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Two-dimensional intrinsic ferrovalley GdI, with large valley polarization
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Manipulation of the valley degree of freedom provides a novel paradigm in quantum information technology.
In this work, through first principles calculations, we demonstrate that monolayer Gdl, is a promising candidate
material for valleytronic applications. Monolayer Gdl, can be easily exfoliated from bulk, and it is spontaneously
valley polarized with a giant splitting of 149 meV due to its intrinsic ferromagnetism and large spin orbital
coupling. The anomalous valley Hall effect could be realized in monolayer GdI, by an appropriate external
electric field. Furthermore, the valley polarization feature is stable against the biaxial in-plane strain. Our findings
provide an extraordinary and potential material platform for experimental studies and practical applications in

the emergent field of valleytronics.

DOL: 10.1103/PhysRevB.103.125121

I. INTRODUCTION

Valley, a new degree of freedom in addition to charge and
spin of carriers, is characterized by a local energy extreme in
the conduction band or valence band. An ideal valley material
has two or more degenerate but inequivalent valley states at
the inequivalent k points in the momentum space [1,2]. The
valley degree of freedom can be encoded and manipulated
as information carriers in the next-generation information
technology (e.g., valleytronics) [2—4], since the large separa-
tion between the two inequivalent valleys in the momentum
space will greatly suppress the intervalley scattering induced
by deformation and long wavelength phonon. The basic and
significant principle to realize applications of valleytronics is
that carriers in different valleys must be selectively produced
or manipulated. Hence, lifting the energy degeneracy between
the two valleys with large valley splitting is necessary to se-
lectively access valley states as well as to minimize the effect
of thermal noise in the device.

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have attracted extensive attention as potential 2D val-
ley materials. Their broken spatial inversion symmetry leads
to two degenerate but inequivalent valley states at the K and
K’ points of hexagonal Brillouin zone [5-7], which are named
as K valley materials. However, most of the known 2D TMD
valley materials have no spontaneous valley splitting due to
their time reversal symmetry. Extrinsic approaches have been
proposed to induce a valley polarization in TMDs, including
employing an external magnetic field [8,9], optical pumping
[6], doping of magnetic elements [10,11] and magnetic prox-
imity effects [12—16]. However, these extrinsic methods are
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not ideal for practical applications. For example, the efficiency
of valley polarization generated by the external magnetic
field is very low (0.1 ~ 0.2meV/T); optical pumping as a
dynamic process is difficult to control; magnetic transition
metal dopants have a tendency to form clusters on the surface
of TMD films and increase the scattering during transport
process; the magnetic substrates for proximity effects enlarge
the device size and may impact the device performance. Re-
cently, ferrovalley [17] materials were proposed, which are a
new class of materials with intrinsic spontaneous valley polar-
ization introduced by their intrinsic ferromagnetism, offering
an opportunity to address these challenges of the extrinsic
valley polarization materials. However, only a few ferrovalley
materials have been identified hitherto, including 2H-VSe;
[17], VAgP,Se [18], LaBr; [19,20], NbX>(X = S, Se) [21],
Nbslg [22], TiVIg [23], and so on. Unfortunately, the low
experimental feasibility, small intrinsic valley splitting gap,
and low Curie temperature hamper the practical applications
of these 2D ferrovalley materials. Thus, high Curie temper-
ature ferrovalley materials with large valley polarization are
urgently needed for the next-generation electronics.
Monolayer (ML) GdlI, is isostructural to 2H-MoS,, and
the similar broken inversion symmetry and K valleys as in
2H-MoS; can be expected in ML GdI,. Furthermore, recent
first principles calculations have predicted that the ML GdlI, is
a ferromagnetic semiconductor with a high Curie temperature
of 241 K [24], which spontaneously breaks the time reversal
symmetry. Last but not least, Gd is a heavy rare earth element
with f electrons. Its strong spin-orbital coupling (SOC) is
expected to give rise to a large splitting between two valleys.
In light of all these properties, ML GdI, is likely to be a
ferrovalley material with a large spontaneous valley split-
ting, and a ferrovalley transition temperature close to room
temperature. In this work, via first principles simulations, we
first show that ML GdI, can be easily exfoliated from parent
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layered bulk crystal. Then, a large spontaneous valley splitting
is revealed in ML GdI, by its band structure including the
SOC effect. We also confirm the anomalous valley Hall effect
can be realized in this material. And the valley polarization
can be further enhanced by applying biaxial tensile strains.
These results make ML GdI, an appealing intrinsic ferrovalley
material for valleytronics.

II. COMPUTATIONAL DETAILS

The first principles calculations are performed using the
projector augmented-wave [25,26] method as implemented
in the Vienna ab initio package [27,28]. The Perdew-Burke-
Ernzerhof (PBE) [29] type generalized gradient approxima-
tion (GGA) [30] is used to treat the exchange-correlation
interaction between electrons. The van der Waals (vdW)
correction is considered for bulk GdI, using the density func-
tional theory (DFT)-D2 method [31]. Throughout this work,
spin polarization is included except in spin orbital coupling
calculations. Energy cutoff for the plane wave basis is 500 eV.
The Brillouin zone is sampled using a converged I"-centered
9x9x1 k mesh for structural relaxation and 17x17x1 for
electronic analyses. Both atomic positions and lattice con-
stants are relaxed until the forces and energies are converged
to 0.01 eV/A and 107° eV /atom, respectively. For ML Gdl,,
a vacuum space of about 20 A is applied along the ¢ direction
to avoid the interaction between adjacent layers. The GGA+U
method [32] is adopted to push the unoccupied Gd-4 f orbitals
away from Fermi level, and the Hubbard U parameter is set
to 4.6 eV [33]. The HSEO6 hybrid functional is employed
in the calculations of band structures to check the reliability
of the electronic structure by the PBE4+U method. SOC [34]
is incorporated for self-consistent energy and band structure
calculations. Phonon dispersion spectrum of ML GdlI; is ob-
tained by the PHONOPY code [35] based on the density of
functional perturbation theory [36] using a 3x3x1 super-
cell. Ab initio molecular dynamic (AIMD) [37] simulation is
carried out in a canonical ensemble [38] based on the algo-
rithm of Nosé [39] at a temperature of 300 K with a 3x3x1
supercell. The Berry curvature and anomalous Hall conduc-
tivity of ML GdI, are calculated by means of maximally
localized Wannier functions implemented in the WANNIER90
package [40].

III. RESULTS AND DISCUSSIONS
A. Mechanical exfoliation and Structural stability of ML GdlI,

Bulk Gdl,, which is ferromagnetic with a large saturation
magnetic moment of about 7.33 ug per Gd atom near room
temperature (its Curie temperature is about 290 ~ 340 K)
[41-43]. It has a vdW layered 2H-MoS type structure [44], in
which the I-Gd-I sandwich layers are stacked together along
the ¢ axis as shown in Fig. S1(a) of the Supplemental Material
(SM) [45]. To estimate the possible mechanical exfoliation of
ML GdlI,, exfoliation energy is calculated using a four-layer
slab model with the increasing separation distance between
the top layer and next layer (details are presented in Part I
of the SM [45]). As shown in Fig. 1(a), the energy increases
and eventually converges to 0.24 J/m? which is taken as the
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FIG. 1. Geometry and stability of ML Gdl,. (a) Simulated ex-
foliation process (inset structure). Ad = d-d, refers to the changes
of interlayer space between top and adjacent layers. d is the equi-
librium vdW gap in bulk. (b) Top and side views of ML Gdl,. The
rhombus in dashed line denotes the unit cell. (c) Phonon dispersion
spectrum and (d) variation of free energy during the 5 ps ab initio
molecular dynamics simulation of ML Gdl,. Insets in (d) show the
initial and final structures of ML GdlI, after 5 ps at 300 K.

exfoliation energy. For comparison, the exfoliation energy of
graphene is also calculated to be 0.33J/m? with the same
method (Fig. S2 of the SM [45]), which is in good agree-
ment with the experimentally measured value of 0.36J/m?
[46]. The smaller exfoliation energy of GdI, than graphene’s
indicates it is feasible to exfoliate ML GdI, experimentally.
The calculated Young’s modulus of ML GdI, is 32.62 N/m,
which is about 0.1 times smaller than that of graphene [47],
suggesting that GdI, possesses better mechanical flexibility.
Based on the elastic theory [48], ML GdlI; is able to withstand
its own weight and maintain a free-standing planar structure
during the exfoliation process (see Part I of the SM [45]).

The crystal structure of ML GdlI, is shown in Fig. 1(b).
The unit cell of ML GdI, contains one Gd atomic layer,
sandwiched by two I atomic layers. The central Gd atoms are
trigonal prismatic coordinated with six I atoms. The relaxed
equilibrium lattice constants of ML GdI, are a = b = 4.099 A
[see Fig. S1(b) in the SM [45]], which are slightly smaller
than their bulk values by DFT calculation (a = b = 4.104 A).
The thermal dynamic stability of ML GdlI, is estimated by the
phonon dispersion spectrum and AIMD calculations. The ab-
sence of imaginary modes in the phonon dispersion spectrum
confirms that ML Gdl; is dynamically stable [Fig. 1(c)]. The
free energies of ML GdI, during 5 ps with a time step of 1 f's at
300 K by AIMD simulations are shown in Fig. 1(d). The insets
are snapshots of the geometry at Ops and 5ps, respectively.
The small fluctuations of energy and integrity of original
configuration with time evolution demonstrate good thermal
stability of ML GdlI,. The phase diagram including ML GdI,
and other Gd-I compounds [49] is also plotted (see Fig. S3
in the SM [45]). ML GdlI, is on the hull curve, indicating its
thermodynamic stability.
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FIG. 2. The band structure of ML-Gd]I, (a) without SOC; (b) and (c) with SOC for magnetic moment of Gd along the positive and negative
z direction (out of plane), respectively. Spin projections along the out of plane direction are indicated by red (positive direction, spin-up) and
blue (negative direction, spin-down) circles for Gdl, orbitals in (b) and (c). The dashed horizontal lines refer to the Fermi level. 2D Brillouin

zone of GdlI, is shown in the inset of (a).

B. Spin and valley polarization of ML GdI,

In GdI,, two electrons are transferred from one Gd atom
to the six neighboring I atoms, yielding Gd>* and I'~, and the
electronic configuration of Gd is 4f75d'. The half-filled 4 f
shell and 5d shell will lead to the theoretical magnetic moment
of about 8 ug/Gd. The DFT calculated saturation magnetic
moment of Gd is 7.446 ug in ML GdI,, which is in good
agreement with the experimental value (7.335 ug/Gd) for
bulk [43]. To study the ground magnetic configuration of ML
Gdl,, the energies of the ferromagnetic and antiferromagnetic
states with a 2x2x 1 supercell are compared. The ferromag-
netic state is found to be energetically lower than that of the
antiferromagnetic state by 134 meV/Gd as shown in Fig. S4
of the SM [45], suggesting a strong ferromagnetic coupling in
monolayer Gdl,. The result is consistent with the prediction
of other theoretical calculation (139 meV/Gd) [24].

Figure 2(a) shows the spin-polarized band structure of the
ML Gdl,. It can be seen that the spin splitting leads to an
indirect band gap of 0.589 eV with valence band maximum
(VBM) at the K and conduction band minimum (CBM) at the
M high symmetry points. Around the Fermi level, the fully
spin-polarized valence band and conduction band in opposite
spin channels make ML Gdl, a bipolar magnetic semicon-
ductor [50-54], in which 100% spin polarized carriers can
be readily obtained by manipulating Fermi level (more details
are shown in Part III and Fig. S5 of the SM [45]). The band
structure calculated by HSEO6 functional has a larger band
gap (1.08 eV) but the profile of bands has negligible difference
compared with the one calculated by PBE+U functional (see
Fig. S6 of the SM [45]). For the sake of computational cost,
PBE+U is used for all the calculations of ML GdI, unless oth-
erwise stated. More importantly, a pair of degenerate energy
extremes localize at the K and K’ high-symmetry points of 2D
Brillouin zone in the valence band, making the ML GdI, a
valley material.

As shown in Fig. 2(b), the SOC lifts the degeneracy be-
tween the K and K’ valley states (the energy of K valley state
is higher than K’ valley’s) in the valence band, leading to a
spontaneous valley polarization with a large valley splitting
of 149 meV in ML Gdl,, which is equivalent to applying

a huge external magnetic field of around 745-1490 T. And
the valley splitting of ML GdI, is much larger than that in
other reported ferrovalley materials, e.g., 2H-VSe; (89 meV)
[17], VAgP,Ses (15 meV) [18], LaBr; (33 meV) [20], Nbslg
(107 meV) [22], and TiVlg (22 meV) [23]. To be a useful
valley material, breaking the degeneracy between the K and K’
states is critically important, and the valley splitting must be
large enough to overcome the thermal noise, e.g., a 100 meV
valley splitting is estimated to be necessary for room tempera-
ture operation [55,56]. Therefore, such a large valley splitting
gap in ML GdI, will lead to nonvolatile valley polarization
and readily manipulated valley states at room temperature for
logic applications. Furthermore, there is no trivial band inside
the transport energy window from —1 to 0 eV. The valley po-
larization of ML GdI, is also tunable by an external magnetic
field. As shown in Fig. 2(c), the spin and valley polarization
can be flipped simultaneously by reversing the magnetization
of Gd atoms, namely, K/K’ valley states in valence band now
occupy the spin-down channel and the K valley state has a
lower energy than K’ valley. In this situation, the carriers come
from K’ valley state in the spin-down channel when the Fermi
level is pushed down to the energy range between K’ and
K valleys. This provides an efficient way to tune the valley
properties of the ML GdI, by manipulating its direction of
magnetization. Overall, combined with its reported high Curie
temperature [24], ML Gdl; is an ideal ferrovalley material for
the practical applications such as valley filter, valley valves,
and other valleytronic devices.

The underlying physic for the spontaneous valley polariza-
tion in ML GdI, is attributed to the joint effects of the intrinsic
magnetic exchange field and strong spin orbital coupling. As
shown in Fig. 2(a), with spin polarization but excluding SOC,
the spin-up and spin-down states are completely split by the
magnetic exchange interaction, but the energetic degeneracy
between K and K’ are preserved. The orbital projected band
structure and density of states of Gd atom as well as partial
charge density of CBM and VBM are plotted to investigate
their orbital contribution. As shown in Figs. S7 and S8 of
the SM [45], the valley states at the K and K’ are mainly
contributed by the occupied d,>_,» and d,, orbitals of Gd. The
Gd-d,» mostly distributes around the I' point. Also, the d>_,»
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FIG. 3. Berry curvature of ML GdI, in (a) a contour map in the 2D Brillouin zone and (b) along the high symmetry points. (c) Calculated
anomalous Hall conductivity oy, as a function of Fermi energy for ML GdlI,. The two vertical dashed lines denote the two valley extrema.
(d) Schematic diagram of tunable anomalous valley Hall effect in hole doped ML GdI, at the K and K’ valley, respectively. The holes are
denoted by red “+” symbol. Upward arrows in light blue color and downward arrows in light brown color refer to the spin-up and spin-down

carriers, respectively.

and d,, orbitals are degenerate and hybridize with d» orbital.
Similar orbital distribution is also found in 2D 2H-MoS, [57].
Without magnetic exchange interaction, SOC still induces
spin nondegeneracy at both K and K’ valley from the absence
of spatial inversion symmetry, but two valleys are energeti-
cally degenerate with opposite spins due to the time reversal
symmetry, like 2D TMDs [17]. Therefore, the relatively strong
SOC effect combined with the magnetic exchange interaction
of Gd-d electrons make the significant spontaneous valley
polarization in ML GdI,.

C. Valley Hall effect in ML GdlI,

Berry curvature Q2(k) is a powerful tool to study the Hall
effect. It is known that in hexagonal systems with broken
space inversion symmetry, the charge carriers in the K and
K’ valleys will acquire a nonzero Berry curvature along the
out of plane direction (z direction). When the time reversal
symmetry is also broken, the valley contrasting feature will
be produced. To confirm this, the Berry curvature of ML GdI,
is calculated based on the Kubo formula [58], which can be
written as a summation of all occupied bands contributions:

2Im (@i | Vi | @i ) @i [ Vy | k)
,
;n#znf( ) (En - En’) ( )

Qk) =

where n and n’ are the band indexes, and f(n), vyy), @uk and
©wi are the Fermi-Dirac distribution function for the nth band
at a k point, the velocity operator of the Dirac electrons along
the x/y direction, and the periodic part of the Bloch wave
function with eigenvalue E, and E,, respectively. The distri-
bution of the calculated Berry curvature of ML GdI, in the

Brillouin zone and along the high symmetry path are shown in
Figs. 3(a) and 3(b), respectively. The Berry curvatures of two
valleys are sizable and in opposite signs, but their absolute
values are no longer identical around the K and K’ points,
revealing the typical valley contrasting characteristic in ML
GdlI,.

With a nonzero out-of-plane Berry curvature, the Bloch
electrons in ML GdI, acquire an anomalous Hall velocity
v, under an in-plane longitudinal electric field E, in which
vy ~ E x Q(k) [59]. Quantitatively, the anomalous valley
Hall conductivity oy,, which depends on the position of the
Fermi level, can be obtained by integrating the Berry curvature
over the Brillouin zone,

L R 2
Oxy = — Q
y /Z(z)zf()() @)
Where f (k) is the Fermi Dirac distribution function.

As shown in Fig. 3(c), when the Fermi level lies between
the energies of the valence band at the K and K’ valleys, as
denoted with two vertical dashed lines (cyan region), a fully
spin- and valley-polarized Hall conductivity is generated.

The anomalous valley Hall effect of monolayer Gdl, is
illustrated in Fig. 3(d). With proper hole doping, the ML
GdI, is magnetized upward and the spin-up holes from K
valley flow to the left side of the sample under an external
electric field as shown in the upper schematic of Fig. 3(d).
The accumulated holes on the boundary generate a charge
Hall current that can be detected by a positive voltage. The
band structures of ML Gdl, with holes doping are displayed
in Fig. S9 of the SM [45], and the Fermi level is shifted
down into the valley splitting gap between K and K’ points.
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FIG. 4. Variation of valley splitting of ML GdI, as a function of
in-plane biaxial strains from —10% to 10%.

On the contrary, when the GdI, is magnetized downward, the
spin-down holes from K’ valley transfer to the right edge of
the sample due to the opposite Berry curvature, and a negative
voltage can be measured [see the lower panel of Fig. 3(d)].
Because of the negligible Berry curvature at the center of
Brillouin zone, the carriers in the I' valley will pass through
the ribbon directly without transverse deflection. Accordingly,
the valley pseudospin can be selectively manipulated in ML
GdlI, ferrovalley material and read out by electric measure-
ment. Such a property forms the basis for the application of
the valleytronics, such as data process or data storage.

D. Effects of strain on valley splitting

In device fabrication, a 2D material is often supported by
a substrate which is likely to introduce strain to a 2D material
due to lattice mismatch. A biaxial in-plane strain is theoret-
ically applied on ML GdI, to study the robustness of the
ferrovalley feature against the strain effects. The magnitude
of the strain is defined by ¢ = (a — ap)/ap, where a and ag
represent the in-plane lattice constants of ML GdI, with and
without strain, respectively. Calculations are performed for
the biaxial in-plane strain in the range of —10% to 10%, in
which the negative and positive percentage refer to the com-
pressive and tensile strain, respectively. As shown in Fig. 4,
the valley splitting increases monotonically with the increase

of biaxial tensile strain. And a giant valley splitting gap of
about 189 meV is obtained at 10% tensile strain. Similar
behavior has also been reported in MoTe, monolayer on the
top of EuO(111) substrate [12] and multiferroic CuCrP,Teg
monolayer [60]. Conversely, a compressive strain decreases
the valley splitting, but the valley splitting gap remains signif-
icant (over 40 meV) under a large compressive strain of 10%,
which implies that the valley polarization is robust against
the biaxial strains. For a potential valley polarized material,
a large valley splitting gap is necessary to readily access
and manipulate valleys for memory and logic applications.
Therefore, the ML GdI, is an excellent ferrovalley material
in which the nonvolatile anomalous valley Hall effect would
be produced, and it can be easily controlled by flipping the
magnetization direction of system through a moderate exter-
nal magnetic field.

IV. CONCLUSION

In sum, by first principles calculations, we reveal that ML
GdI, can be mechanically exfoliated and it possesses excel-
lent structural thermal dynamic stability. Interestingly, it is
an extraordinary intrinsic ferrovalley material with a giant
valley splitting gap up to 149 meV, which is large enough
for room temperature operation for valleytronic application.
This fascinating feature arises from the joint effects of d
orbital magnetic exchange interaction and strong spin orbital
coupling effect of Gd atom. And the valley contrasting Berry
curvature in ML Gdl, offers an opportunity to selectively
manipulate the valley states, and control the anomalous valley
Hall effect. Besides, the biaxial tensile strains will further
enhance the valley splitting gap up to 189 meV when the strain
reaches to +10%. On the contrary, the compressive strains
decrease the valley splitting gap, but the valley feature is still
preserved even for applying —10% strain, indicating that the
valley polarization of ML GdlI, is robust against the external
strains. Overall, ML GdI, is a promising ferrovalley material
for valleytronic applications.
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