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Surface properties of YN„001…: A first-principles calculation

Noboru Takeuchi
Centro de Ciencias de la Materia Condensada, Universidad Nacional Auto´noma de Me´xico, Apartado Postal 2681, Ensenada,

Baja California, 22800, Me´xico
~Received 20 June 2002; published 21 October 2002!

We have studied the structural and electronic properties of the YN~001! surface by first-principles total
energy calculations. In analogy with the ScN~001! surface, we have restricted our study to models having a
(131) periodicity. Our calculations predict that the relaxed bulk terminated surface has the lowest formation
energy for most of the range of allowed chemical potentials. Electronic properties of this surface are similar to
those of the bulk, and the surface is a semiconductor. For strongly Y-rich conditions, a pure (131)-Y termi-
nated structure is more favorable than the ideal-relaxed surface. In this case, the surface is found to be metallic.

DOI: 10.1103/PhysRevB.66.153405 PACS number~s!: 68.35.2p, 73.20.At
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Transition metal nitrides have a wide range of technolo
cal applications, due to their excellent physical propert
that include high hardness, mechanical strength, and
melting point. In particular, titanium nitride, with a hig
hardness H;20 GPa, have been extensively used in opti
and hard coatings.1,2 These materials crystallize in the roc
salt structure and they can be either metals or semicon
tors. There has been a recent interest in another trans
metal nitride: ScN. Early experiments3 and first-principles
calculations based on the local density approximati4

seemed to indicate that ScN was a semimetal with an alm
zero indirect band gap. However, recent experiments h
shown that ScN is a semiconductor.5–8. These results have
been confirmed by calculations using techniques such
screened-exchange~SX! and quasiparticle corrections.9,10

They have shown that ScN, YN, GdN, and LaN are indir
semiconductors with gaps of;1 –2 eV. Therefore, transi
tion metal nitrides represent a novel and probably tech
logically important group of semiconductor materials. S
has a very small lattice mismatch with GaN (,2%), and
therefore it has been thought to be useful to combine S
with GaN as GaN/ScN heterostructures or ScGaN alloys
similar situation occurs with YN and InN~the difference in
lattices constants is;2%) and therefore combinations o
InN and YN could also be useful in the growth of YN/In
heterostructures or YInN alloys.

Smith et al. have reported the growth of ScN smoo
films using radio frequency molecular beam epita
~RF-MBE!.11–13 In particular, they have found that under
rich conditions, the growth in the~001! orientation is two
dimensional, and it results in atomically smooth surfac
with (131) reflection high-energy electron diffractio
~RHEED! patterns.11 This result was confirmed by atomi
resolution scanning tunneling microscope~STM! images
showing clearly the square (131) unit cell. However, only
one of the two sublattices~Sc or N! was observed. An ideally
bulk terminated~001! plane contains the two kinds of atom
Dual bias images obtained at61 V showed a very smal
shift, less than the expecteda/2, indicating that they were
observing the same atoms at both polarities. These re
could be due to missing N or Sc atoms, or it could be due
electronic effects of the bulk terminated relaxed surface. I
following paper, Smithet al. reported a study of the growt
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of ScN epitaxial layers for different Sc/N flux ratios. The
have found that under Sc rich conditions the growth is a
epitaxial, but the Sc excess leads to the formation of N
cancies, and the surfaces are metallic.12,13

First-principles calculations have shown that for N-ri
surfaces, the most stable configuration corresponds to
ideal relaxed surface.14,15 Moreover, simulated STM image
indicate that the experiments are observing the Sc atom15

Instead, for the Sc rich regime, the most stable configura
corresponds to N vacancies in the first layer, and the sur
is metallic.

We are not aware of any experimental or theoretical
ticle on the~001! surface of YN. To be able to use YN in
combination with the technologically important GaN, Al
and InN, the nature of its surface becomes important:
example, the stability, the ability to form atomically smoo
surfaces and interfaces, its electronic properties, etc. S
differences between the bulk behavior of ScN and YN
high pressures have been recently found. First-principles
culations indicate that ScN is stable up to 340 GPa.16 Instead,
they indicate that at;140 GPa, YN transforms to a CsC
structure.17 Therefore, it is also possible that the surfa
properties of ScN and YN are different. In this paper, w
present first-principles total energy calculations of the~001!
surface of YN. We have optimized several structures hav
different number of surface atoms. Similar to ScN~001!, our
calculations show that for most of the allowed chemical p
tential range, the most stable configuration corresponds
relaxed bulk terminated surface. Electronic properties
similar to those of the bulk, and the surface is a semicond
tor. Only for a strongly Y-rich surface, the most favorab
configuration corresponds to a surface with N vacancies
the first layer. In this case the surface is metallic.

The calculations were performed in the framework
density functional theory. We have employed the full pote
tial linearized augmented plane wave~FP-LAPW! method as
implemented in theWIEN97 code.18 The exchange and corre
lation effects were treated using the generalized gradient
proximation~GGA! of Perdew, Burke, and Ernzerhof.19 We
have used a repeated slab geometry consisting of five ato
~001! planes with one Y and one N atom in a (131) con-
figuration. Resulting atomic relaxations are very small, w
the atoms very close to bulk ideal positions. Therefore,
©2002 The American Physical Society05-1
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use of a larger cell containing more layers should not aff
the results. A more serious restriction is the use of a
31) periodicity, since some surface structures with lar
periodicities may have lower energies. However, this is
the case of ScN~001!, and since there are no experimen
results on YN~001! to guide us on possible reconstruction
we have restricted the calculations to structures compa
with a (131) cell. The calculated bulk lattice constant
4.93 Å was used in this work. To decouple two consecut
slabs, we have separated them by an empty region
;10 Å, corresponding to four atomic layers. We have us
muffin-tin radii of RN51.8 andRY52.2 a.u. for the N and Y
atoms, respectively, angular momenta up tol 510, and 28k
points in the irreducible part of the surface Brillouin zo
~SBZ!. The atomic positions are relaxed until the forces
less than 1024 Ry/a.u. To investigate several possible s
face structures that may form under different conditions
growth, we have first determined the optimal geometry of
~001! surface of YN according to three different mode
each one having a (131) periodicity. The first one corre
sponds to an ideally bulk terminated surface@Fig. 1~a!#. The
second and third models correspond to a surface in whic
@Fig. 1~b!# or Y @Fig. 1~c!# atoms are missing from the firs
layer.

To compare the relative stability of structures contain
different number of atoms, we use the surface formation
ergy, defined in terms of the thermodynamic potential:

V5Eslab~nY ,nN!2TS2nYmY2nNmN ,

whereEslab(nY ,nN) is the total energy of the YN system,nY
andnN are the number of Y and N atoms, andmY andmN are
the chemical potentials of Y and N, respectively. The entro
termTS is assumed to contribute very little to the differenc
in V for the various structures, and it is therefore neglect
The surface formation energyEs is equal toV/2A, where the
1/2 factor comes from the two surfaces that we have in
slab.A is the surface area, which in the present case is
same for all the structures, and it corresponds to
(131) unit cell. The sum of the N and Y chemical potentia
is constrained to be equal to the energy per unit cell in b
YN: mY1mN5mYN(bulk) . In addition, mY<mY(bulk) , and
mN<mN(bulk) , otherwise a bulk Y or a bulk N would precipi

FIG. 1. Schematic view of the surface structure of t
(131)-YN(001) surface~a! ideal bulk terminated surface,~b! Sc
terminated,~c! N terminated surface. Large and small spheres in
cate Y and N atoms, respectively.
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tate. These three equations limit the allowed values of th
differenceDm5mY2mN in the following way:

mY(bulk)2mN(bulk)2DH,Dm,mY(bulk)2mN(bulk)1DH,

whereDH5mY(bulk)1mN(bulk)2mYN(bulk) is the heat of for-
mation of bulk YN from bulk Y and bulk N.

One can then write down the surface formation energyEs
in function of Dm as

Es5
1

2A H Eslab~nY ,nN!2
1

2
~nY1nN!mYN(bulk)

2
1

2
~nY2nN!DmJ .

The surface formation energies of the structures conside
as function ofDm over the permitted range of 2DH are
shown in Fig. 2. It can be observed that the N-terminated~Y
vacancies! structure is energetically very unfavorable. Th
relaxed bulk terminated structure~solid, horizontal line! is
the most stable one for most of the range of allowedDm. For
the strongly Y-rich condition~ when the Y chemical potentia
is near is maximum,mY.mY(bulk) , and the N chemical po-
tential is low! the structure with N vacancies becom
slightly more stable~although it can hardly be noticed, th
dashed line is lower than the full line atmY5mY(bulk) in Fig.
2!. Different from the case of ScN~001!, the difference be-
tween the pure (131) Sc terminated and the ideal structu
is now very small, and it is close to the limit of the precisio
of the calculations.

Figures 1~a!–1~c! shows schematically the fully relaxe
atomic positions of the relaxed bulk terminated, the Sc, a
the N terminated structures. In the relaxed bulk termina
structure, atoms hardly move from their original bulk site
This result is not surprising, since the ionic character in
bonding of the rock-salt structure tends to suppress cha
transfers, and it therefore prevents drastic changes in the
face. There is a small rumpling (0.03 Å) of the Y and
atoms, with both atoms moving slightly inwards, with the
atom being further down. The energy gain associated w

i- FIG. 2. Surface formation energies for several models of
YN~001! surface as a function of the difference in chemical pote
tials for Y and N,Dm5mY2mN . The lower limit for Dm corre-
sponds tomN5mN(bulk) and the upper limit tomY5mY(bulk) . Solid,
horizontal line corresponds to the simply relaxed surface, with
lowest energy but nearmY.mY(bulk) .
5-2



x-
N
.
n

, w

e
per-
ex-
rved

the
-
S

re
es
ed

ro-
ap.
llic
d.
st-

di-
en-
xed
e-
g

mi-
tor.
ra-
rst

o.

BRIEF REPORTS PHYSICAL REVIEW B66, 153405 ~2002!
the surface relaxation is rather small:DE;0.04 eV/
3@(131) cell#. The other two structures show larger rela
ations: the rumpling in the first full layer of the Y and
terminated surfaces areDz;0.18 and 0.26 Å, respectively
In general, the changes in atomic positions are larger tha
the ScN~001! surface.

To understand the electronic nature of these surfaces
have calculated the local density of states~LDOS!. We have
first considered the simple relaxed surface. Figure 3~a! shows

FIG. 3. Local density of states for~a! the relaxed ScN~001!
surface.~b! Yttrium terminated surface.
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the total~LDOS! of the slab. It is very similar to the LDOS
of bulk YN, showing a very small gap, indicating that th
surface is a semiconductor. Our calculations have been
formed using density functional theory, and therefore we
pect the gap to be larger. Three main regions can be obse
in this figure: one below210 eV and mainly due to nitrogen
2s electron, another between25 eV and the Fermi level due
to nitrogen 2p electrons with a small contribution from Y 4d
electrons, and the last one in the empty states region with
biggest contribution from Y 4d electrons and a smaller con
tribution from the other electrons. The behavior of the LDO
of this surface is very similar to the one in bulk YN.17 It
basically shows the ionic character of the bonding.

A drastically different situation is obtained in the structu
with N vacancies in the Y rich regime. The surface becom
metallic, as the general shape of the LDOS is maintain
with respect to the relaxed bulk structure, but with the int
duction of new peaks close to the Fermi level in the g
With the absence of the first layer N atoms, the meta
behavior of first layer Sc atoms is in some way recovere

Summarizing, in this paper we have performed fir
principles total energy calculations of the YN~001! surface.
Different structures with periodicity (131) were fully opti-
mized. Calculations of the surface formation energies in
cate that for most of the allowed range of chemical pot
tials, the stable structure corresponds to a simply rela
bulk terminated surface. There is a very small buckling b
tween the first layer Y and N atoms, with the N atoms bein
pushed 0.03 Å further down. Electronic properties are si
lar to those of the bulk, and the surface is a semiconduc
For a strongly Y-rich surface, the most favorable configu
tion corresponds to a surface with N vacancies in the fi
layer. In this case the surface is metallic.

We acknowledge support from DGAPA Project N
IN111600, and CONACYT project 33587E.
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