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Surface properties of YN(001): A first-principles calculation
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We have studied the structural and electronic properties of the€OON surface by first-principles total
energy calculations. In analogy with the SEOM1) surface, we have restricted our study to models having a
(1% 1) 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 putg-{ltermi-
nated structure is more favorable than the ideal-relaxed surface. In this case, the surface is found to be metallic.
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Transition metal nitrides have a wide range of technologi-of ScN epitaxial layers for different Sc/N flux ratios. They
cal applications, due to their excellent physical propertiehave found that under Sc rich conditions the growth is also
that include high hardness, mechanical strength, and higépitaxial, but the Sc excess leads to the formation of N va-
melting point. In particular, titanium nitride, with a high cancies, and the surfaces are metdfit’
hardness H 20 GPa, have been extensively used in optical First-principles calculations have shown that for N-rich
and hard coatings? These materials crystallize in the rock- surfaces, the most stable configuration corresponds to the
salt structure and they can be either metals or semicondugdeal relaxed surfac¥:'® Moreover, simulated STM images
tors. There has been a recent interest in another transitidndicate that the experiments are observing the Sc atdms.
metal nitride: ScN. Early experimeritand first-principles Instead, for the Sc rich regime, the most stable configuration
calculations based on the local density approximétion corresponds to N vacancies in the first layer, and the surface
seemed to indicate that ScN was a semimetal with an almo# metallic.
zero indirect band gap. However, recent experiments have We are not aware of any experimental or theoretical ar-
shown that ScN is a semiconductof. These results have ticle on the(001) surface of YN. To be able to use YN in
been confirmed by calculations using techniques such asombination with the technologically important GaN, AIN
screened-exchangéSX) and quasiparticle corrections?  and InN, the nature of its surface becomes important: for
They have shown that ScN, YN, GdN, and LaN are indirectexample, the stability, the ability to form atomically smooth
semiconductors with gaps of 1-2 eV. Therefore, transi- surfaces and interfaces, its electronic properties, etc. Some
tion metal nitrides represent a novel and probably technoeifferences between the bulk behavior of ScN and YN at
logically important group of semiconductor materials. ScNhigh pressures have been recently found. First-principles cal-
has a very small lattice mismatch with GaN:2%), and culations indicate that ScN is stable up to 340 GPastead,
therefore it has been thought to be useful to combine Schhey indicate that at-140 GPa, YN transforms to a CsCl
with GaN as GaN/ScN heterostructures or ScGaN alloys. Atructuret” Therefore, it is also possible that the surface
similar situation occurs with YN and Inithe difference in  properties of ScN and YN are different. In this paper, we
lattices constants is-2%) and therefore combinations of present first-principles total energy calculations of tb@1)

InN and YN could also be useful in the growth of YN/INN surface of YN. We have optimized several structures having
heterostructures or YInN alloys. different number of surface atoms. Similar to $6811), our

Smith et al. have reported the growth of ScN smooth calculations show that for most of the allowed chemical po-
films using radio frequency molecular beam epitaxytential range, the most stable configuration corresponds to a
(RF-MBE)."*~%3In particular, they have found that under N relaxed bulk terminated surface. Electronic properties are
rich conditions, the growth in théd01) orientation is two similar to those of the bulk, and the surface is a semiconduc-
dimensional, and it results in atomically smooth surfacegor. Only for a strongly Y-rich surface, the most favorable
with (1X1) reflection high-energy electron diffraction configuration corresponds to a surface with N vacancies in
(RHEED) patternst® This result was confirmed by atomic the first layer. In this case the surface is metallic.
resolution scanning tunneling microscop8TM) images The calculations were performed in the framework of
showing clearly the square K1) unit cell. However, only  density functional theory. We have employed the full poten-
one of the two sublatticeSc or N was observed. An ideally tial linearized augmented plane waifeP-LAPW) method as
bulk terminated001) plane contains the two kinds of atoms. implemented in theviEne7 code!® The exchange and corre-
Dual bias images obtained atl1 V showed a very small lation effects were treated using the generalized gradient ap-
shift, less than the expected?, indicating that they were proximation(GGA) of Perdew, Burke, and ErnzerhbfWe
observing the same atoms at both polarities. These resulteve used a repeated slab geometry consisting of five atomic
could be due to missing N or Sc atoms, or it could be due tq001) planes with one Y and one N atom in aX1) con-
electronic effects of the bulk terminated relaxed surface. In diguration. Resulting atomic relaxations are very small, with
following paper, Smithet al. reported a study of the growth the atoms very close to bulk ideal positions. Therefore, the
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FIG. 1. Schematic view of the surface structure of the - H _

HN = HN(bulky Hy= Wy

(1X1)-YN(001) surface(a) ideal bulk terminated surfacéb) Sc
terminatedc) N terminated surface. Large and small spheres indi-

: FIG. 2. Surface formation energies for several models of the
cate Y and N atoms, respectively.

YN(00) surface as a function of the difference in chemical poten-
tials for Y and N,Au=uy— uy. The lower limit for Aw corre-
use of a larger cell containing more layers should not affectponds touy= nwuky and the upper limit tquy = wy(pui) - Solid,

the results. A more serious restriction is the use of a (lhorizontal line corresponds to the simply relaxed surface, with the
X1) periodicity, since some surface structures with largeifowest energy but neaey= gy pu) -

periodicities may have lower energies. However, this is not

the case of Sci001), and since there are no experimentaltate. These three equations limit the allowed values of their
results on YNOO2) to guide us on possible reconstructions, differenceA u= uy— uy in the following way:

we have restricted the calculations to structures compatible

with a (1x1) cell. The calculated bulk lattice constant of  A¥(buk) ™ An(buiky = AH <AL <ty (pui) = Anoury + AH,

4.93 A was used in this work. To decouple two consecutivewhereAH:MY(bulk)+MN(bulk)_MYN(bulk) is the heat of for-

slabs, we have separated them by an empty region ghation of bulk YN from bulk Y and bulk N.

~10 A, corresponding to four atomic layers. We have used One can then write down the surface formation endgy
muffin-tin radii of Ry=1.8 andRy=2.2 a.u. forthe Nand Y in function of Au as

atoms, respectively, angular momenta up+al0, and 28k

points in the irreducible part of the surface Brillouin zone 1

(SB2). The atomic positions are relaxed until the forces are Eszﬁ[ Estat Ny, Mn) — §(nY+nN)"‘YN(bU'k)

less than 10* Ry/a.u. To investigate several possible sur-

face structures that may form under different conditions of — Z(ny=nyA

growth, we have first determined the optimal geometry of the ANt

(001 surface of YN according to three different models,
each one having a (21) periodicity. The first one corre-
sponds to an ideally bulk terminated surf4€ég. 1(a)]. The
second and third models correspond to a surface in which
[Fig. A(b)] or Y [Fig. 1(c)] atoms are missing from the first

layer.
Y the most stable one for most of the range of allowed For

To compare the relative stability of structures containing h v Y-rich diti hen the Y chemical ial
different number of atoms, we use the surface formation enf[— e strongly Y-rich conditiort when the Y chemical potentia

ergy, defined in terms of the thermodynamic potential: IS near Is maximumjsy= iy . and the N chemical po-
tential is low) the structure with N vacancies becomes

slightly more stablgalthough it can hardly be noticed, the
Q=Egaf Ny ,Nn) = TS—Nypuy—Nypy, dashed line is lower than the full line Ak, = sy pui i Fig.

2). Different from the case of SqN01), the difference be-
whereEg;fny ,ny) is the total energy of the YN systemy  tween the pure (X 1) Sc terminated and the ideal structure
andny are the number of Y and N atoms, apg¢ anduy are  is now very small, and it is close to the limit of the precision
the chemical potentials of Y and N, respectively. The entropyf the calculations.
term T Sis assumed to contribute very little to the differences Figures 1a)—1(c) shows schematically the fully relaxed
in Q) for the various structures, and it is therefore neglectedatomic positions of the relaxed bulk terminated, the Sc, and
The surface formation enerdy is equal toQ)/2A, where the  the N terminated structures. In the relaxed bulk terminated
1/2 factor comes from the two surfaces that we have in oustructure, atoms hardly move from their original bulk sites.
slab. A is the surface area, which in the present case is th&his result is not surprising, since the ionic character in the
same for all the structures, and it corresponds to thdvonding of the rock-salt structure tends to suppress charge
(1% 1) unit cell. The sum of the N and Y chemical potentials transfers, and it therefore prevents drastic changes in the sur-
is constrained to be equal to the energy per unit cell in bulkace. There is a small rumpling (0.03 A) of the Y and N
YN py+ un=mynpuky - 1N addition, uy<guypu, and  atoms, with both atoms moving slightly inwards, with the N
NS M (bulk) » Otherwise a bulk Y or a bulk N would precipi- atom being further down. The energy gain associated with

The surface formation energies of the structures considered
as function of Au over the permitted range of AH are
,g,hown in Fig. 2. It can be observed that the N-termin&sed
vacanciep structure is energetically very unfavorable. The
relaxed bulk terminated structuksolid, horizontal ling is
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(a) Relaxed the total(LDOS) of the slab. It is very similar to the LDOS

' ' ) ) of bulk YN, showing a very small gap, indicating that the
surface is a semiconductor. Our calculations have been per-
17.5F . formed using density functional theory, and therefore we ex-
13.1}F _ pect the gap to be larger. Three main regions can be observed
in this figure: one below-10 eV and mainly due to nitrogen

26.3
21.9F b

DOS(states/eV/unit cell)

8.8r 2s electron, another between5 eV and the Fermi level due
4.4F i to nitrogen 2 electrons with a small contribution from Yd4
0.0 . . . electrons, and the last one in the empty states region with the

-15 -10 -5 0 5 10

biggest contribution from Y d electrons and a smaller con-
Energy(eV)

tribution from the other electrons. The behavior of the LDOS
(b) Sc—terminated of this surface is very similar to the one in bulk YNt

% 20.6 basically shows the ionic character of the bonding.

° 17‘1 | A drastically different situation is obtained in the structure
- with N vacancies in the Y rich regime. The surface becomes
137 metallic, as the general shape of the LDOS is maintained
% 103} with respect to the relaxed bulk structure, but with the intro-
? 6ol duction of new peaks close to the Fermi level in the gap.
E ' With the absence of the first layer N atoms, the metallic
= 34r behavior of first layer Sc atoms is in some way recovered.
g 00 . . . Summarizing, in this paper we have performed first-
= -15 -10 -5 0 5 10

principles total energy calculations of the Y001 surface.
Different structures with periodicity (X 1) were fully opti-

FIG. 3. Local density of states fdi) the relaxed Sctooy)  Mized. Calculations of the surface formation energies indi-
surface.(b) Yttrium terminated surface. cate that for most of the allowed range of chemical poten-
tials, the stable structure corresponds to a simply relaxed
bulk terminated surface. There is a very small buckling be-
tween the firs}s\layer Y and N atoms, with the N atoms being
L Lo . pushed 0.03 A further down. Electronic properties are simi-
?etlr?nniiégg ;ﬂﬂgggg ;r,;ktzrfoﬂgt ;lill(lj Igy;Gr gf :’ZipYec?ir\]lgl;l lar to those of thg bulk, and the surface is a semicon(_juctor.
In general, the changes in atbmic posit.ions :are larger thaﬁ iFOr a strongly Y-rich surface, thg most favoraple _conﬁgura-

X flon corresponds to a surface with N vacancies in the first

the ScNO001) surface. ! . .
To understand the electronic nature of these surfaces, V\;gyer. In this case the surface is metallic.

have calculated the local density of sta(ePOS). We have We acknowledge support from DGAPA Project No.
first considered the simple relaxed surface. Figuee shows  IN111600, and CONACYT project 33587E.

Energy(eV)

the surface relaxation is rather smalAE~0.04 eV/
X[(1x1) celll. The other two structures show larger relax-
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