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Interface energy and electron structure for Fe/VN
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The electronic and atomic structures in a model system of the semicoherent interface between bcc-Fe and
nacl-VN is studied. Knowledge of interface structure and energetics is important for modeling of nucleation
and growth in complex alloys on a thermodynamical level. Present model system is of interest, as such
interfaces are common in alloyed steels. For the total energy calculation a pseudop@@&htraplementation
of density-functional theoryDFT) is used. In particular, the code includes ultrasoft PP and the so-called
generalized-gradient approximati@@W91) for the DFT exchange and correlation energy. We have calculated
interface energies for supercells with a varying VN unit thickness and, in addition to the ideal interface, also
interfaces with N vacancies are considered. The Fe/VN interface energy is found to be very small, although the
presence of vacancies raises the energy. Experimentally observed VN precipitates are very thin and the
calculations point out features of the electron structure that make this smallness favorable.

[. INTRODUCTION The interface is simulated by a periodic supercell with some
Nge layers of bce-Fe. The intermediate nacl-VN layers are

Materials properties ultimately depend on the atoms thabriented according to Eq1). Presently, only the chemical
constitute the material. For many phenomena this depercontribution to the Fe/VN interface energy is searched for.
dence has a hierarchical structure that bridges from atomigt T=0 K this energy is the difference between the total

up to macroscopic scalés.At the mesoscale, interfaces are energy of the combined system and the total energies of the
key features for mechanical and electronical propetties. separated bulk parts,

particular, the strength of metals is determined by extrinsic

obstacles, such as solute atoms, precipitates, and grain

boundaries, which hinder or block the motion of disloca- y=(Ege Neesun]— Eed Neel — Eva[Nun /A, (2)
tions. To control the appearance and texture of those struc-

tures are of prime importance for obtaining the desired prop-

erties of a material. Hence, knowledge of interface structurguhere A is the interface area. Results are presented for a
and energetics is important for modeling of complex alloysvarying number ) of VN layers.

on a thermodynamical level. The real excess energy of the interface depends on the

In steels, nonshearable precipitates are obtained with caghemical potentials for each constituent of a particular Steel.
bide and nitride formers, such as Ti, V, Cr, and NbPre-  However, for the thermodynamical modeling free-energy
cipitates with the nacl structure is one important class and argata for the bulk are taken from semiempirical Thermo-Calc
often found as small thin dis¢giameter=100-200 A. The  calculation$*°In this approach the interface energy defined
“flat” part of the interface is semicohererithat is, has a in Eq. (2) is treated separately. The elastic energies due to
small misfit-dislocation densily whereas the “side” of the volume differences between the two phases may also be in-
disc has a large lattice mismatch and is incoherent with theluded separately within a continuum treatment. Disregard-
Fe matrix®’ These small precipitates form within grains, ing the creation of misfit dislocations, which would lower the
contrary to other carbides and nitrides, which preferablyotal interface energy, the only unknown quantity is the in-
form on grain boundaries. Modeling of nucleation andterface energy in Eq2). This energy is prohibitively diffi-
growth of such precipitates provide a basis to predict longcult to establish experimentally and the major purpose of the
time structural changes in a steel. This is of general interegiresent paper is to provide good estimates of such interface
and especially significant for improving high-temperatureenergies.
creep resistanc’ The total energy calculation uses a pseudopote(fiB)

In this paper the electronic and atomic structures of amplementation of density-functional theofFT).11"13In
model system for the semi-coherent interface between Fe anfis theory the complex many-electron problem is replaced
VN is studied. Only interfaces for ferritic steellscc-Fe are by a simpler approximate one. The approximation of the
addressed and such precipitates have their semicoherent ifrany-electron exchange and correlati®C) effects allows
terface oriented according to the so-called Baker-Nutting refor a solution, where a functional of only the electron density
lation, is minimized. Methodological advancement of DFT together

with the increasing performance of computers and numerical

methods have made it realistic to assess the present types of
{100t naci/{100Foce @ questions from first principles. Here, in particular, ultrasoft

pseudopotentiatd (USPP are employed, and the XC energy
(100 naci/ {110 pee.- is described in the so-called generalized-gradient approxima-
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FIG. 1. Selected supercell structures for Fe/
VN. Shaded atoms represent the supercell and the
rest of the atoms is the periodic repetition. The
number of VN layers ffyy) is 2, 3, and 4. The
shown supercells have two Fe atoms in each layer
above and below the VN unit, which contain 4
atoms in each layer. The side of these supercells
are 4.07 A. The bcc-Fe and nacl-VN structures
are oriented according to the Baker-Nutting rela-

tion, {100 /{100 e and (100 //{110) .
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tion (GGA-PW91).1® The use of GGA-PW91 is crucial in ing Fe or compressing VN, both are slightly strained in the

order to obtain the correct ferromagnetic ground state focalculation. The stretch of Fe and contraction of VNaig,

Felod? are chosen to give equal energy increases per volume for Fe
There are many studies on grain boundaries and semicoand VN, respectively. This is done in order to minimize the

ductor interfaces in the literaturfdn contrast, few studies on size of, and thereby effects of, strain energy in xiyeplane.

the energetics for heterophase metal-metal interfaces are rexamples of supercells are shown in Fig. 1.

ported. A system of similar complexity as the present one is T gliminate the elastic contributions, the corresponding
the adhesion of NIAI/Cr found in Ref. 18. Other related the-j, i references are calculated with the same distortions in
."re“c‘?l! wqu Is recent PFT calculatlo.ns on gram-boundarythe Xy plane. In thez direction the cells are of equilibrium
impurities in Fe and NiAl presented in Refs. 19 and 20, unit length, as are the interface supercells.

respectively. VN is related to other nitrides and carbides All energies have been computed with the spin-polarized

which usually are considered as ceramics. Metal/ceramic . .
interfaces have been studied extensively and a review of the&-GA'ngl for the XC energy As spin-polarized total-

oretical approaches may be found in Ref. 21 energy functionals have local minima, the calculations are

In the next section we describe some details of the DF'IStarted W_ith a fix magnetic moment _for the _s_upercell. That
calculations and present some bulk system results for Fe, Moment is taken as the corresponding equilibrium Fe bulk
and VN and convergence tests. The Fe/VN interface resultffoment. When a calculation starts to converge, the con-
are then given in Sec. Ill. The results are discussed in Seétraint on the polarization is released. Presently, the proce-

IV, where also conclusions are drawn. In Sec. V there is glure always results in polarized Fe atofwgakened at the
summary. interface and unpolarized VN units. Other procedures have

not been explored.
The reader is referred to Refs. 25-28 for further details of
Il. DETAILS OF CALCULATIONS the DFT method and its plane wave implementation. Here
.only some specifications are given. A very brief account of
he USPP and bulk properties of Fe, V, and VN are given,
ollowed by convergence tests for the interface systems.

Total energy calculations within DFT, using a pseudopo
tential (PP approximation to replace the core electrons and j
plane-wavegPW) basis for the valence electrons, has becom
a standard model for solids. The introduction of ultra-soft
pseudopotentialfUSPP by Vanderbilt has extended its
practical use to also include first-row elemeHtszurther-
more, PP have recently been applied successfully to mag- For Fe and N we use the USPP from Ref. 29, and for V
netic transition metals, as wéfl:>®> To succeed, a proper we have generated a USPP similar to that used for Fe.
treatment of the nonlinear core XC energy is essential, which The potential for V is generated from thel3ts? atomic
can be obtained with the partial core correctin. configuration. For the @ angular-momentum channel we use

The length of each interface supercell perpendicular to théwo projector functions and one for thes #4hannel. Conse-
layers(z) is a,= (Npapd2+ Nynayn/2), wherear, andayy quently, 4o is left for the local potential. The local potential
are the theoretical equilibrium lattice constants for bulk Fein the USPP scheme may have poor scattering properties.
and VN, respectively. There is a small lattice mismatch Although a localp channel is used, we find that present
(=1%) for the interfaceXy) plane. Instead of only expand- USPP shows fairly good scattering properties and chemical

A. Ultrasoft pseudopotentials
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TABLE I. Bulk properties of Fe, V, and VN with the present
pseudopotentials. The results are compared with all-eledkén
calculations 23,38 and experimental data 39—41. For Vanadium,
results are also given for a pseudopotential with semi-core shells

— [US(13)].
S
L
> us AE Expt.
=
2 Fe, a, (A) 2.86 2.84 2.87
w50 1 B (GPa) 152 186 168
- Us(s) us(5) Us(13)
V, ag (A) 2.97 3.00 3.00 3.02
-10.0 L A 6 D XZzZW K B (GPa) 189 176 184 162
VN, a, (A) 4.09 4.13 4.14
FIG. 2. Band structure for V in the fcc structure for pseudopo-g (Gpa) 330 317

tentials with and without semi-core shells denoted(1Bp and
US(5), respectively. The agreement is good except for the higher
lying bands. This is probably due to an inferior description of broadening of the electron states is set to 0.1 eV. With these
higherp andf states for US5). The lattice constant is 3.66 A for parameters the quantities are well converged.
both calculations. The comparison with all-electro@AE) methods and ex-
perimental data shows that the USPP works very well. Espe-
eQ}gilly the semicore version of V is very close to the all-
electron results. The magnetic moment of bcc-Fe is also
ﬁ:\irly well reproduced by the USPP.
VN may be viewed as an expanded fcc V metal with N
toms inserted at the interstitial positions. The nonmptal
tates form very strongdo bonds with theds,2 (2,2 2

hardness. The errors in energy eigenvalues as tested for s
eral different atom configurations are smaller than 11 meV.

To test the USPP for V we have also generated a versio
including the 3 and 3 semicore shells. Previous calcula-
tions have shown that USPP with semi-core shells are ver

accurate, as compared to all-electr6RE) methods>3° . :
With semicore shells, the chemically less activehannel states on the 'T‘e.ta'- The partial density O.f SRS hgs a.
pronounced minimum between the bonding and antibonding

may be used for the local potential. Now, the scattering prop : Bl ) . )
erties and hardness are found to be excellent. In the follow?" nonbo_ndmg part .Th(_ere I a strong and quite spherlcal_ly
ymmetric charge-density buildup around the N ion, which

ing the first version with 5 valence electrons is denoted as - -
US(5) and the second semi-core version ag 18 Figures 2 could be an indication of some ionic character of the VN

and 3 show bandstructure states of V and VN bulk calculate{fond' Nonetheless, VN is a met_alhc conductor and the par-
with the two USPP’s. The agreement is good below the|aI DOS forp andd states covaries as for a covalent bond.

Fermi level, but for higher lying bands the deviations are The above_—mentlone_d contraction of VN and stretch of Fe
large. This is probably due to an inferior description ofat equal cost in energy is calculated to be 4.07 A for the VN

higherp andf states for US) nacl lattice constant which equals 2.88 A for the bcc lattice
' constant.
B. Bulk properties of Fe, V, and VN C. Convergence tests for interface supercells

Table | gives lattice constants, and bulk moduliB for As the calculated values of the interface energy are quite

each solid. All calculations are made with a plane-wave cutSMall: it is important to test the convergence. For the test

off of 340 eV (25 Ry) and the fictitious temperature for c@lculations a small supercell withz=6 andnyy=3 is
used. The supercell has two Fe atoms in each layer and a side

of 4.07 A.
10.0 \/\// T In Fig. 4 the convergence of interface energy w.r.t. PW
- ) energy cutoff is shown. It is rapid above 272 €0 Ry) and
50 1 1 340 eV (25 Ry), suffices well for the present purposes. The
] energy integration over the Brillouin zone has been made
< 00 R with a rectangulak-point grid according to the Monkhorst-
2 Pack schem& This sampling is crucial since energies of
& 50 supercells with different height and hence different Brillouin
2 zones are compared. Previous experience motivates an in-
w100 — Use) 1 creased sampling density in thg plane along with the in-
- Us(s) crease in the direction® To achieve good convergence the
-15.0 W bulk reference grids are matched as well as possible in the
reciprocalz direction. A satisfactory convergence of about
200 e b X W ;Liélos)m\]/rﬁ is achieved with ak,xk,=10x10 grid (see

FIG. 3. Same as Fig. 2, but for VN in the nacl structure. The In fact, non-self-consistentSC) calculations using the
lattice constant is the experimental value 4.14 A. most accurate electron density as input show that the electron



2224 J. HARTFORD PRB 61

5.0 T T . . TABLE Il. Convergence of interface energy with respect to
number of Fe layersn(zo) in the supercell separating two interfaces.
The supercells contain two VN layers. The expanded lattice param-
%4'0 I | eter is used for the interface ardain Eq. (2), which givesA
s =4.07=16.6 A. See the text and E¢3) for a definition of the
§ 30 | i change in magnetic momedtM. ug is the Bohr magneton.
®
£ Nre 4 8 12
820" 1
= v (mJ/nt) 314 290 294
E AM (ug) -0.75 -0.75 -0.75
Z 10 1
0.0 \ \ . . lll. RESULTS FOR FE/VN INTERFACE
20 25 30 35 i o ,
Cutoff energy (Ry) A disadvantage of the PW expansion is the necessity of

periodic supercells. As an infinite Fe solid is to be simulated,
FIG. 4. Convergence with respect to plane-wave cutoff energithe number of Fe layers must be large enough to avoid in-
of the Fe/VN interface energy for a test supercell. Note that theeraction between the repeated VN units. In other wangdg,
energy is normalized to the final point. is increased until electron structure and interface energies
stop changing. Table Il gives interface energies and change

potential is well converged even for the smallest grid in Fig.in magnetic moment,
5. In practice this means that unrelaxed and atom-relaxed
charge densities may be computed with the smaller grids.
Thereafter, the SC densities are used as input to compute
total energies with the 2010 grids for the evaluation of
interface energies. The so-called Harris density-functional igor cells with successively increasing Fe thickness. For easier
used for the non-SC calculatioffs®® Several interface ener- comparisons this change in magnetization is given per Fe
gies have been computed SC with thexitd grids and the interface atom. Evidently, from Table Hg=8 is enough.
differences compared to the above outlined procedure ar€his is also supported by examination of spin-decomposed
negligible. charge density plots, where no visible difference can be de-

In order to verify the quality of the US) PP, a few tected betweemg.=8 andng.=12 supercells.
interface energies are calculated with the(1B} PP. The test
is positive and interface energies differ only with
+15 mJ/nt. Also forces are in fair agreement.

To sum up, the errors due to basis set and use of pseudo- The interface properties vary with the thickness of the

AM =M ey Nees Nyn] — M ed Neels (3

A. Unrelaxed interface

potentials are of the order af 30 mJ/nf. interface region. Table Il presents interface enerdieg.
(2)] for 2, 4, and 6 VN layers. The energy is fairly low even
110 — ‘ ‘ , for just two VN layers and decreases further for thicker VN

units. The strongest enhancement of charge compared to su-
perposed atomic densities is lobes close to the N ions at the
interface. The bonding in VN is dominated imdo bonds,

1.05 |
which is likely to be the case also for the interface and the
cause of the strong adherence.

100 1 Figure 6 shows charge density and spin polarization aver-

aged in thexy plane for then, =4 supercell. Note that the
interface charge dipole is contained within the interface and
extends less than 2 A. The first Fe layer shows a depletion
0.95 | | in magnetic moment, but the moment heals quickly to bulk
value. The spin-decomposed charge densities reveals that V
atoms in the first VN layer are very weakly polarized, in the
6x6 88 10x10 1912 opposite direction compared to Fe, whereas the N atoms re-
k-point grid (k, x k) main unpolarized.

Normalized interface energy

0.90

FIG. 5._ The figure shovx_/s convergence of the Fe/VN interface TABLE IIl. Interface energy §) of unrelaxed supercells for
energy with respect t&-point sampling. The test supercell has increasing number of VN layersi(y). The nyy=2 and 4 inter-

ng.=6 andnyy=3. Each layer has two Fe atoms and a side Oftaces have 8 Ee lavers. while the=6 one has 12
4.07 A. The results are calculated with a 340 eV PW cutoff and yers. N i

with kX k,Xk,=(6X6X3), (8x8x4), (10<10x4), and (12 n > 4 6
X 12X 6) grids for the interface cell. The sampling density in the VN
direction is kept similar to that in they plane. Note that the energy y (mJ/nf) 290 278 249

is normalized to the final point.
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-10F charge density: interface-bulk 1

—-— spin polarization —0.15 ) . . | . . L L
-15 . . . L . . . . . ' 2 4 6 8 10 12 14 16

0 2 4 6 8 i 10 12 14 16 18 z (A)
z(A)

N _ o ) FIG. 8. Same as Fig. 7, but fox,y=3. An almost intact VN
FIG. 6. Charge densities and spin polarization, averaged in thgond |ength is favored and the V interface atoms do not follow the
xy plane, for Fe/VN withnyy=4. The charge redistribution creat- repelled Fe atoms.
ing the interface dipole is confined to less than 4 A. Also the

spin-polarization of Fe heals quickly to its bulk shape. )
Fig. 7 for thenyy=4 structure. For an odd number of VN
B. Atom-relaxed interface layers the pillars have the same termination at both interfaces

: : and a motion of pillars cannot take place. Instead, there is
The atom relaxations are performed by calculating how P b

: only a repelling of the Fe layerésee Fig. 8 The Fe-N
the atoms adjust to the Hgllman-F_eynman forces. The OUteBondIength for the relaxed structures is about 1.9 A, which
most Fe layds) are kept fixed, while the rest of the atoms

are allowed to relax. A structure is considered completelyCan be compared 1o the equilibrium. V-N bulk bond of
relaxed when the ionic forces are smaller than 0.10 &V/A 20> A. The Fe-N bulk bondlength |s_somﬁegwhat shorter
This corresponds to a residual error in interface. energy be(_probably about 2.03 A) than the V-N distante.

The relaxation lowers the interface energies drastically.

low 5 mJ/nf. Table IV gives results fonyy=1, 2, 3, 4, and 6. Already for

In the unrelaxed solid-on-solid structure the Fe-N dlstancea single VN layer, forming just half a unit cell, the interface

is quite short and the major effect of the relaxation is an : . i
increased Fe-N bondlength. Conversely, the unrelaxed intef o' 9 1S only 245 mJ/fn For two layers it drops to a nega

atomic distances between Fe and V atoms are longer th {i've value and seems to converge to abeut00 mJ/rd.
g he limited relaxation of V atoms far,y= 3 is not reflected

would be optimal for a hypothetical fcc or bee bulk. For an in higher interface energy. This supports the charge density

even number of VN layers each “pillar” of VN in the . .2 : :
direction moves its N interface atom away from the Fe an nct)jr:((:jatlon that thepdo- bond on Fe-N is the most important

its V interface atom towards the Fe. This is exemplified in The site- andi-projected DOS for the relaxethy =4
structure is shown in Fig. 9. The one-electron states are pro-

0.1 jected onto free-atom orbitals. To avoid too much double-
010 L \Y; 1 counting the orbitals are truncated at 1.1 A, since the
bondlengths are quite short in VN and at the interfaces.
G | 1 The third Fe laye{Fe3) in Fig. 9] has a DOS that is
' N fairly close to that of bulk Fe, wher@,. 2,,,, and
—_— I H 0 ds2_r2, are degenerate(The not shown fourth layer is
& 1 H I very similar to the bulk. At the interface the Ré) d bands
L ] are broadened. The;,2_,2 andd,,, states on Rd) have
: Fe tails down to the bottom of the Vi§d band at—8 eV. For
the majority spin on Fd) and VN1) there are common
-0.10 1 ] peaks at-2 and—4 eV. On the whole, the F&) DOS is
e rather a mix of the bulk Fe and VN bands. The magneti-
OB T 6 8 10 12 14 16 18

z(A) TABLE IV. Interface energy ) for atom relaxed supercells.
) ) . The nyy=2 and 4 interfaces have 8 Fe layers, while thg =6
FIG. 7. Atom relaxation for Fe/VN witmyy=4. Thez axis  nhave 12 andh,y=1 and 3 ones have 7 Fe layers. See the text and

represents the atomic positions perpendicular to the interface. Th@q. (3) for a definition of the change in magnetic momen.
bars are placed at the positions of each atom for the unrelaxed

solid-on-solid configuration and show the displacements) (from N 1 2 3 4 6
the unrelaxed positions. Black, shaded, and unfilled bars represents

N, V, and Fe atoms, respectively. The major effects are on one hangl (mJ/nt) 245 —62 —83 —86 —-96
increased Fe-N bondlength and on the other hand an Fe-V attrageM (ug) -0.38 -0.76 —-0.34 —-0.88 —0.85

tion.
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Majority Spin Minority Spin TABLE V. Interface energy ) for atom relaxed interfaces
' p ' ' ' ' ' ' " T T with N vacancies. For the,=2 interface energies are given for
DDk 11 V(2)and N(2) 1 the vacancy concentration 1/4 and also for a twice as large interface
XY, X2, yz , "

- with 1/8 concentration. For the concentration of 1/8 thg =4

A
1 ! i
A ‘.. 1r Y interface energy is also given. That cell has one vacancy in the
- S\ N middle of the slab. See the text and E8§) for a definition of the

e e e change in magnetic momentM .
[~ Py . 1T V(1) and N(1) A
'. nun 2 (1/4) 2 (1/9) 4(1/8)
: y (MmIind) 136 110 114
AM (ug) -0.72 ~0.63 -0.78

1/8 vacancy concentration. Here, the vacant site is located in
the middle of the VN unit. Results for interface energies are
given in Table V.

The VN bulk references are also computed with the same
vacancy structure as the interface VN units in order to com-
ply with the purposes outlined for E@2). The difference
between interface energies in Table IV and V should not be
interpreted as a formation energy for the vacancies. The in-
crease in the calculated interface energies constitutes an ad-
ditional cost to create a precipitate with vacancies. To theo-
retically determine if vacancies are energetically favorable or

A i Y ofor M ENA not requires the computation ¢fee) energies for the inter-
9 _'7 5 3 _1 “‘1‘ _'7 _'5 ‘“_‘:“3"‘ _'1‘ 1 ' face system wlth an N atom at some other preferred position
Energy (eV) in the Ee matrix. The prgsent resuIFs should be regarded as an
indication of changes in electronic structure and interface
FIG. 9. Projected DOS for Fe/VN with,y=4. The Fé1) DOS ~ €N€rgy due to vacancies.

is rather a mix of the bulk Fe and Vbtbands. The changes inthe | he interface energies increase considerably and varies

creases compared with bujkd-band due to the loss of one N Cies. The increase is equivalent to about 0.1 eV/vacancy or
neighbor at the interface. The DOS retains bulk structure after abo.01-0.03 eV/V atom. This energy cost is rather high, but
three atomic layer for Fe two and for VN. The presented DOSshould be compensated by a reduction of elastic energy since
indicates that the bonding across the interface is most likely formedhe VN lattice contant becomes smaller with vacanéest
by Fe-Npdo and Fe-Vddo states. considered in this study Another possibility could be va-
cancy ordering, which may lower vacancy formation ener-
zation of F€2) may still be accounted for by mainly a rigid gies in transition metal carbides and nitrides also at low
band shift, but for F€l) at the interface it is much less of a temperatures®
rigid shift. Table IV gives the change in magnetic moment Figure 10 compares site-projected DOS for bulk and in-
with an increasing number of VN |ayers The reduction isterface stuctures with and without vacancies. As reported
localized to the interface as for the relaxed case in Fig. 6. €arlier, vacancies create states in the anti- and nonbonding
The changes in the VN electron structure are muctegion of thepd band?® The presence of the interface pro-
smaller. Theds,2_,2 on V(1) decreases compared with bulk duces a similar effect. Moreover, the interface Fe atoms
pd-band due to the loss of one N neighbor at the interfacetends to show less fcc and more bec structure for the sub-
V(1) also show a weak polarization of tfg, ,,,, band.  Stoichiometric interface.
According to the presented DOS the bonding across the in-
terace is formed by strong Fe-pldo and weak Fe-\Wdo
bonds.

Projected DOS

IV. DISCUSSION AND CONCLUSIONS

The theory for bonding in transition-metal nitrides and
carbides outlined by the group around Grim¥aill be
exploited to interpret the calculated electron structure and

Transition-metal nitrides and carbides, both in BU® interface energies.
and precipitatetistates are often found to be substoichiomet- The experimentally variation with average number of va-
ric w.r.t. N and C, which is also likely to be the case for thelence electrons for the enthalpy of formation has a rather
present model system. As a first step towards a less idegharp maximum around TiC, ZrC, and HfC and an almost
model interface we have considered N vacancies. For afiat region for compounds with increasing number of valence
nyy=2 atom relaxed interface energies are computed for @lectrons’ In the picture of Grimvall and coworkers the
vacancy concentration of 1/4 and 1/8 with a supercell side ofninimum in the total DOS of VN(see Fig. 1) separates
4.07 A and\/2-4.07 A, respectively. For comparison we bonding states from anti- and nonbonding regions. The fill-
calculate the interface energy for thgy=4 structure with  ing of the pd band is shown to dominate the trends in en-

C. N vacancies
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bulk VN

i ] formation curve it seems reasonable that the interface energy

- bulkFe 1 may become very low.
r ] Now, if N atoms are removed from VN, the atoms around
: ] the vacancy will try to compensate for the lost bonds by

: : filling nonbonding states. With vacancigsidethe VN unit

/\V\: L Il'e(1) at \‘/4N4 ] the strong Fe-N bonds remain. At the interface some or all of

. ] the nonbonding states on the V atoms are already occupied.
L NJ/J/\/\L As a result, they can at least not fully contribute to the de-
‘ scribed compensation. Thus, the interface energy increases.

T ‘ ] With vacanciesat the interfacestrong Fe-N bonds are lost.
- Fe(1)atVN, 1 Since the iron atoms have more valence electrons than V

+ V,N;inFe

Projected DOS

<R

] they should be less able to compensate the loss than V in VN
bulk. However, because of the presumably good metallic

— bonding between V-Fe, the absolute increase in interface en-
11 bukFe 1 ergy may still be fairly small. N _
1t ] Inspection of the difference in charge densities with and
L A without vacancies supports the above picture. The thinner
AT A cells show an enhancement of charge along V-Fe nearest
-16-12 -8 -4 0 -16-12 -8 -4 0 neighbors at the interface side with the vacant site. For the
Energy (eV) thicker VN units there is a small charge build-up between V
] o ) ) neighbors below the vacancy. Vanadium atoms above the
FIG. 10. Projected DOS for Fe/VN wity, =2, with and with- * cancy(at the interfacedo not show such a build-up.
out an N vacancy. The DOS for the interface layers for VN and Fe Following the above band-filling arguments VN is less
are compared with the corresponding one for bulk VN and Fe. TheSensitive to changes in average number of valence electrons
left panels show bulkbottom and topand interfacémiddie) DOS than TiC. Accordingly the Fe/TiC interface energy should be
for VN units with and without a vacancy. The middle right panels onsiderébl higher than the Ee/VN one. The interface ener-
show the DOS for an Fe atom at the interfaces. The DOS is takeff. y hig . . :
gies of the intermediate Fe/TiN and Fe/VC systems may be

for the Fe atom at intact interfagee., the Fél) atom is not adja- : .
cent to the vacant (2) site]. For comparison the top and bottom left inbetween or perhaps even lower. However, if Fe/VN has the

panels show the Fe bulk DOS. The=3/4 N vacancy in bulk VN smallest interface energy of these three systems substitu-

creates states in the DOS minimum region. The change in DOS fdional elements with fewefmore) valence electrons would

the interfaces is similar to the change with the vacancy. increase(decreasgthe interface energy for Fe/VN. It would
be interesting to explore these arguments by calculating in-

o ) terface energies, where V and N are successively substituted
thalpy over other contributions, such as changes in volum%y other transition metals and carbon, respectively.

and crystal structure for a range of compounds. Accordingly, | general, semicoherent interface energies are expected
the optlma_l numt_)er_of valence electrons is six per metal’[0 be around 200—300 mJAmwhich also is assumed in the
carbon/nitride pair(TiC, ZrC, and HfQ. Compounds with  mentioned modelind. In comparison, the present atom-
1-2 “excess” electrons are believed to first fill antibonding relaxed energies are small. The stoichiometric structures
states causing the enthalpy of formation to fall sharply, whilehave even negative interface energies. This might seem wor-
additional electrons mainly fill nonbonding states and conserisome, but there are also elastic contributions to the total
quently the descrease in enthalpy of formation is much lesiterface energy which areot included here. The cost in
pronounced. (elastig energy to compress an eight atom VN unit cell with
Compounds with an excess of electrons tends to have v#.05 A is about 70 meV (35 mJAnper VN layer, which is
cancies and/or form more complex crystal structdtéSVN of the same order as the chemical interface energy.
has two excess electrons filling the band above the minimum Furthermore, the strain of the bulk references only costs
and the removal of N atoms destroys bonding and antibondenergy, but could provide extra space for the interface relax-
ing de’ states. Some of the loss in bonding energy is Comation. This may result in artificially lowered interface ener-
pensated for by moving antibonding electrons to nonbondingies. However, the differences in volume are small compared
metal-metal state¥ Hence, the DOS peaks in bulk VN with Wlth_the relaxations and this matter has not been further in-
N vacanciegFig. 10 can be interpreted as precursors of theVestigated.
fcc metal DOS®
The introduction of an Fe interface provides a possibility
to form pdo bonds between Fe and N atoms. Consequently,
the interface N atoms have an environment similar to that in  Steels represent by far the most widely-used metallic ma-
bulk VN, and the interface Fe atoms can form stronger bondterials, easy to manufacture and to specify, and with an ex-
than in bulk Fe. In contrast, the interface V atoms lose soméensive range of mechanical properties. Strengthening of iron
of their pdo- bonds. In this picture the presence of the inter-and its alloys is usually achieved by the combined use of
face is much like the effects of N vacancies. To compensateeveral mechanisms. Non-shearable precipitates may be ob-
for the lost N neighbors the V atoms may transfer electrongained with carbide and nitride formets.The formation of
to states across the interface and to non-bonding states withemall precipitates within grains has its virtues in design of
VN itself. Since VN is in the flat region of the enthalpy of creep-resistant steels. The particles is believed to substan-

L bulk V,N,

V. SUMMARY



2228 J. HARTFORD PRB 61

tially hinder the motion of dislocations and thus increase theacross the interface appear mainly in the VN DOS minima
creep strength. Knowing the properties of such precipitates iand is ofpdo andddo character, which form nacl and fcc

of key importance for the understanding of nucleation,nearest-neighbors bonds between Fe-N and Fe-V, respec-
growth, and effects on dislocations. The Fe/VN systentively. For both VN and Fe the electron structure heals to
serves here as an important model for such situations. ~ bulk in about 3-4 atomic layers. . .

In this paper a first-principles calculational metHfod?® This study urges on more extensive and systematic studies
based on density-functional theory, plane waves and pseud@f |_nterfa_ces between Fe z;nd tranS|t|_on-meta_I carbides and
potentials, is successfully applied to a calculation of atomiditrides, in order to establish more firm relations between
structure, electron structure, and interface energy of the re€lectron-structural features and mesoscopic quantities like

laxed Fe/VN interface. Values for the interface energy haven€ intérface energy. Together with other timely studies, it
been calculated for VN units of varying thickness. Relax-Show the great potential of first-principles total-energy meth-

ations of atom positions are found to lower energies consid®dS for calculating materials parameters and for increased

erable on a relative scale. Already a single layer VN has &nderstanding of materials properties.
Iow-ln_terface energy of 245 mJfmwhile two, three, four, ACKNOWLEDGMENTS
and six layers of VN are shown to have even smaller, and
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