3 point. Interestingly,
application of the laser only does not break the valley Hall de-
generacy. By applying |V + ��| > λ the conductivity of spin
up and K valley maximizes while that of the spin down and
K ′ valley vanishes within the gap, indicating the emergence
of the S-QHI phase, as depicted at the P4 point of the phase
diagram [see Figs. 1, 2(g), and 2(h)].

Figure 4 shows the Hall conductivities dependence at the
gap for Ef = 0 with respect to V or ��. Figures 1 and 3
evidence that when �� = 0 the phase cannot be shifted by
applying V < |λ| which is also confirmed by Fig. 4(a). More-
over, altering V from −2λ to 2λ does not affect the spin Hall
conductivities and corresponding Chern numbers, and C↑ (C↓)
always remains zero or positive (zero or negative), indicating
no change in the sign of spin Hall conductivities. However,
for |V | > λ, the valley Hall conductivities change their sign
such that varying V from negative to positive changes the
K (K ′) valley Hall conductivity from negative to positive
(positive to negative). As the spin Hall conductivity vanishes
under this condition, while the valley one is maximized, the
QVH phase is confirmed, consistent with the prediction in
the phase diagram in Fig. 1. In contrast, turning the laser
parameters to the regime �� > λ results in a change in all
phases, as shown in Fig. 4(b). When V satisfies the condition
−�� + λ < V < �� − λ [e.g., −0.05 eV < V < 0.05 eV at
�� = 1.6 λ, as illustrated in Fig. 4(b)], all the Chern numbers
(and therefore the Hall conductivities) become equal to 1,
indicating the P-QHI phase. Note that this phase cannot be
observed in the proposed structure when the off-resonance
light is switched off (see Fig. 1). Outside the aforementioned
interval, the Chern numbers of one specific valley and a cer-
tain spin vanish, while those of the opposite valley and spin
maximize, indicating the S-QHI phase. Interestingly, applying
a positive V results in a vanishing of σK′ and σ↓, while a
negative electric field destroys σK and σ↓. This is due to
the role of V in the Hamiltonian of jacutingaites, which can
change the sign function and BC and consequently changes
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FIG. 4. The spin and valley Hall conductivities for different pa-
rameter regimes labeled in each panel with respect to (a), (b) the
electric field and (c) the laser parameter. Other parameters are the
same as Fig. 3.

the vanished states. In contrast to V , by considering |��| > λ

individually, reversing the light helicity from right-handed
to left-handed circular polarization (referring to positive and
negative ��, respectively) can reverse all the spin and valley
Hall conductivities from positive to negative. As all of the Hall
conductivities are maximized at this position, the emergence
of the P-QHI phase is confirmed again, as shown in Fig. 4(c).
This figure indicates that the direction of the edge currents can
be effectively controlled by the sign of the fields.

So far, we have investigated at zero temperature the sce-
nario where carriers flow along the system from a source
to a drain under the action of a bias voltage. However, a

FIG. 5. The spin (SANC), valley (VANC), and total anomalous
Nernst coefficient (TANC) vs the Fermi energy at T = 300 K for
different parameter regimes corresponding to the point P1-P4 in
Fig. 1. The green, red, and black curves denote the SANC, VANC,
and TANC, respectively. The right panels show the corresponding
BCs for the conduction (BCc) and valence bands (BCv).

temperature gradient can also induce carrier flow, known as
the Seebeck effect. To inspect distinct phases at elevated
temperatures (which may not be measurable by Hall con-
ductivity), the anomalous Nernst effect can be utilized, as
proposed in Ref. [43]. To achieve this, a temperature gradient
must be applied. We calculated for this case the transport
quantities and show the SANC, VANC, and TANC as func-
tions of Fermi energy at room temperature in Fig. 5. Since
the sign of BC for conduction (BCc) and valence (BCv)
bands is inverted, the ANC shows an odd behavior [e.g.,
SANC(Ef )=−SANC(−Ef )]. At the P1 point, where both the
electric and the laser fields are turned off, the BC graphs
show an overlap for different valleys at a certain spin, i.e.,
�K↑ = �K′↑ = −�K↓ = −�K′↓, resulting in zero TANC and
VANC and only nonzero SANC. This again confirms the QSH
phase at the point P1 even at high temperatures. Turning
on the electric field with the intensity corresponding to the
point P2 breaks the degeneracies of the BC curves, leading
to finite SANC and VANC. However, due to the symmetry
between different spin-valley flavors, the total BC is still zero,
resulting in zero TANC, as shown in Fig. 5(b). It is worth
noting that this graph differs significantly from that of silicene
[43], owing to the stronger SOC in jacutingaites. This signif-
icant SOC causes much more splitting in the entropy density
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function’s peaks, resulting in a twofold peak-dip profile ob-
served in the ANC graph of this material. As discussed in
Figs. 3 and 4 and can be seen in Fig. 5(c), the laser field (under
our assumptions above) cannot affect the valleys individually,
leading to degeneracy in the BC curves for the two valleys.
Consequently, the VANC vanishes while TANC and SANC
are finite, indicating the P-QHI phase at point P3. Applying
V and �� such that | ± V ± ��| > λ breaks all the degen-
eracies in the BC curves, resulting in nonzero values for all
ANCs, indicating the S-QHI phase predicted in point P4 of
Fig. 1. Thus, the Nernst diagram can effectively distinguish
different phases and verify our previous predictions, offering
an easier experimental approach for phase detection.

It should be noted that the phase transition in a monolayer
of jacutingaite under the influence of an exchange field has
been investigated in Ref. [13]. However, the ease of tuning
the laser field, compared to the proximity-induced exchange
fields, may prove advantageous in practical applications. Ad-
ditionally, there are crucial differences between the exchange
field and off-resonance laser perturbation. The most signifi-
cant distinction lies in their roles within the Hamiltonian: the
exchange field directly couples to the spin degree of freedom
and can partially affect the gap function, whereas the laser
field primarily impacts the valley state and also influences
the effective gap. Consequently, the proposed system presents
alternative opportunities in this field beyond previous research
endeavors.

It is worth noting that when applying an electric field (un-
like an off-resonance laser), it can result in ionic displacement,
causing a reduction in the space group of jacutingaite from
P3̄m1(164) to P3m1(156) [14]. However, given the relative
proximity of these two space groups, and considering the
weak perturbations and weak laser-induced heating through
pulse irradiation technique, the present model can be ap-
proximated while still maintaining the system’s equilibrium.
This approximation allows us to validate the main results,
as demonstrated in previous studies [13,19,32]. In fact, al-
though the ionic distortion slightly reduces the critical fields
required for phase transitions, it does not disrupt the phase
transitions through this type of perturbation. Considering that
the displacement factor obtained in first-principle studies is
approximately 0.16 Å for a field of 1 V/Å [14], care must
be taken regarding the critical electric field, as practically it
may be lower than the calculated value of 81.2 meV. How-
ever, the critical value obtained in first-principle studies (Dz =
0.36 V/Å) [14,16] is not too far from the predicted value in
this paper.

IV. EXPERIMENTAL ASPECTS

Jacutingaite can be artificially synthesized through high-
temperature solid-state reactions, and its mono/multilayer can
be mechanically exfoliated from its bulk [1]. When a per-
pendicular external electric field (Ez) is present, the induced
inequality of sublattice potential V leads to a sublattice stag-
gered potential of lEz with l being approximately 3.9 Å [13],
which is the distance between two Hg sublattices [1].

Previous theoretical studies on TMDs have employed off-
resonance laser fields with energy ranging from 0.2 [24,26]
to 3.3 eV [27], which is higher than the one used in this

paper, specifically, limiting light to 0.1 eV under the off-
resonance (high-frequency and high-intensity) regime. This
difference arises from the smaller effective gap function of
jacutingaite, compared to TMDs, which results in a lower-
energy threshold for the phase transition, allowing for the
utilization of lower-energy scales while still operating within
the off-resonance limitations. By restricting the energy range,
scattering and heating effects are minimized, leading to more
robust photoinduced phases, and may facilitate easier practi-
cal implementation.

Since the Fermi velocity is defined as h̄vf = (
√

3/2)at in
which a = 7.6 Å is the lattice constant and t is the nearest
neighbor hopping parameter, the minimum frequency deter-
mined by the bandwidth is on the order of 1014 Hz. Thus, a
short laser pulse with intensity of 0.3–130 × 1010 W/cm2 for
an eA range of 0.01–0.2 Å−1 can contribute with this energy
[46]. This intensity is comparable to or weaker than that
used in previous theoretical studies on different 2D systems
[26,34]. To reduce heating effects laser short pulses should
be applied, however the pulse duration should be at least
a few optical cycles for the Floquet method to remain re-
liable. Experimental studies have demonstrated considerable
valley polarization using off-resonance light with energies up
to 2.33 eV, indicating the feasibility of the Floquet regime
[22,23].

The Hamiltonian model employed in this paper, consistent
with previous well-received research on 2D systems, offers
a reasonably accurate representation of the impacts of elec-
tric and laser fields [4,18,19,34,47,48]. The findings derived
from this model align with available experimental observa-
tions regarding the influence of off-resonance light on the
band gap of 2D systems [22,23,49] or the properties of ja-
cutingaite’s edge states [1]. Furthermore, our results are in
line with first-principle investigations that have explored the
impact of electric field modulation on 2D materials [50–53],
indicating the model’s strong predictive capability. Although
an exact experimental analogy of the proposed system may
not be found in the literature, the aforementioned works show
that our predictions can be experimentally feasible and can
motivate future experimental studies in this field.

In general, the Rashba SOC plays a significant role in
systems with broken inversion symmetry, such as electric field
modulated jacutingaite [13] or proximity-induced magnetic
substrate [12]. However, in the present case, the jacutingaite
layer is assumed to be suspended without any magnetic or
nonmagnetic substrate and consequently the effect of the
Rashba SOC may not be significant. In the presence of a mag-
netic substrate, the Rashba SOC in jacutingaites has been esti-
mated to be approximately 17 meV [12]. This value is consid-
erably weaker than other energy scales employed in this paper
including the laser and electric fields, and thus, it may be neg-
ligible. Notably, a recent investigation suggests that the main
phases predicted in this paper can still be achieved even in the
presence of Rashba SOC in a magnetized jacutingaite [13].

For practical observation of the spin Nernst effect, Yu et al.
have proposed an H-shape detector in which the spin current,
generated in the right leg by a temperature gradient, is injected
into the left leg through a horizontal bridge, which can be
converted into a detectable charge voltage drop by the inverse
spin Hall effect [42,43].
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V. SUMMARY AND CONCLUSION

In summery, we studied the various phases of a monolayer
jacutingaite in a circularly polarized laser field and under the
action of a staggered sublattice potential (V ). In the high-
frequency, high-intensity regime and after averaging over the
fast time scales, the steady-state system can be described by an
effective Hamiltonian which we analyzed by calculating the
Chern numbers that indicate the occurrence of QSH, QVH,
P-QHI, and S-QHI phases, as we vary the parameters of the
laser and/or V . We also found specific states, including single
Dirac cone, spin-valley-polarized metal, and spin-polarized
metal, at the phase boundaries. For particular values of V and
laser parameters with respect to λ, the jacutingaite monolayer
exhibited a QSH state. An increase in either of the external pa-
rameters leads to the emergence of a QVH and P-QHI phase.
When both fields were switched on and had a certain strength,

the system transitioned to an S-QHI phase, with C↑(K) = 1 and
C↓(K′ ) = 0. Furthermore, we demonstrated that these distinct
phases can be characterized and distinguished based on the
spin- and valley-Hall conductivities at low temperature and
also through the Nernst coefficient calculation at room tem-
perature.
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