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The one-dimensional (1D) Rashba effect has become quite important due to its key role in basic science to
realize exotic electronic phenomena, such as Majorana bound states. Similar to the two-dimensional or three
dimensional systems, the modulation of Rashba effect in 1D matrix is the kernel of spintronics for manipulating
electron spin. Herein, by investigating the effects of transverse and vertical external electric field (EEF) on the
Rashba spin splitting and magnetic anisotropy energy (MAE) in a type of highly flexible 1D system (Gd-adsorbed
zigzag graphene nanoribbons) from first principles, we found that the Rashba spin splitting in such 1D system can
be effectively regulated by the transverse EEF. Moreover, perpendicular magnetic anisotropy holds with either
transverse or vertical EEF applied, despite obvious modulation of the MAE contributions in k space as well
as the Rashba spin splitting. The modulation mechanism is further analyzed from the orbital-decomposed band
structures and spin density for Gd-zigzag graphene nanoribbons (ZGNRs) at different electric-field values. It is
found the modulation of Gd 5dx2−y2 , dxy by C pz orbitals of edge states is the key to manipulating the magnetic
anisotropy, which even plays a decisive role in modifying the Rashba spin splitting in such 1D nanoribbon
system. The MAE and 1D Rashba spin splitting are expected to be controlled through modifying the edge states
in such systems via EEF or other means. Our study introduces a strategy to manipulate Rashba spin splitting
by edge states and provides insight into the magnetic anisotropy in 1D Rashba system, which would revitalize
further research in ZGNR-based systems within the spintronics and exotic electronic phenomena.

DOI: 10.1103/PhysRevB.101.014451

I. INTRODUCTION

Manipulating magnetism (such as magnetic anisotropy
[1–4], magnetic exchange coupling [5], or Rashba spin split
[6–9]) with various methods is the focus of ongoing extensive
research in the field of spintronics. Among these methods,
external electric field (EEF) controlling of magnetization at-
tracts a great deal of attention for the potential applications in
spintronics and is also a key challenge for designing quantum
magnetic properties. There are many successful studies focus-
ing on the modulation of magnetic anisotropy by applying
EEF [1–3]. For instance, EEF can maximize or momentar-
ily decrease the magnetic anisotropy energy (MAE) on the
freestanding monolayer or substrate supported films [1,2],
thereby stabilizing a magnetic bit for long-term storage or
facilitating magnetization reversal when writing information
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[3]. The underlying mechanism is reported to be lying in the
EEF modulated electronic structure that is determined by the
second-order perturbation [10].

The Rashba spin split [11] in low-dimensional states have
been studied extensively due to the potential applications in
next-generation spintronics [12]. Especially, one-dimensional
(1D) states are promising because of the downsizing of the
system and the highly efficient suppression of backscattering.
1D Rashba spin-splitting states have attracted much attention
in basic science research to realize exotic electronic phenom-
ena such as Majorana bound states [13] and spin-dependent
density-wave formation [14]. Moreover, 1D Rashba effect can
overcome the limitations of the two-dimensional (2D) Rashba
effect. A pure spin current using an external magnetic field is
an example of the nature peculiar to the 1D Rashba effect [15].
In fact, it is a nondissipative spin current because the Fermi
surface has unidimensional dispersion peculiar to 1D systems,
which is an ideal feature for spintronic devices. Based on the
above advantages, 1D Rashba effect becomes more important.
Recently, the 1D Rashba effect has been successfully realized
in pure heavy-metal (such as Bi [16], Au [17], and Pt [18])
nanowires or Bi-adsorbed In atomic chains [19], which are
artificially grown on a silicon surface. Interestingly, the 1D
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Rashba systems above also present a sizable out-of-plane
spin polarization [16–19]. Up to now, controlling the Rashba
spin splitting by EEF in solid is at the center of spintronics
for manipulating the electron spin [6], which has been well
studied for 2D [7–9] host systems, such as the Au(111)
surface, the polar perovskite surfaces and interfaces, etc. The
EEF tuned Rashba splitting in 2D systems can be realized by
modifying the gradient of the surface electrostatic potential or
by manipulating the 2D electron gas. However, the research on
the manipulation of 1D Rashba spin splitting is still lacking in
both the experimental and theoretical levels. The modulations
of Rashba effect in 1D systems are expected to have a different
behavior and mechanism compared to the 2D and three-
dimensional systems, which deserve comprehensive studies.

On the other hand, previous studies pointed out that the
electronic and magnetic properties of graphene are sensitive to
EEF [20–22], and similar phenomena were also found for the
graphene nanoribbon [23,24]. Nevertheless, the role of EEF
on the magnetic properties of graphene nanoribbon adsorbed
with magnetic impurity has been barely explored, which
especially lacks fundamental understanding at the theoretical
level. In previous work [25], we have predicted a Rashba spin
splitting in one-dimensional Gd adsorbed zigzag graphene
nanoribbons (ZGNRs), which uncovers fundamental physics
in graphene nanoribbons. However, there still exist challenges
that are necessary to be addressed for promoting its applica-
tions in spintronics: (i) What is the performance of such 1D
Rashba systems under an EEF? (ii) Can the Rashba spin split-
ting in such 1D Rashba systems be effectively manipulated
by applying EEF? (iii) What is the mechanism underlying the
EEF manipulation of the magnetic properties of 1D Rashba
systems? The answers to the three questions are keys to the
effective manipulation of magnetism of 1D Rashba systems
by applying EEF, which would be helpful for guiding the
experiments to design such tunable Rashba systems via EEF.

Motivated by the challenges, herein we study the effect of
EEF on the magnetic anisotropy and Rashba spin splitting of
Gd-ZGNR, where the transverse (Ey) and vertical (Ez) EEFs
are considered, respectively. It is found that the perpendic-
ular magnetic anisotropy (PMA) is maintained with either
Ey or Ez applied. The values of MAE range from 0.85/0.9
to 4.36/3.44 meV under Ey/Ez, respectively. Based on the
orbital-decomposed band structures, the MAE contributions
along k line with EEFs applied are comprehensively discussed
by isolating the first-order part originated from Rashba effect
and second-order part, respectively. Furthermore, it is more
important to identify that MAE contributions along k line as
well as Rashba spin splitting can be effectively modulated by
changing the coupling between Gd − 5dx2−y2 and dxy orbitals
near E f with applied transverse EEF, which both are driven
by edge states basically. This work comprehensively clarifies
the underlying mechanism of the tunable Rashba spin splitting
and persisting perpendicular magnetic anisotropy in such 1D
nanoribbon systems with external electric fields.

II. COMPUTATIONAL DETAILS

Density-functional theory calculations are performed us-
ing the projected augmented wave (PAW) [26] method as
implemented in the Vienna Ab initio Simulation Package

FIG. 1. (a) The magnetic moment (a1) and MAE (a2) of Gd-
ZGNR with Ey applied. The Ey is parallel with the nanoribbon plane
but perpendicular with the edges of nanoribbon as shown in the
inset figure. (b) Similar with (a), but the EEF is applied along the z
direction (Ez). The Ez is perpendicular with the plane of nanoribbon.
Positive and negative MAE represent the out-of-plane and in-plane
magnetization, respectively.

(VASP) [27]. Exchange-correlation energy functional is treated
in the Perdew-Burke-Ernzerhof of generalized gradient ap-
proximation (GGA) [28]. The valence electron configurations
of Gd are considered as 4 f 75d16s2. The wave functions are
expanded in plane-wave basis with a kinetic energy cutoff of
450 eV. The partially filled and strongly correlated localized f
orbitals of Gd atoms are treated using the GGA+U formalism
[29,30] with Uf = 8 eV [31]. In this work, we focus on the
response of magnetic properties of Gd adsorbed ZGNR to the
EEF, which is introduced by planar dipole layer method [32]
as implemented in VASP. Both the EEF along y (Ey) and z (Ez)
axis are considered in our calculations, respectively. Specif-
ically, the Ey/Ez are applied to the stable h1 − Gd − ZGNR,
respectively, in the range of −0.8 V/Å � Ey/z � 0.8 V/Å.
The directions of EEF are defined as stated below (inset of
Fig. 1). The dipole correction [33] is included to avoid the
interaction between period crystals.

Previous study concluded that the adsorption position and
magnetic anisotropy contributions in k space do not change
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substantially with the increase of nanoribbon width [25],
which indicates that the ZGNR with width of 4 unit cells
(N = 4) is wide enough to study the magnetic properties and
Rashba effect of Gd-ZGNRs. Here we adopt the calculated
model with width N = 4 of ZGNR with a Gd atom adsorbed,
where the x direction along the Gd-ZGNR nanoribbon is
treated as periodic and infinite (inset of Fig. 1), and the
vacuum thicknesses along the y and z direction are set as
20 and 15 Å, respectively. Prior to studying the magnetic
properties of Gd-ZGNR with EEF applied, we first optimized
the geometry structures under different EEF strengths to study
the effect of EEF on the structural characteristics of Gd-
ZGNR. Brillouin zones (BZs) are sampled using 15 × 1 ×
1 Monkhorst-Pack grids for the geometry optimization for all
EEF values. In the optimization process under EEF, the Gd
adatom is allowed to relax along the z direction and all the C
atoms are allowed to relax along all directions, until the force
on each atom is less than 0.03 eV/Å. The convergence crite-
rion of the self-consistent-field (SCF) calculations is 10−6 eV.
In the self-consistent potential and total energy calculations, a
set of 25 × 1 × 1 k-point sampling is used for BZ integration.
For band-structure calculations, 60 uniform k points along the
�-M are used. Considering the spin-orbit coupling (SOC)
term, the MAE can be calculated as the energy difference fol-
lowing the Force theorem [34] EMAE = E[100] − E[001], where
E[100] and E[001] are the total energy for the magnetization
oriented along the parallel [100] and perpendicular [001]
directions, respectively. In addition, we also checked the total
energy for the magnetization oriented along the parallel [010]
and it is almost equivalent to that along the [100] direction,
which is obviously higher than that along the [001] direction
(see the Supplemental Material [35]). Therefore, the magne-
tization direction of [010] is not considered [25]. Here, the
[100], [010], and [001] directions are corresponding to the x,
y, z, axis, respectively.

III. RESULTS AND DISCUSSION

Before we comprehensively studied the magnetic proper-
ties of Gd-ZGNR with applying EEFs, we first check the
effect of EEF (−0.8 V/Å � Ey/z � 0.8 V/Å) on the geometry
structure of Gd-ZGNR (Fig. S1 of Supplemental Material
[35]). It is found that the EEFs have a minor impact on the
position of Gd adatom, especially for the horizontal distance
between Gd atom and the left-edge C atom dhor, indicating the
stable adsorption of Gd atom on the hollow site. In contrast,
the change of the average vertical distance between Gd atom
and ZGNR plane (dver) is relatively remarkable, especially for
the Ez and positive Ey which induce sinking of the Gd adatom.
For Ey = 0.8 V/Å, dver is changed from 2.14 to 2.06 Å. For
Ez = −0.8 and 0.8 V/Å, dver changes to 2.08 and 2.09 Å,
respectively. With EEF (Ey or Ez) applied in the range from
−0.8 to 0.8 V/Å, the maximum variations of dver and dhor

are ∼0.058 and ∼0.016 Å, respectively. In view of the fact
that the EEFs cause changes to the geometry structure, we
subsequently studied the physical properties of Gd-ZGNR
with applied EEF based on the optimized structures.

A. Magnetic moment and perpendicular magnetic anisotropy

Based on the optimized geometry structures, we explore
the magnetic moment and MAE of the Gd-ZGNR system

with EEF (−0.8 V/Å � Ey/z � 0.8 V/Å) applied. The total
magnetic moment of Gd-ZGNR and that excluding the contri-
bution of Gd 4 f under Ey and Ez are shown in Figs. 1(a1) and
1(b1), respectively. The trends of the total magnetic moment
with and without the contribution of Gd 4 f are consistent
with each other. The reason lies in the energetically stable
half-filled f -electron configuration, which plays a negligible
role in the changes of magnetic moment under EEF. We
focus on the analysis of total magnetic moments excluding
the f -orbital contribution in the following. In Figs. 1(a1) and
1(b1), the magnetic moment of Gd-ZGNR at −0.8 V/Å �
Ey � 0.8 V/Å varies from 1.85 to 2.67 μB at Ez, while it
changes from 1.89 to 2.54 μB at Ey. The changes in magnetic
moment are mainly dominated by the hybridization between
Gd and the neighboring C atoms which changes with the
applied Ey or Ez. The nature of the EEF modulated magnetic
moment can be reflected by the shift of Fermi level from
the perspective of electronic structures. Note that, whether
in the case of Ey or Ez, the spin density of two edge states
of ZGNR plane maintains the asymmetric antiferromagnetic
coupling.

To study the effect of EEF on magnetic anisotropy of
Gd-ZGNR, we further calculate the MAE of Gd-ZGNR
with Ey and Ez applied, respectively. The MAE is defined
as the energy eigenvalue difference (EMAE = E[100] − E[001])
for the magnetization oriented along the in-plane [100] and
out-of-plane [001] directions, respectively. The EMAE for
pristine Gd-ZGNR (without EEF) has a positive value of
3.44 meV. With EEF applied, it is found that EMAE can be
effectively modulated in the range of ([0.85, 4.36] meV at
Ey and [0.9, 3.44] meV at Ez) under −0.8 V/Å � Ey/z �
0.8 V/Å [Figs. 1(a2) and 1(b2)]. The EMAE always main-
tains positive sign, which means that the energetically fa-
vorable direction for the magnetization remains the out-
of-plane [001] direction regardless of Ey or Ez applied
[Figs. 1(a2) and 1(b2)]. The robust out-of-plane magnetization
indicates that Gd-ZGNR is expected as an excellent candi-
date for vertical magnetic anisotropy magnetic random-access
memory [36].

The results of MAE are different from that of non-Rashba
systems [3,37–39] where the sign of MAE (magnetization
direction) in the Rashba system can be switched between
negative (in-plane) and positive (out-of-plane) [3,37,38], or
presents in-plane magnetization [3] under a wide range of
EEF. The robust out-of-plane magnetization of Gd-ZGNR
under EEF may originate from the 1D Rashba nature. The
coexistence of PMA and Rashba has been discussed in pre-
vious studies [16,17,40,41]. In particular, it has been re-
ported that many Rashba systems, regardless of whether
they are 2D [40,41] or 1D systems [16,17], show a finite
out-of-plane spin polarization. The out-of-plane spin polar-
izations are also possible in 1D systems because they usu-
ally show lower in-plane symmetry. The calculated PMA
further demonstrated that the out-of-plane magnetization
maintains in such 1D Rashba system. To achieve a funda-
mental understanding on the persistent magnetic anisotropy
in the Gd-ZGNR system, the evolution of MAE contributions
at each k point with EEF applied will be discussed from
the view of orbital-resolved band structures and edge spin
density.
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FIG. 2. Angle (θ )-dependent MAE of Gd-ZGNR with EEF ap-
plied. (a)–(d) Ey = −0.8, −0.4, 0.4, 0.8 V/Å. (e)–(h) Ez = −0.8,
−0.4, 0.4, 0.8 V/Å. The angle θ (0°�θ � 180°) is defined as
the angle between z axis and spin direction. Blue triangular line
represents the calculated data and red solid line represents fitting
curve.

B. Magnetic anisotropy and Rashba spin splitting

The changes in MAE values rely on the charge transfer of
the system, which leads to the shift of E f and then alters the
orbitals contributions. Thus, the sign and value of MAE at
each k line are finally determined. To get a deep understanding
on the EEF modulated MAE of Gd-ZGNR in Figs. 1(a2)
and 1(b2), we studied the angle-dependent MAE and MAE
contributions in k space under EEF.

1. Angle-dependent MAE

Firstly, the angular (θ )-dependent MAE at 0°�θ�180° is
calculated and the angle dependence of MAE on cosθ is fitted
to EMAE = K0 + K1cosθ + K2sin2θ at Ey/z (−0.8, −0.4, 0.4,
0.8 V/Å), respectively, as shown in Figs. 2(a)–2(h). Angle θ

is defined as the angle between the quantization axis of spin
and the vertical z axis. The angle-dependent MAE is fitted into
the second-order polynomial of cosθ , the coefficients of which
quantify the perturbations at different orders. The parabolic
curves and the fitted coefficients of the polynomial fitting
formula (K0 + K1cosθ + K2sin2θ ) are plotted in Figs. 2(a)–
2(h) and summarized in Table I, respectively. The coefficients
K1 and K2 are associated with the first- and second-order

TABLE I. The fitted values of MAE of Gd-ZGNR under
EEF based on polynomial fitting formula (K0 + K1cosθ + K2sin2θ ),
which are corresponding to the fitted curves in Fig. 2 of text. For the
case of Ey/z = −0.8, −0.4, 0.4, 0.8 and V/Å, the K0, K1, K2 and the
respective standard errors are presented.

Electric field K0 + K1cosθ + K2sin2θ Standard error

K0 = 3.179 A = 0.004
Ey = −0.8 K1 = −5 × 10−4 B1 = 0.003

K2 = 3.187 B2 = 0.006

K0 = 3.862 A = 0.005
Ey = −0.4 K1 = 2 × 10−4 B1 = 0.004

K2 = 3.872 B2 = 0.008

K0 = 1.485 A = 0.004
Ey = 0.4 K1 = −0.009 B1 = 0.003

K2 = 1.487 B2 = 0.005

K0 = 1.475 A = 0.003
Ey = 0.8 K1 = −1 × 10−4 B1 = 0.002

K2 = 1.474 B2 = 0.005

K0 = 2.022 A = 0.009
Ez = −0.8 K1 = −9 × 10−5 B1 = 0.007

K2 = 1.996 B2 = 0.010

K0 = 2.435 A = 0.005
Ez = −0.4 K1 = 5 × 10−5 B1 = 0.004

K2 = 2.396 B2 = 0.008

K0 = 2.989 A = 0.009
Ez = 0.4 K1 = 3 × 10−4 B1 = 0.007

K2 = 2.972 B2 = 0.014

K0 = 2.324 A = 0.002
Ez = 0.8 K1 = 1 × 10−4 B1 = 0.002

K2 = 2.329 B2 = 0.004

perturbations, respectively. The standard errors for all fitted
coefficients are small and acceptable. All fitted coefficients
K1 are close to zero in Table I and the leading term of
the calculated MAE is proportional to sin2θ , which confirms
the theoretical predictions that the first-order perturbation of
intrinsic SOC (L · S term) has no contribution to MAE as
well as the Rashba SOC term [42,43]. In addition, it is shown
by the polynomial fitting that it is sufficient to illustrate the
calculated MAE contributions in k space of Gd-ZGNR in the
external electric field Ey or Ez in terms of the second-order
perturbation [10].

2. MAE contributions in the k space and Rashba spin splitting

Although the first- and second-order MAE contributions
both come from intrinsic and Rashba SOC in a finite electric
field, the first-order contribution, not like the second-order
part, vanishes as the fitted coefficient K1 is close to zero,
and can only be traced in the MAE distribution of k space.
The underlying mechanism is that the Rashba spin splitting
could manipulate the electron trajectory determined by the
spin direction in the k space, and consequently creates a coun-
terbalanced first-order MAE part in the first Brillouin zone
(FBZ). Here, to examine the role of EEF on the first-order
MAE as well as Rashba spin split in Gd-ZGNR, we first
calculate the total MAE contributions in k space according
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FIG. 3. The MAE contributions in FBZ (−M-�-M) calculated by E100 − E001 of Gd-ZGNR with (a) Ey and (b) Ez (Ey/z = −0.8, −0.4, 0.4,
0.8 V/Å) applied, respectively. (c) Schematic diagram of Rashba spin splitting under EEF. The moment splitting �kR is defined as the horizon
shift. (d) The �kR as a function of Ey/z, where different directions are labeled by red and black solid circles, respectively.

to the formula below:

�E (�k) = Ea(�k) − Eb(�k) =
∑

k∈FBZ

(∑
i∈o

εa
i (�k)−

∑
i∈o′

εb
i (�k)

)
,

(1)

where the εa
i (�k) and εb

i (�k) is the energy of the ith band at
point k in the FBZ for the magnetic states with spin moments
aligned on the directions of a and b, respectively. The o and
o′ specify the occupied states for the a and b directions,
respectively. Note that the curve trend of MAE contributions
in k space can be used to understand how the EEF affects the
Rashba spin splitting.

Figures 3(a) and 3(b) show the MAE contributions in k
space under an EEF of Ey and Ez (−0.8, −0.4, 0.4, 0.8 V/Å),
respectively. The maximum energy of MAE in −M∼� is
fluctuating in the range of 3.8∼7.3 meV under Ey, while for
the Ez, the energy peak varies between 4.1 and 6.5 meV. Spe-
cially, the MAE contribution in k space of Gd-ZGNR system
under Ey/z still has a Г-centered offset trend in FBZ, and EEF
can affect the first-order effect as well as Rashba spin split-
ting. Compared with MAE behavior of Gd-ZGNR under Ez

[Fig. 3(b)], the splitting amplitude of MAE in the k space at Ey

[Fig. 3(a)] is more obvious. The mechanism underlying these
changes is that the Fermi level in band structure moves under
EEF, causing further changes of the occupied state in the k
space. Figure 3(d) shows the changes of amplitude of Rashba
spin splitting (�kR) at EEF, which is defined in Fig. 3(c). It
is found that the transverse EEF can significantly increase
�kR at positive values, and �kR can be largely reduced at
a certain negative value (Ey � −0.4 V/Å). Compared with
�kR at Ez, Ey can manipulate the �kR more obviously, which
indicates that the outward EEF (Ey) can effectively regulate
the spin-splitting moment of the Rashba system Gd-ZGNR.

3. First-order and second-order MAE contributions

To clarify the origin of EEF modulated MAE in Figs. 1(a2)
and 1(b2), we need to isolate the first-order part of MAE con-

tributions over the whole Brillouin zone from the pure second-
order part. First, we can obtain the MAE contribution of the
first order from the formula E = K0 + K1 cos θ + K2sin2θ . It
is inferred that there is no second-order contribution in the dif-
ference between the MAEs calculated for the spin along z and
–z directions. Thus, based on the formula �E ′(�k) = E−z(�k) −
Ez(�k) = ∑

k∈FBZ (
∑

i∈o ε−z
i (�k)− ∑

i∈o′ ε
z
i (�k)), the first-order

MAE contribution in k space can be obtained directly, that
is �E ′/2. Furthermore, by subtracting the first-order MAE
contribution from the total contribution of the MAE in k space
(�E = E(100) − E(001)), we can further obtained the pure
second-order part of MAE contributions in k space of Gd-
ZGNR, which essentially leads to the change in MAE values.

Figure 4 shows the first-order (�E ′/2) (the upper part) and
second-order MAE contributions (the lower part) in k space
of Gd-ZGNR at Ey/z = (a, e) −0.8 V/Å, (b, f) −0.4 V/Å,
(c, g) 0.4 V/Å, and (d, h) 0.8 V/Å. The results show that
the distributions of first-order MAE contribution are exactly
antisymmetric about the � point, like that of Gd-ZGNR
without an external electric field, which leads to the perfect
cancellation of the MAE distribution over the first Brillouin
zone, as indicated by K1 = 0 in the results of polynomial
fitting.

We subtract the part of first-order contribution from total
contributions along k line; the pure second-order MAE contri-
butions along �-M with different EEFs are obtained, as shown
in the top of Fig. 5, which can be analyzed by the second-order
perturbation theory [10]. The formula is expressed as

�E ∼
∑
u,o

|〈u|lz|o〉|2 − |〈u|lx|o〉|2
εu − εo

, (2)

where u and o specify the unoccupied and occupied minor-
ity spin states, respectively, and the lx and lz are angular
momentum operators. The pair of unoccupied and occu-
pied states around Fermi level is important to the second-
order MAE contribution. As pointed out previously, �E↓↓
only contributes a small amount to MAE near the M point,
and the MAE contribution in k space mainly comes from
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FIG. 4. The first- and second-order part of MAE contributions in FBZ (−M-�-M) of Gd-ZGNR applied with Ey/z = (a, e) −0.8 V/Å,
(b, f) −0.4 V/Å, (c, g) 0.4 V/Å, and (d, h) 0.8 V/Å.

�E↑↑ [25]. Therefore, the MAE contribution under EEF can
be analyzed based on the coupling between the spin-up elec-
tronic states (�E↑↑) as follows. Taking Ey/z = −0.4, 0.4 V/Å
as examples, the orbital-projected band structure with the Gd
spin-up orbital occupied probability and the spin-up/down
orbital contribution of C pz are provided in the middle and
lower part of Fig. 5, respectively. For better comparison, the
orbital-projected band structure without EEF is also provided
in Fig. 5(b). Without EEF applied, dx2−y2 and dz2 orbitals
located above and below EF ; dxz orbital is located above
EF except near M; the whole dxy orbital located above EF ,
whose orbitals lie in the layer plane with dx2−y2 , and form the
near-degenerate state with dx2−y2 at Г.

Based on the perturbation theory in Eq. (1) [10], the
SOC between occupied and unoccupied states with the same
(different) magnetic quantum number m through the Lz(Lx/y)
operator gives a positive (negative) contribution to the EMAE.
As seen from Fig. 5(b), the SOC interaction between the oc-
cupied dx2−y2 (m = ±1) state at −1.05 eV and the unoccupied
dxy (m = ±1) state at 0.2 eV around Г through the lz operator
(〈dxy|lz|dx2−y2〉) yields a positive EMAE at ∼2/5 �-M. At Г,
the SOC interaction of near-degenerate states dx2−y2 (dxy) at
0.2 eV also makes for a positive EMAE, whereas the coupling
of 〈dxz(dx2−y2 )|lx|dx2−y2 (dxz )〉 contributing negatively to MAE
range from −0.3 to 0.6 eV at the second half (∼3/5 �-M),
corresponding to the second part of Eq. (2).

When the EEF is introduced, the band structures move
up and down compared to that in zero field as shown in
Fig. 5. Especially, a significant difference is observed near

the regions around E f , e.g., at Ey = 0.4 V/Å [Fig. 5(c)]. The
degenerate state of two bands 1 and 2 at � above E f becomes
more obvious, which are pushed up above E f together by
the EEF, leading to the hybridization of bands 2 and 3 with
each other at 4/5 �-M. Thus, the lifting of bands makes the
unoccupied dxy orbital of band 2 coupled to the unoccupied
dx2−y2 state at 0.82 eV through the lz operator (〈dxy|lz|dx2−y2〉)
at ∼1/2 �-M, leading to an expansion of positive EMAE in
k line. The positive EMAE at � is reduced because of the
degenerate states dx2−y2 (dxy) of bands 1 and 2 are pushed
away above E f 0.35 e V by the positive EEF. On the contrary,
at Ey = −0.4 V/Å [Fig. 5(a)], bands 1 and 2 are pushed
down close to E f by the EEF and promote a splitting of the
degenerate energy states at �. The intersection point of band 1
with E f is getting closer to � due to the band structure moving
down, which leads to the narrowing of positive EMAE, and
naturally expanded the negative EMAE in k line because of the
occupied dx2−y2 orbital of band 1 coupling with unoccupied
dxz of band 3. In short, the percentage of positive or negative
EMAE in k line is mainly dominated by the SOC coupling
between dxy and dx2−y2 orbitals.

The situation is similar for the cases with Ez applied, but
the overall band structure shifted enormously compared to the
cases at Ey. The movement of intersection point of band 1
with E f is less obvious as shown in Figs. 5(d) and 5(e). Thus,
there are not too many changes of EMAE in k line. The trend
of moving up of band 1 and 2 at Ez = −0.4 V/Å is similar
but not obvious compared to that at Ey = 0.4 V/Å. In short,
the location of E f adjusts the components of different types of
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FIG. 5. The second-order MAE contributions along �∼M and the orbital-projected band structures (Gd − sd spin-up states and C − pz

spin-up/down states) of Gd-ZGNR (b) without applying an EEF, with applying the Ey in value of (a) −0.4 V/Å and (c) 0.4 V/Å, and Ez in
value of (d) −0.4 V/Å and (e) 0.4 V/Å. The orange, blue, green, rose, and red colors represent the occupation of Gd-s, dxy, dx2−y2 , dxz, dyz

and dz2 orbitals, respectively. The C − pz spin-up/down states in the lower part are indicated by the rose/green circle, respectively. The size of
color circles measures the occupied proportion of each orbital. The red and blue circles are labeled in the C − pz orbital part to better show the
relative shift of band 1 and band-down 1 around Ef .

orbital contributions, which is crucial for the determination of
the symbol and size of MAE in each segment of k space.

4. The role of edge states

As observed in the lower part of Fig. 5, the second half of
band 1 (∼2/5 M-�) is composed of pz spin-up states, which
is together manipulated with the dx2−y2 orbital of bands 1 by
the EEF, especially at Ey. In the view of charge distribution in
real space, the spin-up/down states of pz orbital at two edge
states of ZGNR transfer from one side to another side with
a transverse EEF (Ey) applied. Thus, the relative locations
of E f in the spin-up and spin-down electronic structures are
changed, which thereby change the orbital hybridization in
Gd-ZGNR. Next, we further intuitively clarify the behavior
of the edge states when EEF is introduced. To focus on the
changes of edge states, we calculated the difference between
spin densities �ρ = ρEy/z − ρE0 (subtracting the spin density
without electric field from that of the system with applied
electric field) derived from Fig. S3 of the Supplemental Mate-
rial [35].

The 2D spin-density differences across the ZGNR plane
are plotted in Fig. 6(a). As revealed by the ρEy − ρE0 , the
response of spin density to Ey is obviously much stronger
compared to that with Ez field applied. Therefore, we mainly
focus on the changes at Ey in the following analysis. Note
that the spin-up density is considered as a positive value in
spin-density data and the spin-down density is a negative
value. Thus, we use the signs “+” and “−“ in E0 to mark

their locations, which helps to make a clear understanding of
the changes of spin density. When the subtraction of the spin-
density data between Ey and E0 is carried out, the subtraction
results of spin-up (+) densities directly represent gain or loss
electrons, as revealed in the color bar of Fig. 6(a), whereas the
subtraction results of spin-down (−) densities mean the oppo-
site, and it should be considered as in contrast to the intuitive
results of + spin densities. For the nonspecific positive Ey,
e.g., Ey=0.4 − E0, the spin density at left edge (SPL) increased
and spin density of edge states at right side (SPR) decreased,
which led to the characteristic of the original asymmetric
spin-density alleviate. On the contrary, the SPR is increased
and SPL is decreased at the negative Ey, further exacerbating
the characteristic of original asymmetric of edge states in
Gd-ZGNR. It should be pointed out that, with Ey applied,
the response of two edge states is quite different from that of
pure ZGNR with Ey applied [24]. In the case of pure ZGNR,
spin electrons of edge state on one side transfer to another
side. The spin-up and spin-down density will counteract on
the receiver, thus leading to the simultaneously degenerated
spin density at both two edge states [Fig. 6(c)]. However, for
the case of Gd-ZGNR at Ey, the process is totally different.
For instance, at Ey = 0.4 V/Å, when spin-up electrons at the
right side transfer to the left side consisting of spin-down
electrons, there is a positive contribution to the SPL as RPL
decreased. This is because the spin flip appears during the
transfer process due to the spin modulation of Gd, as revealed
in the sketch map of Fig. 6(b). The mechanism is similar for
that with Ey applied along the opposite direction. Spin flip
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FIG. 6. (a) The differences between spin densities �ρ = ρEy/z − ρE0 for the ZGNR plane of system without and with EEF. The atom
location in the ZGNR plane is provided for an intuitive comparison with other cases. The color bar is given in the units of e/Å3 (the red regions
indicate gain electrons; the blue regions indicate lost electrons). In the left subfigure of (a), the green “−” represent the location of spin-down
states, while red “+” represent the location of spin-up states. (b), (c) Schematic diagrams of spin charge transfer in Gd-ZGNR and pure ZGNR.
In pure system with EEF applied (c), the spin-up electrons moved from one side to another side and further neutralized the spin-down electrons
at the other side, leading the degradation of two edge states. While in Gd-ZGNR (b), the situation is changed due to existence of Gd.

happens in the electron transfer process, and the asymmetric
edge states are consequently exacerbated.

Observed from the decomposed C − pz spin-up/down
states in the lower half of Fig. 5, there are two bands crossing
around E f : The band 1 mostly contributed by spin-down pz

(signed in Gd-d orbitals) and another band mainly contributed
by spin-down pz (we call it “band down-1”), which is labeled
by red and blue circles, respectively. When Ey = 0.4 V/Å
is introduced, the band down-1 with spin-down pz orbitals
(green) moves down and the band 1 with spin-up pz (red)
moves up relative to E f . Thus, the electrons in spin-up states
decrease, while the electrons in spin-down states increase,
which is well consistent with the variation of edge spin states
in Fig. 6(a). Conversely, at Ey = −0.4 V/Å, the band down-1
with spin-down pz orbitals (green) moves up and the band
1 with spin-up pz (red) moves down near E f , indicating the
electrons in spin-down states reduced but increased in spin-up
states. With the fact that the changes of MAE contribution
in k-space controlled PMA is mostly dominated by the shift
of band 1, it can be inferred that the changes of electrons
at the two edge states are crucial to promoting the changes
of Gd − 5dx2−y2 , dxy orbital hybridization, and thus modify
and determine the MAE contributions along k line. On the
other hand, the counterbalanced MAE in k space as well as
the Rashba effect are mainly originated from the movement
of band 1 evidenced in Ref. [25], which indicates that the
modulation of Rashba spin splitting is also driven by the
changes of edge states under EEF. In short, the modulation
of Gd − 5dx2−y2 , dxy by C − pz orbitals of edge states is the
underlying mechanism of the manipulation of the magnetic

properties of Gd-ZGNR by EEF, which even plays a key role
in the Rashba spin splitting of such 1D system.

IV. CONCLUSIONS

In summary, we have performed a systematic study on the
role of EEF in the modulation of magnetic moment, MAE,
Rashba spin splitting, and edge spin density of Gd adsorbed
ZGNR. It is found that the response to transverse EEF is par-
ticularly remarkable as compared to vertical EEF. By isolating
the first-order MAE contribution in k space due to Rashba
spin split, the net second-order MAE contribution in k space
is obtained and further analyzed by applying the traditional
second-order perturbation theory to the orbital-decomposed
band structures in an external electric field, where the MAE
value is modified through changes in the coupling of Gd −
5dx2−y2 and dxy orbitals near E f . Furthermore, by exploring the
spin-density difference of edge states when EEF is introduced,
it is inferred that the modulation of Gd − 5dx2−y2 , dxy by
C − pz orbitals owing to the charge transfer between two edge
states is not only the most essential reason of regulating MAE
contributions in k space, but also the determinant of how the
Rashba spin splitting changes under EEF.

Our findings of the modulation of Gd − 5dx2−y2 , dxy by
C − pz orbitals of edge states explain the nature of magnetic
properties of the 1D Rashba system, especially for the re-
sponse to EEF. The fundamental understanding is expected
to shed light on the control of the MAE and further the
Rashba spin splitting by changing the edge spin states in
more possible manners beyond EEF. Our studies could lead
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to promising applications of ZGNR in spintronics, which are
expected to revitalize further research in 1D Rashba systems
and its exotic electronic phenomena.
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