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First-principles study of two-dimensional electron gas on a layered Gd,C electride surface
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Electrides are ionic compounds in which electrons behave as anions in the interior of a positively charged
framework. As a layered electride, Gd,C receives attention because of its ferromagnetism. Although previous
research has focused on the bulk properties of Gd,C, few studies have focused on ultrathin layers or surfaces
for two-dimensional (2D) characteristics. Here, we report a first-principles study of the electronic properties
of few-layer Gd,C structures. Gd,C has a work function of 3.35 eV. When a layered electride is exfoliated, the
interstitial layer becomes a surface and may be exposed to the outside. Because the interlayer region has changed
to the surface, the properties of the electron gases once located in the interlayer in the past will also change. We
found that the surface anionic electrons accounted for about 25% of the number of electrons in the interlayer
region in the absence of an external electric field. When we applied an external electric field, the number of
surface electrons increased, and the increase was proportional to the square of the field intensity. Since the
electronic properties of 2D materials can be understood through scanning tunneling spectroscopy (STS), we also
performed the STS simulations. At —0.9 eV, the STS image was blurred because of surface anionic electrons.
In contrast to the spin-up electron, an interlayer band of the spin-down electron crossed the Fermi level in the
ultrathin Gd,C layers. Our findings open a possibility that the spin-polarized electronic gas in the few-layer

electride could be used for spintronics.
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I. INTRODUCTION

In electrides, interstitial anionic electrons (IAEs) are con-
fined in the cavities of a positively charged framework [1,2].
Electrides have attracted attention because of their exotic
properties such as a low work function and charge transfer
characteristics caused by anionic electrons [3-9]. Numerous
types of solid electride salts have been synthesized; however,
most are unstable at room temperature or under humid at-
mospheres. Therefore, the development of stable electrides
in any environment is a critical challenge. The first ther-
mally and chemically stable electride in air was CayqAly3O¢4,
which shows various characteristics, such as metal-insulator
transition, metal-semiconductor transition, and superconduc-
tor transition [10—14]. Electrides can be applied to electron
emitters [15] and catalysts [16].

Interestingly, a layered structure of dicalcium nitride,
Ca;,N, was synthesized [6], called two-dimensional (2D) elec-
tride. In the 2D electride, a delocalized anionic electron
gas exists in the interlayer space of the layered electride.
Therefore, the positively charged Ca,N layers are separated
by electron gas layers. Since then, Y,C [17] and Gd,C
[18], which are representative carbide electrides, have also
been successfully synthesized. 2D electrides exhibit numer-
ous unique properties, such as magnetoresistance, low work
functions, and anisotropy of resistance. Because the materials
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are also layered structures, the resistance is very small on
the same plane; however, the resistance to current flowing
in a direction perpendicular to the plane is relatively large.
The 2D electrides exhibit different characteristics depending
on the distribution of the anionic electrons [6,7,17,19]. When
distributed anionic electrons are delocalized, as in Ca;N, the
anionic electrons behave like free electrons with high mobil-
ity [6]. In contrast, when the anionic electrons are strongly
localized, as in Y,C, the anionic electrons show low mobility
[7,17,19]. The anionic electrons in Gd,C have a partially
delocalized distribution, which implies that the anionic elec-
trons behave like free electrons with considerable mobility
and exhibit strong spin magnetic moments [18,20,21].
Experimental physics studies have focused on the bulk
characteristics of layered electrides because the surface elec-
tronic structure of 2D electrides is chemically unstable
because of the highly reactive anionic electrons. In addition,
few theoretical studies have focused on surfaces or two-
layered structures [22]. One way to apply the exotic properties
of electrides is to form ultrathin sheets, thus exposing the
electron gas layer residing near the surface. Like graphene
obtained from graphite [23], ultrathin electrides can be fab-
ricated using the exfoliation method [24]. In 2018, Oh et al.
exfoliated the Y,C electride under ultrahigh vacuum condi-
tions to study the atomic and electronic structure of its surface
using scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS) [25]. They revealed that anionic
electrons absorbed into the Y,C top layer were resurged onto
the surface when an electric field is applied. When vertical
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heterostructures were fabricated with a 2D electride and tran-
sition metal dichalcogenide (TMDC), the TMDC structure
changed because of charge transfer [26]. To understand the
physical properties of the interface or molecular adsorption
formed by contacting other materials, one must know the
surface properties of the electrides. In addition, as has been
observed for graphene and TMDC [27,28], few-layer struc-
tures have slightly different properties from bulk structures in
terms of atomic and electronic properties.

The Gd,C electride is a ferromagnetic material, and the
partially delocalized electron gas in the interlayer space also
possesses spin magnetic moments [18]. To use Gd,C as a spin
device, it must be in contact with other materials. Thus, the
various interesting electronic and magnetic properties of the
Gd,C surface must be understood. In this paper, we report a
first-principles study of the electronic properties of few-layer
Gd,C structures (N =2, 3, 4, and 5) compared with the
monolayer and the bulk structure. We provide the optimized
structures, electronic band structures, density of states (DOS),
total charge density differences, and work functions for the
cases to describe the few-layer Gd,C. In addition, we confirm
the charges, which exist above the surface, by investigating
the electric field effects. Our study focuses on the surface
properties of IAEs. We also present simulated STS and STM
images.

II. COMPUTATIONAL METHOD

We investigated the electronic and magnetic properties
of bulk and freestanding few-layer Gd,C structures by
first-principles calculations based on spin-polarized density
functional theory (DFT). In the computations, we used the
Vienna ab initio simulation package (VASP) [29,30]. A plane-
wave basis set was used to describe the electronic charge
density. The interactions between the electrons and ions were
described using the projector-augmented-wave (PAW) method
[31,32]. The exchange-correlation energy was modeled using
the Perdew-Burke-Ernzerhof (PBE) type generalized gradient
approximation (GGA) functional [33]. The kinetic energy cut-
off was set at 600 eV, and a I'-centered 10 x 10 x 1 k-point
grid was used for the electronic structure calculations. The
convergence tolerance was set at an energy of 107 eV.

We considered the onsite Coulomb interaction in Gd 4 f
orbitals for the GGA + U calculation without including spin-
orbit coupling [34-36]. We chose the Hubbard parameter
U = 6.7 eV and exchange interaction parameter J = 0.7 eV.
Therefore, the effective U value (Ugs = U — J) was 6 eV,
which is the same as that used in previous reports [37,38].
We used Grimme’s DFT-D3 method for van der Waals correc-
tions [39]. A uniform electric field of 0.1 V/A was applied
to the few-layer systems, which was normal to the surface
plane. The VESTA and Gnuplot packages were employed to
visualize the model structures and plot the band structures and
DOSs.

III. RESULT AND DISCUSSION

A. Optimized structure, formation energy, and work function

First, we obtained optimized structures of bulk and few-
layer Gd,C structures (Fig. 1). For the bulk structure, the

FIG. 1. Optimized structure of few-layered Gd,C. In this figure,
gray color indicates the Gd atom, and black is the carbon atom.
(a) ABC-stacked bulk, (b) monolayer (N = 1), (c) bilayer (N = 2),
(d) trilayer (N = 3), (e) tetralayer (N = 4), and (f) pentalayer (N =
5) of Gd,C. (g) Top view of the Gd,C bilayer (2 x 2 supercell). N
represents the number of layers. The numbers denote the distances
(Az) in the z direction in the unit of A. In (g), the numbers represent
the distance in the lateral direction (xy directions) in the unit of A.

lattice parameter a was 3.606 A and c/a = 5.144. The Gd-
C bond length was 2.48 A, and the interlayer distance was
3.36 A, which agrees well with the data from a previous ab
initio study [38]. When a surface appears due to exfoliation
and a layer in contact with a vacuum is created, symmetry
is broken, resulting in structural changes. Consequently, as
shown in Fig. 1, in the top layer in contact with the vacuum,
Az between the upper Gd atom and the carbon atom is 1.31 A,
and Az between the lower Gd atom and the carbon atom is
1.39 A. In contrast, in the inner layers, Az between the Gd
atom and the carbon atom, like the bulk, is nearly uniform
at 1.35 A. Furthermore, as shown in Figs. 1(e) and 1(f), the
interlayer distance is shorter in the deeper interior than in the
outermost interior. Therefore, we expect that the electronic
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TABLE I. Formation energies and work functions of few-layered
Gd,C structures. The energy is in the unit of eV.

Number of layers Formation energy Work function

N=1 1.224 3.426
N=2 1.210 3.374
N=3 1.210 3.351
N=4 1.200 3.351
N=5 1.189 3.350

properties are different from those of the bulk near the sur-
face due to the breakage of symmetry. We will explain this
phenomenon in detail later.

The formation energy of each structure was then calcu-
lated. The formation energy (Esomy,) can be defined as follows:

Eform = Efew»layer Gd,C — Matom - Ebulkv (1)

where Efew.-layer ga,c s the total energy of the system, Epux
is the total energy of bulk Gd,C per atom, and ryp, is the
number of atoms in a unit cell of a few-layer structure. The
formation energies are presented in Table I. As the number of
layers increases, the formation energy decreases, which means
that structures with a larger number of layers are energetically
preferred.

We then studied the layer dependence of the work func-
tion of the few-layer Gd,C structures. Local potential profiles
along the z direction were obtained. The work function ¢ was
calculated as follows:

¢:Ev_EFs (2)

where E, is the vacuum level and Er the Fermi level. As
the number of layers increases, the work function approaches
3.35 eV, almost identical in the trilayer to the pentalayer.
As listed in Table I, the monolayer has a work function that
is ~0.07 eV larger than that of the others. Another famous
layered electride, Y,C, also shows the same layer dependence
of the work function [25]. The Gd,C pentalayer has a smaller
work function by 0.40 eV than the Y,C pentalayer (3.75 eV)
[25]. According to a recent STM study, the Y,C surface has
the work function of 3.51 eV [25]. Therefore, we predict that
the value of the clean Gd,C (0001)y surface could be about
3.1 eV in the experiment. If the surface is not clean, the work
function would be slightly greater or less than 3.1 eV.

B. Electronic structure

Next, we investigated the electronic properties of layered
Gd,C. Previous studies on electrides having a stacked struc-
ture have not dealt with the relationship between the energy
dispersions patterns or energy positions of bands correspond-
ing to the IAE state with the number of layers. In particular,
the IAE states that are in the conduction band have not been
studied. In the present study, we focus on the energy bands
created by these IAE states by calculating the electronic struc-
ture of few-layer Gd,C structures. They are all metallic and
ferromagnetic and are independent of the number of layers.
A gadolinium atom has seven unpaired f electrons [40]. The
atomic spin magnetic moment of each Gd atom in Gd,C is

Total DOS /N

FRM T KM T
wave vector

FIG. 2. (a) DOS plots and (b) electronic band structures of few-
layer Gd,C systems. Solid (dotted) lines indicate the electronic bands
of the spin-up (spin-down) electrons. The blue and green lines denote
the bands of IAE states. For comparison, the DOS was divided by NV,
i.e., the number of layers.

~7.3 up, which agrees well with previous reports on bulk
Gd,C [18,20,41,42].

Figure 2(a) shows the DOS plots of the Gd,C models. For
both spins (up and down), the highest DOS peaks between —2
and —1 eV in all structures were not related to IAEs because
the monolayer, which does not have the IAE states, also had
peaks in the same range. When the number of layers increases,
the peaks become smaller and more broadened owing to the
interlayer interaction. The highest DOS peaks originate from
the hybridization of C 2p and Gd 5d orbitals, and they are lo-
calized states corresponding to almost flat bands. In Fig. 2(b),
the two bands in the monolayer, indicated by arrows, are
nearly flat along the path from I" to M.

In the valence band of the bilayer, there is a band (a solid
blue line) between —1.5 and —0.5 eV for the spin-up state. A
band (a dotted blue line) crosses the Fermi level for the spin-
down state in the range of —1.0 to +1.0 eV. The bands were
not observed in the monolayer. The bands indicated by green
lines were also not observed in the monolayer but appeared in
the conduction band of the bilayer. The blue and green lines
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FIG. 3. (a) Total charge density difference plots of few-layered Gd,C. (b) Ball-and-stick models show the X and X' sites in the bulk.
(c) DOS plots of X and X' sites. In the DOS plots, the X and X' sites are denoted by solid and dotted lines, respectively.

correspond to the states of the electrons gathered in the inter-
stitial space. In particular, the spin-down band passing through
the Fermi level is expected to play an essential role in spin
transport. As mentioned earlier, this band originates from an
IAE state, which may be likened to strawberry jam spread be-
tween two pieces of bread, and thus, the state will be preserved
even though molecules are adsorbed on the outer surface of
Gd,C. Thus, we expect electrons in the spin-down state to
be conducted well through this channel. We also provide the
Fermi velocities of the monolayer to the pentalayer for the
spin-down bands crossing the Fermi level in Table V, indi-
cated by circles in Fig. 6 of Appendix A. The IAE states for
all cases (N = 2, 3, 4, and 5) were in a similar energy range.

Figure 3(a) shows plots of the total charge density differ-
ences of the models. We found that electrons accumulated
in the interlayer region and depleted in the Gd,C layers. In
contrast, electrons were not accumulated or depleted at the
surface of the top layer. To understand the density distribution
of electrons in the interlayer region and their electronic prop-
erties, we selected two sites in the same interlayer space and
calculated the spin-polarized DOS of the two sites. The two
sites are labeled X and X', as shown in Fig. 3(b). To calculate
the DOS of the X and X’ sites, we assumed that fictitious
atoms were placed at X and X’ and calculated the DOS of
thosg fictitious atoms by considering spheres with a radius of
04 A.

As shown in Fig. 3(c), the DOS plots for the X and X' sites
are different. High peaks occur between —1 and 2 eV. For the
Gd,C bilayer, the high DOS peaks indicated by the blue and
green arrows are the IAE states corresponding to the blue and
green lines in Fig. 2(b), respectively. As described above, the
interlayer distance is not uniform within the thin layer, unlike
in the bulk (see Fig. 1). Therefore, we distinguish region A
from region B for the interlayer space, as shown in Fig. 3(a).
As shown in Fig. 1, region A has a larger spacing than region
B.

For the spin-up electrons, we observed that the DOS peak
at X’ between 0 and 1 eV shows different energy splits in

regions A and B forthe N = 4 and N = 5 cases [see Fig. 3(c)].
Meanwhile, for spin-down electrons, the DOS peaks of X’
between 1.5 and 2.5 eV exhibit the same phenomenon. This
phenomenon occurs when the interaction between the IAE
states in different interlayer regions acts as a perturbation and
breaks the energy degeneracy. This phenomenon is prominent
in the conduction band. The interpeak gap appears larger
in region B than in region A because region B is slightly
narrower. Energy splitting was prominent in region B. We
labeled the energy spacings A; for the spin-up state and A,
for the spin-down state, and the values are summarized in
Table II. We found that A was greater than A, forboth N = 4
and N = 5. Region A showed wide spacing, and the [AEs
here do not have IAEs on the vacuum side. Consequently,
little interaction was observed with this vacuum side, and the
interpeak spacing was small in region A.

C. Electronic density 2 A above the surface

In the bulk structure, because positively charged Gd,C
layers are stacked repeatedly, electrons can gather between the
layers. However, when the symmetry is broken and the surface
is exposed, there are no more positively charged layers above
the surface. Thus, no electron layer was formed on the surface.
What happens if a bias voltage is applied to the surface? Will
the electrons absorbed in the top layer return to the surface?
To determine the effects of the electric field, we calculated the
electronic structures of the mono-, bi-, and trilayer systems in

TABLEIIL. A, and A, for the interpeak spacing corresponding to
the spin-up and spin-down states, respectively. A; and A, have the
unit of eV.

Number of layers A A,

N=3 0.294 0.320
N=4 0.427 0.307
N=5 0.481 0.374
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FIG. 4. Resurgence of the anionic electrons at the surface by the
electric field effect. (a) Spatial positions of the Y, Y’, Y”, X, and
X' sites. (b) Electronic density difference plot for the mono-, bi-,
and trilayer structures under the electric field of 0.1 V/A. (c) The
calculated number (AQ¢) of electrons pulled out by the electric field
£ in the bilayer. The fitted lines show the quadratic behavior.

the presence of a uniform electric field of 0.1 V/A, which has
a similar field strength as that produced by the sharp STM tip
[43,44].

We chose three sites 2 A above the surface Gd atom,
labeled Y, Y’, and Y”, in Fig. 4(a). We note that fictitious
atoms are located at the Y, Y’, and Y” sites with a radius of
0.4 A, which is the same as at the X and X’ sites. We were
able to reveal the difference in the density between the three
sites and Gd atoms with and without an electric field. Even
though the electronic density difference [= p(with electric
field) — p(without electric field)] is small, a small amount
of charge is pulled out at the surface by the electric field, as
shown in Fig. 4(b). Because of charge screening, the electric
field effect was confirmed only at the surface but was not
observed at the interstitial regions.

To obtain further information on the electric field effect,
we first calculated the number of electrons at the Y, Y, Y”, X,
and X' sites in the bilayer. The number of electrons (Ng;) can
be defined as follows:

Er

Nie = | (D™ + D*"")dE, 3)
—0o0
where D' and D" represent the DOSs of the spin-up and
spin-down states, respectively. We obtained the ratio (n,/,) of
the Y (Y’, Y”) site to the X (X') site by calculating the number
of electrons as follows:
N,
N, )
where subscript x (y) corresponds to X or X' (Y, Y or Y”).
We present the results for 7,/ in Table III. In the absence of
an external electric field, the number of electrons at the Y, Y/,
or Y” site is 25-27% compared to the number of electrons at
the X or X’ site. This result implies that few charges remain
at 2 A above the surface. Therefore, we concluded that the

Ny/x =

TABLE III. The ratio (1,,,) of the Y (Y’, Y") site to the X (X')
site obtained by calculating the number of electrons.

Site X X'

Y 0.268 0.256
Y’ 0.269 0.256
Y” 0.266 0.254

charges are surface anionic electrons (SAEs). Our Mulliken
charge analysis shows that the upper Gd atoms at the top layer
has 0.04 e more than other Gd atoms in the other layers.

Now, we consider the number of the electrons resurging
at the same site by applying an electric field. We calculated
the difference in the number of electrons before and after
applying the electric field effect (AQg), which can be defined
as follows:

AQg = Ng — Ny, Q)

where N¢ is the total number of electrons in the presence
of the electric field and £ is the electric field strength (0.1,
0.2, 0.3, or 0.4 V/A). Ny is the total number of electrons in
the absence of an electric field. The AQg¢ values is listed in
Table IV. As the strength of the electric field increases, the
number of electrons in the SAE sites increases. In contrast, the
number of electrons at the site in the interlayer region hardly
changes because the Gd,C layer is a good metal and screens
the electric field.

How many electrons leave the surface when an electric
field is applied? When 0.1 V/A (0.4 V/A) is applied, 0.005
e (0.026¢) emerge from the Gd,C surface. As shown in
Fig. 4(c), AQg¢ is proportional to £2, which can be explained
by the perturbation theory for charge density. Notably, AQ¢
on the Y site increases rapidly, whereas the AQ¢ values of Y’
and Y” sites are not significantly affected by the electric field.
This result implies that the charge on the site is related to the
atomic orbital of the Gd atom at the surface, which will be
discussed later.

Finally, we investigated the surface properties of Gd,C
layers. First, we calculated the DOS of the SAE sites for
the mono-, bi-, and trilayer [Fig. 5(a)]. Significantly, if we
compare the DOS of the monolayer and bilayer (or trilayer),
we can see more prominent peaks at —0.9, —0.4, +0.7, and
+0.8 eV in the DOS of the bilayer. However, the DOS peaks
of the monolayer at these energies are not very clear. The peak
at +0.7 eV is clearly visible in the bilayer, which is not visible
in the monolayer. This peak is not conspicuous in the trilayer

TABLE IV. The total number of electrons on sites without apply-
ing an electric field, and the difference in the effect of the number of
electrons before and after applying the electric field on the bilayer.

Site No AQo.1 AQo2 AQo3 AQoa
X 1.421 0.000 0.000 0.000 0.003
X' 1.489 0.000 0.000 0.000 0.005
Y 0.381 0.006 0.011 0.018 0.026
Y’ 0.382 0.005 0.009 0.016 0.022
Y” 0.378 0.005 0.009 0.016 0.023
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FIG. 5. The atomic DOS and STS simulation results on the surface of Gd,C. (a) The atomic DOS of the Y, Y’, and Y” sites for the mono-,
bi-, and trilayer systems and (b) the orbital decomposed DOS of the Gd atom at the bilayer surface. In (a), the blue (black, red) line indicates
the Y (Y’, Y”) site. In (b), the black (red, blue) line indicates the d,, and d,2_,2 (d,; and dy‘"-; d_) orbitals of the Gd atom. (c) Simulated STS
images of the bilayer Gd,C surface. The images were obtained under the constant-height (2 A) mode from the computational simulations. The

rhombus shape in red color represents the unit cell of Gd,C.

because it is divided into two smaller peaks due to energy
splitting. The above four peaks also appear in the DOS of the
X and X' sites, as shown in Fig. 3(c). In the DOS plots, the
peaks near —0.9, —0.4, and +0.8 eV are dominant at X, and
the DOS peak near +0.7 eV is dominant at X'.

When the surface is exposed, the X site of the bulk cor-
responds to the Y” site in a few layers because Gd,C has an
ABC-stacked structure. Therefore, the surface is revealed, and
part of the TAE of the X site may remain at the Y” site. The
remaining IAE is absorbed by the Gd atom in the top layer.
For the trilayer, the positions of the significant DOS peaks
of X match those of Y”. The DOS peaks of Y” slightly shift
upwards for the bilayer because of small charge transfer.

We also compared the d orbital contributions of the Gd
atoms to the DOS of the SAE sites. The projected DOS of
the surface Gd atom at the top layer decomposed to the d
orbitals, as shown in Fig. 5(b). We found that the d,, and d,>_,»
orbitals exhibit energy degeneracy, and the d,; and d,; orbitals
also exhibit degeneracy. Figures 5(a) and 5(b) show that the
d orbitals of the Gd atom affect the prominent DOS peaks
(indicated by arrows) of the bilayer. Near the Fermi level, the
Y’ and Y” sites are influenced by the d,. and dy, orbitals of the
Gd atom, whereas the Y site is influenced by the d_. orbital.
In particular, the DOS peaks of the Y site are dominant over
+1.5eV, which are related to the d,» orbital of the Gd atom.
Figure 4(a) shows that the Y site is affected by the d» orbital
because it is directly above the upper Gd atom of the top layer.

Then, we performed the STS simulation to understand
the surface properties of the Gd,C bilayer more deeply by

converting the DOS plot in Figs. 5(a) and 5(b) into a 2D
map. In the STS simulation, we used an energy range of
0.1 eV for the integration. As shown in Fig. 5(c), we ob-
tained STS images for the peaks at —0.9, —0.4, 0.7, and
40.8 eV, indicated by arrows in Fig. 5(a). Indeed, the STS
images obtained using a linear scale are foglike images be-
cause the heights of the peaks are similar in each energy range.
The thick fog makes it impossible to distinguish between
the Y, Y’, and Y” sites. Therefore, we used an exponential
scale for the STS simulation. As mentioned earlier, the peaks
are more prominent in the bilayer (and trilayer) than in the
monolayer.

Figure 5(c) shows that the bright spots in the 2D STS map
exhibit a hexagonal lattice pattern. The STS images show that
the energies for the spots are —0.9, —0.4, and +0.8eV at
Y’, which are in excellent agreement with the DOS peaks in
Fig. 5(a). The bright spot of the Y’ site originates from the
5d orbitals in the Gd atom, and we confirm that the d,, and
d, orbitals of the Gd atom are associated with the Y’ site. In
contrast, the Y site, which is located above the Gd atom, is
brighter than the Y’ and Y” sites at +0.7eV.

Another exciting finding is that the 2D STS maps have
hazy images at —0.9 and +0.8eV. The energies are related
to the bands of the IAE states in the Gd,C bilayer band
structure, as shown in Fig. 2(b). Around the K point, the
TAE bands are almost flat near —0.9 and +0.8 eV, and the
foglike image appearing at the surface is due to the SAEs.
Because the symmetry is broken and the surface is exposed,
SAEs cannot be precisely the same as those of the IAEs.
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TABLE V. Calculated Fermi velocities for the IAE states of the
bilayer, trilayer, tetralayer, and pentalayer. The unit is in 10> m/s.

Bilayer Trilayer Tetralayer Pentalayer
3.956 4.385 4.445 4.303
3.344 3.898 4.167
3.603 4.088
3.547

However, they are almost at the same energy level. We also
present the STM images in Appendix C. The applied bias
voltages were +2.0 and 1.0 V. The STM images exhibited
hexagonal (triangular) lattice patterns at bias voltages of —2.0
and —1.0V (+1.0 and 42.0 V). These images are also blurry
as if the electron layer on the surface also causes fog.

IV. CONCLUSION

In summary, we studied the electronic properties of few-
layer Gd,C structures using first-principles calculations. To
understand the relationship between the surface of the elec-
tride and the IAE states, which cannot be studied in bulk, we
performed electronic structure calculations. We also investi-
gated the effect of the external electric field on the few-layer
Gd,C. The work function of Gd,C was found to be approxi-
mately 3.35 eV. We also found that the electronic bands of the
IAE were in the conduction band. For spin-down electrons,
one IAE band passes the Fermi level, contributing to the
spin transport. Even if external molecules or ions stick to
the surface of the electride, such external adsorbates cannot
affect electron transport in the interlayer region. Finally, we
performed STM and STS simulations. In the 2D STS map,
blurry images appear at —0.9 eV and +0.8 eV which are cre-
ated by an electron layer spreading on the surface. It behaves
like a 2D electron gas (2DEG) appearing in a transistor. If
more electrons are extracted from the top layer by applying a
uniform electric field or gating from the outside, the density
of the 2DEG can be controlled, and various exciting quantum
transport studies can be conducted. Because Gd,C shows the
anomalous Hall effect [21], the 2DEG of the surface could
also show stunning results for the Hall effect. As a future

monolayer bilayer

2t

study, we will investigate how intrinsic and extrinsic defects
in few-layer electrides affect SAE and IAE states, which may
influence the transport of charge or spin.
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APPENDIX A

The band structures of the model systems are shown in
Fig. 6. The top and bottom panels show the band structures of
the spin-up and spin-down electrons, respectively. In the spin-
up electron band structure, the IAE band does not reach the
Fermi level; however the IAE band passes the Fermi level for
the spin-down band. Clearly, the monolayer has no IAE band
in the band structure of the spin-down electrons. The Fermi
velocity of the electron in the IAE band passing through the
Fermi level in the circled region was 4.0 x 103 m/s. When the
number of layers increases, the IAE bands in the conduction
band interact with one another, resulting in a downshift of the
TAE bands to the Fermi level.

APPENDIX B

We present the DOS plot of the difference between the
systems with and without an electric field on the bilayer in
Fig. 7. The red and blue dotted lines indicate the applied
electric field case (0.1 V/A and 0.4 V/A). As shown in
Fig. 4(b), the electronic density difference is small for the
0.1 V/A case; thus, we present the magnified DOS plot in
the lower panel of Fig. 7. The black rectangle in the upper
panel denotes the range of the magnified DOS in the lower
panel. From the enlarged version of the DOS plot, we identify
that the electric field effects appear at the SAE sites (Y, Y/,
and Y”), whereas they do not appear at the X and X’ sites.
The DOS peaks of the SAE sites are downshifted because the

pentalayer

KM T

KM T T
wave vector

FIG. 6. Band structures of few-layer Gd,C. Solid lines indicate spin-up states in the upper panel, and dashed lines indicate spin-down
states in the lower panel. The bands marked with blue and green lines for spin-up and spin-down electrons represent IAE states, respectively.
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bilayer

0.005

o

Total DOS
o o
S8 8
=, O
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FIG. 7. DOS plot of the difference between the presence and absence of an electric field in the bilayer region. The solid black line represents
the DOS for the absence of an electric field, and the dashed lines (red and blue) correspond to the presence of an electric field (0.1 V/A and
0.4 V/A). The DOS plot inside the black rectangle in the upper panel is enlarged and shown in the lower panel. The magnified DOS clearly
shows the differences in the sites on the surface (Y, Y’, and Y”), whereas the differences are not revealed at the sites in the interlayer regions

(X and X').

number of electrons increases with the electric field. However,
even when the external electric field changes, the DOS peaks
at the X and X’ sites do not change much. Consequently, we
confirmed the screening effect of Gd,C and the electric field
effect at the surface.

APPENDIX C

We performed STM simulations using the Tersoff-Hamann
theory [45] and present the computed STM images in Fig. 8.
We obtained STM images using a linear scale, although the
images were blurry. The STM images exhibit hexagonal (tri-
angular) patterns at the bias voltages of —2.0 and —1.0V
(+1.0 and +2.0V). The STM images were related to the
electron densities above the surface. In the energy ranges

1.0V

&

2.0V

+1.0V

oY Y OY Higher tunneling current (—)

FIG. 8. STM images of the bilayer in the constant-height (2 A)
mode for each energy range. The red rhombus represents the unit
cell of Gd,C. Triangular patterns appear in the STM images at some
energies, and honeycomb patterns appear at other energies.

below the Fermi level, Y and Y” sites were brighter in DOS
than at the Y site, and the decomposed DOS of the Gd atom of
the top layer showed that the d,. orbital is not dominant in this
energy range. Therefore, the Y’ and Y” sites form a hexagonal
pattern at a bias voltage of —1.0V.

Moreover, the STM images at the +1V and +2V bias
voltages show a triangular pattern. Between —2 and +2eV,
the Y” site has higher DOS peaks than the Y and Y’ sites,
and the bright spots originate from the Y” sites. The orbital
decomposed DOS of the Gd atom, d> orbital, is dominant in
the energy range over +2eV. Therefore, the Y site, which is
the most affected by the d. orbital, is not visible as a bright
spot at the bias voltages of +1 and +2V. The Y site has
prominent DOS peaks at 3 eV or higher. If one obtains an
STM image at 3 eV or higher, the Y site appears bright. In
2D space, the Y site corresponds to the Gd atom site on the
surface.

monolayer

trilayer

tetralayer pentalayer

§ +8%10°%

Ho
-8x103

FIG. 9. The spin density plots of the Gd,C ultrathin structures
(from the monolayer to the pentalayer).
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APPENDIX D

We show the electron spin density plots of the few-layered
Gd,C structures in Fig. 9. As mentioned earlier, the atomic
spin magnetic moment of each Gd atom in Gd,C is 7.3 ug,

and the highest spin density is shown in the Gd atom sites.
Interestingly, the majority spin density appears in the inter-
layer space, which is consistent with a previous report on bulk
Gd,C [18].
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