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We investigated the half-metallicity and magnetism at the (001) and (110) surfaces of YC in zinc-blende
structure by using the all-electron full-potential linearized augmented plane wave method within the
generalized gradient approximation. From the calculated local density of states, we found that neither (001) nor
(110) surface preserves the half-metallicity. While the magnetic moment of Y atom in the YC bulk is 0.116 pg, it
is 0.057 pg at the topmost layer of Y-terminated (001) surface. On the contrary, C-terminated (001) YC surface
exhibits stronger magnetism than the bulk structure; the calculated magnetic moment on topmost C atom is
1.084 pg, while that of C atom in the bulk structure is 0.423 pg. The magnetic properties of the non-polar (110)
YC surface are slightly enhanced as compared with the bulk structure.
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1. Introduction

Half-metals are substances that act as conductors to
electrons with one spin orientation but as insulators or
semiconductors for electron in the other spin orientation.
They have been the subject of extensive investigation,
since the concept of half-metallicity was introduced by de
Groot et al. [1]. Soon after their discovery, half-metals
started being applied in technology, for example, as
multilayer spin valves systems [2], spin injectors [3], or
spin transistors [4], just to name few. Originally, half-
metallicity was reported in half-Heusler compounds, such
as NiMnSb [1]; but in time, materials of different structures
were found to have the same property. For example, half-
metallicity was predicted in many zinc-blende (ZB)
compounds of transition elements with non-metals [4] as
well as in rock-salt (RS) materials, such as MnN and CrN
[5]. Half-metallic compounds of transition metals with
group 15 elements, i.e., transition metal pnictides, especially
attract much attention. First, their structure is commensu-
rate with the structure of many semiconductors, which
makes a process of multilayer fabrication of devices for
spintronics easier and better controlled. Second, transition
metal pnictides are characterized by a high Curie temper-
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ature, which allows maintaining the spin polarization at a
high temperature and consequently stabilizing the pro-
perties of working devices.

In the search of half-metals, compounds of metals and
chalcogens were investigated as well, and materials of the
form TX, where T is a transition metal (e.g., V, Cr, Mn)
and X is a group 16 element (S, Se, Te), were reported to
have promising half-metallic properties [4].

Group 14 elements might be as good components to use
in designing new materials for spintronics as the elements
of groups 15 and 16. However, there has been much less
reports on the electronic and the magnetic properties of
carbides. Compounds such as CaC, SrC, BaC [6-9], CaSi,
and CaGe [10] have been predicted to be good candidates
for application to spintronics. Some transition metal carbides,
e.g., VC, CrC, and MnC [11], have also been found to be
half-metals. Recently, attention has turn to ZB compounds
with rare earth d-metals, such as Sc and Y [12-14]. YC
was found to be a robust half-metal, with a small, 1.00
I, magnetic moment per primitive cell [14]. Materials
with a small magnetic moment are desirable, because they
are source of weaker demagnetizing fields and are con-
sidered to be energetically more efficient.

Since the bulk properties of YC are very promising, we
found it worthy to investigate whether the half-metallicity
of the compound is preserved at its surfaces. Finding the
answer is essential for future applications, as majority of
nowadays electronic devices rely on surface properties of
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materials rather than on their bulk properties.

In this paper, we will discuss about the electronic and
half-metallic properties of (001) and (110) surfaces of YC
calculated with the use of a first-principles method.

2. Computational Details

Zinc-blende YC lattice constant has been reported as
5.65 A [10], and we adapted this value to model (001)
and (110) surfaces of the compound. The surfaces are
shown in Fig. 1.

We chose 9-layers slabs to model the surfaces. The four
atomic layers on both sides of the center layer guarantee
enough screening for the center of the slab to be treated
as the YC bulk. The distances between the atomic layers
were 1.413 A and 1.998 A for (001) and (110) surfaces,
respectively. Since YC retains half-metallic properties even
when the lattice constant is compressed by 3%, small
relaxation and reconstruction cannot affect much on the
electronic properties of the system. Therefore, we calcu-
lated unrelaxed and unreconstructed surfaces only.

In order to resolve the electronic structure of the YC
bulk and surface, the Kohn-Sham equation [15] was solved
self-consistently in terms of the full-potential linearized
augmented plane wave (FLAPW) method [16, 17], within
generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof type [18] to the exchange-correlation
potential.

Lattice harmonics with / < 8 were employed to expand
the charge density, the potential, and the wave functions
inside the muffin-tin (MT) radii of 2.50 a.u. for Y and
1.50 a.u. for C atoms, respectively. The number of basis
functions was about 200 per atom. Integration was
performed over a 11 x 11 x 11 mesh of k-points inside the
irreducible three-dimensional Brillouin zone (BZ) for the
bulk YC and over 7 x 7 mesh inside the two-dimensional
BZ for the two-dimensional systems. All core electrons
were treated fully relativistically, while valence states were
treated scalar relativistically, without spin-orbit coupling.

(b) (©)

Fig. 1. (Color online) A schematic view of a conventional unit
cell of zinc-blende structured material with (a) (001) surface
and (b) (110) surface highlighted; (c) relative positions of
atoms in the top (left) and subsurface (right) layers of (110)
surface. Different colors mark two types of atoms, i.e., Y and C.

Self-consistency was assumed when the difference between
input and output charge densities was less than 1 x 107
electrons/(a.u.)’.

3. Results and Discussion

We preceded the calculation of the surface properties of
7B YC while checking whether our computational method
gives results similar to those reported by Wu et al. [14].
We confirmed that the material is a half-metal, with the
total magnetic moment (MM) of 1.00 pg. We found that
the energy gap is formed in the majority electrons channel,
and it is 1.80 eV wide. These findings perfectly agree
with the reported values obtained within GGA. Also,
similarly to the other findings, we found that the half-
metallic gap (Epy) is very narrow. The calculated mag-
netic moments (MMs) on Y and C sites are 0.12 pg and
0.41 g, respectively. In further analysis, when we com-
pare the surface properties with the bulk properties, we
shall refer to the results of our calculations of the bulk
YC properties.

In Fig. 2, we present plots of atom-projected density of
electronic states (DOS) calculated for (001) surface of the
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Fig. 2. Spin polarized density of states for Y and C atoms in
the center (C), the surface (S), and subsurface layers denoted
as (S-1), (S-2), and (S-3) of Y-terminated (001) YC surface.
The spin-down states are factored by -1 and the Fermi levels
are set to zero.
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YC. (001) surface is a polar surface, and it has two
possible terminations: one with Y atoms and the other
with C atoms in the topmost layer. The plots shown in
Fig. 2 were calculated for Y-terminated surface. The
expressions in parentheses refer to respective monolayers
of the surface; S denotes the topmost layer, and S-n (n =
1, 2, 3) marks deeper layers starting from subsurface (n =
1) and moving toward the center layer, C. It is evident
that the half-metallicity of the bulk structure is destroyed
at this surface; electron states are present at the Fermi
level (Ef) in both spin-up and spin-down channels. The
loss of half-metallicity is confirmed by the calculated
non-integer total magnetic moment of the system; and its
value is 2.59 pg. The density of states distribution in
energy scale evolves from the center to the surface layer.
Not surprisingly, the local DOS projected on Y atom in
the center layer resembles that calculated for Y atom in
the bulk structure. As far as the Y-projected DOS calcu-
lated for the topmost layer are concerned, the DOS is
much different from that calculated for Y in the bulk; the
occupied states are more delocalized and the larger
number of unoccupied states arises due to the presence of
unsaturated bonds. There is also a striking symmetry in
the DOS plots calculated for spin-up and spin-down elec-
trons, which suggests that the magnetic properties of Y
atoms at the surface are greatly suppressed. Comparison
of the DOSs plotted for C(S-3) and C(S-1) atoms leads to
a conclusion that the electronic structure of C atoms is not
as much affected by the surface termination; the calcu-
lated DOSs projected on C(S-1) atoms have similar features
to the DOSs calculated for C(S-3) atom, which we can
consider a bulk-like atom. The C(S-1) and Y(S-2) DOS
maxima are at the same energy, which means that the
nature of bonding between Y and C atoms of subsequent
layers is the same as in the bulk structure. The surface
termination does not change the process of mixing
between the p orbitals of C and d orbitals of Y, although
the interactions are not as strong as in the bulk. Quantita-
tively, the number of both occupied and unoccupied C(S-
1) states is smaller than in bulk-like C(S-3) layer, and the
spin-up and spin-down occupied states are more evenly
distributed. This effect is due to the delocalization of Y(S)
electrons at the surface, which causes a slight redistribu-
tion of electron charge in C(S-1) layer. The charge
distribution between the layers of the surface will also be
analyzed in this section.

In Fig. 3, we present similar results to those shown in
Fig. 2, but they were calculated for C-terminated (001)
YC surface. At this surface, half-metallicity is also de-
stroyed. The Fermi level no longer lies within the energy
gap, and the calculated total MM is 7.76 pg. The changes
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Fig. 3. Spin polarized density of states for Y and C atoms in
the center (C), the surface (S), and subsurface layers denoted
as (S-1), (S-2), and (S-3) of C-terminated (001) YC surface.
The spin-down states are factored by —1 and the Fermi levels
are set to zero.

in distribution of DOS attributed to Y atoms in various
layers are not as dramatic as in the case of Y-terminated
surface, although there is a noticeable increase in the
number of unoccupied states associated with Y(S-1) atom.
However, since this atom does not have unsaturated
bonds, screening from C(S) atom is enough to prevent
considerable changes in DOS distribution. Certainly, there
should be an impact on the DOSs contributed by C atoms.
Interestingly, the changes in DOS contributed by C atoms
of the C-terminated surface must have different origin
than the changes observed in the DOSs of Y atoms in Y-
terminated surface. The most striking difference is that in
the Y-terminated surface the number of states associated
with the atom at the topmost layer was built up without a
large shift in energy, as compared with the atoms in the
deeper layers. This is different in the case of C-terminated
surface; we found that at the surface, no spin-down states
of C(S) atoms are occupied. This must result in an increase
of the magnetic moment of C(S) atom in this system.

In Table 1, we present the I-decomposed majority and
minority spin electrons inside each MT sphere, as well as
the calculated magnetic moments for each atom in Y-
terminated and C-terminated YC (001) surfaces. For com-
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Table 1. I-decomposed majority and minority spin electrons inside each muffin-tin sphere, and the magnetic moments (MM) on

each atom calculated for bulk YC and for (001) YC surfaces.

Atom s p d Total MM
A "W "W "W (k]
Bulk YC
Y 0.067/0.065 0.100/0.067 0.384/0.311 0.570/0.455 0.116
C 0.468/0.455 0.844/0.444 0.000/0.000 1.312/0.899 0.413
Y-terminated (001) YC
Y(S) 0.072/0.070 0.050/0.044 0.362/0.315 0.493/0.435 0.057
Y(S-2) 0.064/0.062 0.094/0.074 0.368/0.328 0.544/0.478 0.068
Y(C) 0.066/0.066 0.097/0.067 0.375/0.331 0.557/0.476 0.081
C(S-1) 0.454/0.450 0.723/0.612 0.000/0.000 1.183/1.062 0.121
C(S-3) 0.463/0.450 0.848/0.488 0.000/0.000 1.311/0.939 0.372
C-terminated (001) YC
Y(S-1) 0.070/0.062 0.099/0.054 0.431/0.252 0.622/0.377 0.245
Y(S-3) 0.066/0.064 0.097/0.069 0.382/0.313 0.565/0.458 0.107
C(S) 0.504/0.461 1.112/0.071 0.001/0.000 1.616/0.532 1.084
C(S-2) 0.459/0.448 0.825/0.518 0.000/0.000 1.284/0.966 0.318
C(©) 0.464/0.451 0.869/0.460 0.000/0.000 1.334/0.911 0.423

parison, we also included the decomposed charges on
atoms in the bulk YC.

The atoms of the center and S-3 layers are well screen-
ed from the surface, so the calculated charges on Y(C),
C(S-3) of Y-terminated surface, as well as those on C(C)
and Y(S-3) of C-terminated surface, do not differ much
from the charges on Y and C atoms of the bulk structure.
It is worth mentioning here that the magnetic properties
of the bulk YC are largely contributed by the electrons of
C atom.

In the Y-terminated (001) surface the total number of
electrons on Y atom at the surface decreases, regardless
of their spin. The total number of spin-up electrons of C
atom near the surface increases, while the total number of
spin-down electrons of the atom decreases. Due to the
surface termination, the calculated MM on Y(S) atom
decreases to 0.057 pup from the bulk value of 0.081 pg, as
calculated for Y(C) atom. This decrease is due to a
delocalization of the electrons at the surface. Since the Y
atoms of the topmost layer have unsaturated bonds, the
valence d-electrons are spilled out to the vacuum region
forming space charge layer that screens the surface
termination. Compared with the atoms of the center layer,
Y(S) atom loses 0.064 spin-up electrons and 0.041 spin-
down electrons. The change is caused by the redistribution
of p-electrons rather than d-electrons. The number of
spin-up p-electrons on Y(S) atom is 0.050 while on Y(C)
atom it is 0.097. Also, the number of spin-down electrons
decreases from 0.067 to 0.044. The changes in the numbers

of d-electrons are in the same direction, although they are
smaller in magnitude. Apart from the electrons spilled out
to the vacuum region, some charges are back-donated to
the previously empty states of C atoms. As a result, the
occupation of C(S-1) spin-down states increases, as com-
pared with the bulk C atoms, and the calculated MM on
C(S-1) atom decreases to 0.121 pg. The overall result is
that the ferromagnetism of Y-term YC (001) surface is
much weaker than of the bulk material.

The obvious conclusion from a comparison of the
calculated MM on atoms of C-terminated (001) YC
surface, also presented in Table 1, is that the surface
termination defines the magnetic properties of the system.
In the C-terminated surface, C(S) atom has a MM of
1.084 pp, which is more than twice larger than the MM
on C atom in the center layer. Also, the total MM on Y(S-
1) atom is increased to 0.245 pp from 0.107 pp, as
calculated for Y(S-3). The broken bonds on C-terminated
surface are of different nature than those on Y-terminated
surface. The electrons of C atoms are strongly bounded to
the nuclei, and they do not easily cross the energy barrier
to be spread to vacuum. Instead, the electrons taking part
in a bond formation with Y atoms in deeper layers tend to
occupy available p-states of the parent atoms. Since it is
energetically more favorable to occupy spin-up states, the
charges are redistributed from spin-down to spin-up
electron levels. As a result, the magnetic properties of the
surface are enhanced.

It is not only structurally but also qualitatively different
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Fig. 4. Spin polarized density of states for Y and C atoms in
the center (C), the surface (S), and subsurface layers denoted
as (S-1), (S-2), and (S-3) of (110) YC surface. The spin-down
states are factored by -1 and the Fermi levels are set to zero.

between (110) surface of ZB materials and (001) surface.
This is because (110) is a nonpolar surface terminated by
a layer composed of both types of atoms. However, the
nonpolarity of the surface does not sustain half-metallicity
of YC. In Fig. 4, we present plots of atom-projected DOSs
calculated for the (110) YC surface; it is clear that similar
to the case of (001) surfaces, the half-metallicity of the
bulk is destroyed. The number of states present at the
Fermi level is not large, but it is enough to make the

—-5-—

surface metallic. The total MM calculated for the surface
is 8.81 pp. Interestingly, the density of occupied states
contributed by Y atom in subsequent layers does not
change much as we move from the center of the slab
toward the vacuum. The most distinct feature of the total
DOS of Y(S) atom is considerably larger number of
unoccupied states, as compared with the Y atoms of other
layers. In the (110) YC surface, the states contributed by
the electrons of Y atoms are not much more delocalized
at the topmost layer than in the bulk; and the same may
be stated about the states contributed by C atoms. It implies
that surface termination does not affect the magnetic
properties of YC, and at this surface they remain very
similar to the properties of bulk structure. It also implies
that in-plane hybridization of C and Y orbitals is stronger
than the mixing of out-of-plane orbitals in the direction
normal to the surface.

In Table 2, the I-decomposed spin-up and spin-down
electrons inside MT sphere of the atoms in (110) YC
surface and the values of MMs on each atom are collected.
The values of the charges inside of each MT are relatively
small, just as they were in (001) surfaces; so, we can
conclude that a large amount of charge is distributed into
the interstitial region, the volume of which is relatively
large in non-closely packed structures. The amount of
charge localized on Y(S) atom of (110) surface is between
the values calculated for the Y(S) atom of Y-terminated
(001) surface and for the Y(S-1) atom of the C-terminated
(001) surface. This is in agreement with expectations
based on the structural properties of (110) surface; the
number of dangling bonds at (110) surface is smaller than
at (001) surface, so less electrons become delocalized.
The same may be stated about the total charges localized
on C(S) atoms, which supports the conclusion that in-
plane interaction between the electrons of Y and C atoms
are decisive for the properties of the surface. Interestingly,
the MMs calculated for the atoms of the topmost layer do
not differ considerably from those on atoms of layer other
than the subsurface layer. While the MM on Y(S) atom is
0.102 pg, which is exactly the same as the MM on the
Y(C) atom and very close to the MMs of Y atoms in (S-
2) and (S-3) layers, the MM of the Y(S-1) atom is 0.094
ps. The effect is even stronger as C atoms are concerned.
The MM on C(S) atom is 0.457 pp and that on C(S-1)
atom is 0.346 pp. This indicates that the range of surface
effects is greater in (110) surface than in (001) surfaces.
Another difference is opposite effect of the surface on the
magnetic properties of the system; the magnetism of
(110) surface is enhanced as compared with the bulk
properties. The same effects were found in other studies
of polar and non-polar surfaces of ZB and rock salt
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Table 2. I-decomposed majority and minority spin electrons inside of each muffin-tin sphere, and the magnetic moments (MM) on

each atom as calculated for (110) YC surface.

Atom S p d Total MM
™ ™ ™ ™ [Ms]

Y(S) 0.065/0.064 0.070/0.051 0.389/0.313 0.538/0.436 0.102

Y(S-1) 0.066/0.064 0.097/0.070 0.377/0.320 0.559/0.465 0.094
Y(S-2) 0.066/0.064 0.097/0.067 0.381/0.317 0.564/0.459 0.105
Y(S-3) 0.067/0.065 0.097/0.066 0.383/0.316 0.567/0.458 0.109
Y(C) 0.067/0.066 0.097/0.065 0.384/0.314 0.567/0.457 0.102

C(S) 0.472/0.454 0.844/0.404 0.001/0.001 1.316/0.859 0.457

C(S-1) 0.462/0.451 0.823/0.490 0.000/0.000 1.286/0.941 0.346
C(S-2) 0.466/0.452 0.852/0.456 0.000/0.000 1.318/0.909 0.410
C(S-3) 0.466/0.452 0.851/0.457 0.000/0.000 1.317/0.910 0.408
C(C) 0.466/0.452 0.850/0.458 0.000/0.000 1.316/0.911 0.405

structured MgN [19], except that the half-metallicity was
retained in the pnictide.

4. Conclusions

We studied the surface effects on the electronic and
magnetic properties of YC in zinc-blende structure, which,
as a bulk material, is a half-metal The objects of the study
were both polar (001) surfaces and nonpolar (110) surface.
We found that half-metallicity of the bulk is destroyed at
each studied surface. Additionally, the magnetic properties
of Y-terminated (001) surface are suppressed. While the
bulk the magnetic moment on Y atom is 0.116 pg, the
value calculated for Y(S) atom in Y-terminated (001)
surface is only 0.057 pg. In the case of (110) YC surface,
the magnetic properties seem to be slightly enhanced at
the topmost layer, due to an increased occupation of spin-
up C p orbitals. This is due to redistribution of electronic
charge between p orbitals of C(S-1) atoms, i.e., in the out-
of-plane direction, as well as between in-plane p orbitals
of Y(S) and C(S) atoms. The C-terminated (001) surface
exhibits the strongest magnetization of C atoms of the
topmost layer. The calculated magnetic moment is 1.084
pg, while the magnetic moment of the C atoms in the
bulk is only 0.423 pg.

We found that half-metallicity of bulk YC is destroyed
at the surfaces. In Y-terminated (001) surface, the electrons
of Y atom of the topmost layer are strongly delocalized
that there is practically no energy gap in any energy
range. In the other two surfaces, we found rather a small
number of states at the Fermi level which are followed by
a range of energy with no presence of unoccupied states.
However, in our opinion, the number of occupied states at
the Fermi level may be increased in materials working in
real conditions under non-zero temperature. Therefore,

from the point of view of applying this material to
spintronics, our findings may be discouraging.
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