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Abstract This paper describes an ab initio study on interface energies, misfit strain energies, and electron
structures at coherent interfaces Fe(bce structureMCs(NaCl structure, M=Ti, Zr, Hf). The interface energies

at relaxed interfaces Fe/TiC, Fe/ZrC and Fe/HfC were 0.263, 0.153 and 0.271 J/m?

, respectively. It was

understood that the dependence of interface energy on the type of carbide was closely related to changes of
the binding energies between Fe, M and C atoms before and after formation of the interfaces Fe/MCs with
the help of the DLP/NNBB (Discrete Lattice Plane/ Nearest Neighbour Broken Bond) model and data of the
electron structures. The misfit strain energies in Fe/TiC, Fe/ZrC and Fe/HfC systems were 0.390, 1.692 and
1.408 eV per 16 atoms(Fe; 8 atoms and MC; 8 atoms). More misfit energy was generated as difference of lattice
parameters between the bulk Fe and the bulk MCs increased.

Key words Interfacial energy, Misfit strain energy, Transition metal carbides, bcc iron, Ab initio calculation.
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2 FAse Aotk A2 Yang® Enomotos=" DLP/
NNBB (discrete lattice plane/ nearest neighbour
broken bond)# 3+ Aol Ao thet de Bohr 5¥ uh
A3d 7Y 52 AFESEA bee Fedt Ti, V, Zr, Nbel
NaCl & %ﬁ}g/ﬁﬂ%ﬁ Ad A S F438ct. o
eet ZEA g kA E A el o)gh AR S
e Aol @] o
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A8 AL E AHEsl 343 NaCl +x9] g3, 2
SHEF AY A YRS AL Adrt. bee Fest

VN7F A Y A& Hartford7E? Co$t TiC, TiN, WC
7re] AR = Dudiy® Lundqvist,'” Christensen 5
1" AAEATE Siegel 5219 Al VC, VN, CIN,
TiNZF ABoUR| 2 Al4ksld 2, Dudiy®t Lundgvists?
Ti, Al, Ag, Cu, Au$t TiC, TiINZF AHUIRAE A sbs}
At

£ AFoe AL ALY 83t bee Fedt
NaCl 725 7H IVE Holg4e] ©slE<Q]l MC(M=T],
Zr, HH)ZE Alelre] Ay, A AddA]
misfit strain energyS AIRFSIATE E3H Fed, MCH
FeMCoIM 9] 7hdat Ws 2 2 2 9249 s, p, d
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IV Hol2<& &8}23} bee Feft AW oAy ALde] A+ 567

2. ALt ¥y

ALAel(ab initio)Al4Fl] pseudopotentialx} Hw s} 714
£ A YEHEE(DFT, density functional theory)
H ALES sk

D8 o] 7140 Perdew?t Wangol'? ]3]
Aotwn D ) HRE AHEESITH Pseudopotential

ZA energy cutoffe & 4 Y& ultrasoft pseudo-

potentialZ -&-3tHTH w3 A bec FeE T
ete 29 EFANE sk

MCAH-E NaCld %ot} MC3 bee Fe 7l Fig.
1o B9l ulel Zro] A (NE HH== Baker-Nutting
Aol w2 wggAHo]l EAjgrt.

{001 }mc// {001} g, B <110>pe// <100>g, (D

W SHAH = A ehsEs} bee Fe7he] AA}
EUA ] 7IQ181A AGE w2 7He] A7 EA) gt
ARY s dAbget ALt 2a 7] Aok wiie] A
& 22T AN M FHAoR Brlseln
A7\ AAARTER gk 12} 2ARRA A A
H A S AHESt ARAIAES] oA E ALk
Benedeck 59 ubYEAIH 9 olUx]& Ad-Le)ALHY
o7 Hrid 4 e SAME ARbset, s EAE
o] oAz AFAHS ANYA Y misfit A9 o429
gto 2 FAEM, misfit A9 olHX] & dislocation core
energy9} elastic strain energy®] Ho.2 THEFET £ <
FAME 4 ARARL AJA RS ALte o, vE
AAEL] dYA|= FF AFollA At ofAoltt.
ubx o tire] Hojgde] v/sHE-S VHE4(meta-

lloid) AFgloll 0-18%2] FFS EF3IAIRE, £ ALkl A

i de

<)

<001>

® <010>
® Ffe | <100>
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Fig. 1. Baker-Nutting orientation relationship between bcc Fe
and NaCl MC.

= A& supercelld] AHE-§ 8&317] 8] oA 1:1
2 (stoichiometryy& AHE-gtTE ojufe] AH-E Fig. 29
B2l vle} 7o) bee FeF it MCH 2R o] F0i%l super-
celloll @8] =AM T AAA Fe 9=t &3l ¢ Ak
7F SR8, FeZ3t MCE 7ol 2 (ol wh& w3
AR EA S

o714 FeMC AR ] Aol whd AHag A<} misfit
oiA)= the-z} 7o) T89it}. Fiorentini2}t Methfesselo]'”
FHAANA] Alskel] 285 MPFWAEE o]-83te] A
HA] o9} strained® bulk 2] NUA] EpustminediremcrS
The 3 7ol Fataith.

N
Eke/mc =2A 0+ NEyuk siminediremc] 2

A7\N, Epe/me = supercell 1 =47 N 719) A
9] FNUAE, A= AW HAS YEhd.

Supercellt] FAATE 167 2 327012 3t Fe/MCAl
o] YA E FEchFig. 2). olu} A9 energyE A
3}8h7) % = 48} ALe 3P, supercell A4,
24 2 supercell W YA AE AT 2 $3HA|
ol = AT apamcdIA ABAH AE AT F
AURE Ux}of] oial plotst F 2 (2)F AHE3tA Al
?ioﬂl:]ﬂ O'Q]F Ebulk,strained[Fe/MC]% ?'?:5_]_']:]' Fe }E} 1;14 MC
Aol s 24z FAUAE Hidtehe TRANS et
T misfit strain energy+= strained® bulk ‘g2 A
oA Fe 4 3 MCHQ energys A8l det)
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Fig. 2. Interface supercell structures for Fe/MC.
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Enism[Fe/MC] =
Epulk strainea[NF€,MMC] - Ege pu(nFe)-Epuimc[mMC]

(3)
© A7 EmsalFeMCIE & misfit IAAE, Epuksained
[nFe,mMCl]= n708] Fe, m7le] MCZ +AF AolA
strained¥l bulk 9] ANUA, Epep(nFe)= n7i e} FeZ
749 bulkd YA, EgndmMClE m7le] MCE
T3E bulkde] dUAE YERAT

SHH misfit o] e ZHde] 714 E T2 ol Al
Avstqnh Aol Fawal AAPFrE Fe/MCA ALt
oM L& e AREslL Aol 2 ke Axpy
G5 W3IAA bulk Fe 4 E bulk MC 4 2tz o
3] olqx] FHas) AEE Fasic) o] W dojzl oy
A 2 bulk ] gkzke] Abol7t misfit oluiA]elle] zb
o] 7looltt. &,

_ ,al
EnsnlFel=Ere( 2], e 4 min 1)~ Eputt re(@re) (49)

_ ,al
Emisﬁl[MC]_EMC(a]Lle/MC A4C. min E) = Epuik, mc(@pe)

(4b)

714, EmisaulFel# Emism[MClIZ Fe'dst MC¥e]
misfit AIAE, Eyure(ar)?t Eourmclamci= 2171 AR
’/}:7} 3]—‘5?:_] EHQ] bulk FeQJ OﬂLﬂZ] ‘;‘; amcoé 1q194 bulk
MCel oUIAE vebdeh 2212 (] e 8 i
<= AW HaA wake] ATt apemc?] dEIOIAL] W
FE bulk Fedl Hashd olUAE vepdth W bulk
Feo| olvz] Haislo| t)-gshe AW 2%ake] A=
T age min £ &0 BB Eycl 8l mc’ Fic min £
< WP ¥ bulkk MCell &= ztelth

Ao o] A e E L] {3t Fe 4, MC %
2 Fe/MC AlAe] 7HRAAEERE, AH 2 2F
oMol AAt A, 7+ LA s, p, d HEC] FFF
FEA Y = (Partial Density Of State, PDOS)E 73}
ok B EAN] AHS-E Wigner-Seitz ¥PEE
Table 1] BEglt}

Al4toll A BHI £F energy cutoff2 pseudopotential
o] 7} hardd N 7ol W3t 340eVE AHE-EHA
Monkhorst-Pack Hell 2J3)] k point samplingS 3152,

(e

Table 1. Wigner-Seitz radii used in calculation of PDOS

system Rwigs(A)

bee Fe Fe 1.408
TiC Ti 1.472 C 1.185
ZrC Zr 1.645 C 1.204
HfC Hf 1.618 C 1.19

292} bee Fe unit cell, 492 MC unit cell, 169=}
Fe/MC super cell, 3292 Fe/MC superceliol]l s zt
Z} 8x8x8, 8x8x6, 8x8x2, 8x8x2¢] Monkhorst-Pack
gridg& AR&-SF3ATE

3. Z¥ ¥ I

3.1 Bulk & % Fe/MCH2| Z{xpats

Table 20 AYABE ©]&3td L)X bulk Fe ¥
bulk MCAFel ZApA=9t Fe/MCAI Yl AAM}FEE B
o MO FAPdE Fedlt)h A9, olF ZrCo AR}
&t 7VE A4, HiCY AR e ZrCHY 9F7F 2}
28 & & Jok Ty Zr, HfY Goldschmidt AWk S
B Z}zt 147, 161, 1.59 Ao|th'® wabd M 9AgbA
o] 242 MCY AT F71S 4 4 Utk Fel
MCAI®) AR} 2 Fe/ZrCAI7} 71P% 23 Fe/HCA 9]
A7 dgo g2 Atk 3, MC9 bulk modulusy
FeEth Z7] &0 = MC7} Fert} harddlz] o)
ol Fe/MCAIS] AAPd7} bulk FeR.t} bulk MCol| t
7k 3 7T &, (apgmc-are)/(avc-ar)] e} 0.79
~0.82°]1t}. o= misfit NFAE HA3 7] YalAE
hard3t 9] strain® Bt} ZA sfojof 3}7] wjFol},

3.2 Fe/MCAH2| AH *=

1) MC W rippling

Fe/MC AR FZoiAe AR ] F2¢ste] 2
& bulk’d s ThE AApAE HolA €tk Y MCHF
ol X CAztet MERY Eol7t kA& rippling #2F
o] dolitt}. Table 391 Fe/MCAS] MCHY rippling A
b A2 MC BHol| thE rippling A X9} ghA B
Qlth. Tableoll A r" &= bulk MCS) EHOZRE, 218

35" FOMC AR s MCH WA 97

Table 2. Lattice constant of bulk Fe, bulk MC and Fe/MC interface

20 (A) amc aranc (A) 8Fe/Mc " 8Fe  @Fe/mMC amc A) 4Fe/MC A) 4re/MC — AFe A)
Ape Ape T Ape Ap, J2 J2 2
Fe 2.8600 - - - - - -
TiC 3.0700 1.073 3.0261 0.79 1.058 2.171 2.140 -0.031
ZC 3.3230 1.162 3.2393 0.82 1.133 2.350 2.291 -0.059
HfC 3.2755 1.145 3.1998 0.82 1.119 2.316 2.263 -0.053
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Table 3. Rippling (A) for MC surface and Fe-MC interface

MC surface Fe/MC interface
DFT Experiment DFT(Present Work)
Sur Sur Sur Sur Int Int Int Int
1, DFT I3, DFT T} exp T2, exp Ty, DFT Ty, DFT T3 DET Ty, DET
0.107%%
) 0.1082" 0.028%
TiC 011527 0.0322" 0.13% 0.074 0.042 0.017 0.006
0.14%
0.074% 0.037°9
7rC 0.122 0,052 0.13% 0.031 0.040 0.010 0.004
HfC 0.13%% 0.051% 0.11%3 0.03%" 0.015 0.032 0.008 0.002

FolM Ze-zZuA)YE 9vgith o71M Zoe BH Ee
AR AvEko g o] cUxte] 9%, Zy2 MY 9
A& YeEMH, Ze-Zye Y MC 9459 &8 e
cgzrel Mkl AAH Ee FHo| 3 Wk
ezo)E ojvjgth. o] gho] Folw CUATE MAUAR
o AW Ee ¥ A AXEE ofnlsi
MO A wR 2 E WA 4a FA (0" ™)
(A)= Fe/TiC, Fe/ZrC, Fe/HfC Aol tha]l zHzt (0.074,
0.042), (0.031,0.040), (0.015,0.032)2] z+& RQIt}h 218
U 348 43 oA (1 1 WA)YE (0.017,0.006),
(0.010,0.004), (0.008,0.002)2 =Zro}zlt}, 2 AW FeZ
9] 47 MCEOllA C 927 M AR AR 9
2184 =& rippling /S 2t ©]#1g rippling
T2 Aol e 2 AR FoM AeA Loy,
I Wi FollAle e, 23, AWHsE 271 MCE
ol439] rippling A%+ TiC, ZrC, HfC o2 “olzit},
SHA, TiC bulk EWHNA 9] rippling 284 ¥ DFTE
ol gF ANAE M =0.134, 1}'bpr=0.107-0.14A,

r> " pr =0.028~0.032A°1 k. ZiC bulk EHA 'l =

1, exp
0.13A, 1} by =0.074~0.124, 13"}pr =0.037~0.05A0] 2,

HfC bulk EHAM "L =0.114, r}"Le=0.134,
15 =0.03A, 135y =0.0514 o] T

) o Int o Sur AR Int :
Ticel 4+, Iy, prr — Ty, DFT Bop F, Iy DFT &

Table 4. Fe-C and Fe-M bond lengths (A) at Fe/MC interfaces

rg,uBFT Ho} 97b A, ZrCdlAM =, rll'thFT% ri"E)FTE
o} zou}, rlz‘,“DF'r’LIE rg,urDFT b frAFelTt. Wi HRCO] 7
%, rlll,nDFT% r?,u;)FT Hr} o} i, rlzr,“DFTl‘—:: rg,u;)FT
9} sAlet 3He gt} 2= FeMC AP rippling(r™)
MC A-5EHANA 9 rippling(r;* )BT} Zrolx]n | o]
Fe 9Atet M 9x}o] Aggeo] o M AA7t Fe
PR Zo 7 o) Fdh y|elditky AztE) 8, TiC
o|A) ZrC, HIC £0.2 1" gto] #olx|d], ol 1 &
22 M-Fe 4% M-C F-F2%gdl st Hl7F 7t
5}7] W&o Mo] BT} Fe Zo= olgale] w3l 7
02 ALE ¥} (Table 6 32).

2) Fe/MC ARl o] Axzk Ag7Zol(bond length)

Table 4° Fe/MC AlRoNA 9] A= A@ZolE He
th 714 SHEA 1, 28 AFAA 1, 2HA YASE
v gt} Fig. 32 AW Yxpjx|e] =2 xojr),

MCUH 1818 92 3 e M3 ¢ 97 ARe=
bulk MCE.t} 0.031~0.054A ¥+E Zro}th. Rippling®]
744 2 TiCe] A$-ol% ripplingS 0.074A o|&lo|2g
ol AW A WE a//29 #W3H0.031-0.059A 7
a9k Aol dx|gitt, AW Fe dAtet C 94 2
§7ol= TiC, ZiC, HfCIA Ztzh 1.90, 1.93, 1.937A2
A bulk FeCollA<] zkel 2.02A wo} Zth zElx AA
A2l Fe-Ti, Fe-Zr, Fe-Hf 7+ AtA ol Zt7] 2.910,

rr rlo

32 atoms Fel-Ml Fel-C] M['CZ CI-MZ CQ-M3 Mz-C3 M|-C| Fel-Fez

Tic 2.910 1.900 2.110 2.225 2205 2.147 2.140 2.469
(+0.048)™ (-0.12)" (-0.061)°  (+0.054)  (+0.034)7  (-0.024)°  (-0.031)7  (-0.008)"*

71C 3.016 1.930 2.309 2.380 2397 2347 2291 2.562
(+0.02)" (-0.09)" (0.041)7  (+0.03)7  (#0.047)7  (-0.003)° (00597  (+0.085)"

HiC 2.988 1.937 2284 2332 2.354 2314 2262 2.538
(+0.01)" (-0.083)%  (-0.032)°  (+0.016)”  (+0.038)  (-0.002)°  (-0.054)"  (+0.061)"

*1 Difference between Fe-M, bond lengths at rippled and unrippled interfaces

*2 Difference between the Fe,-C; bond lengths and the Fe-C bond length (2.020A) at bulk FeC

*3 Difference between M-C bond lengths at the relaxed interfaces and the bulk MCs.

*4 Difference between the Fe,-Fe, bond lengths and the Fe-Fe bond length (2.477A) at bulk bce Fe



570 R - A WX

Fez
Ke. ] Interf
3 M, nteriace
C,

M, — 9 C
C; O M;

Fig. 3. Atomic structures at the Fe/MC interface.

3.016, 2.988AF A ddeloll o3l AAE 7HdH A bee
Fe-M bulksl]l W3t Zk(bce Fe-Ti 2.554A, bee Fe-Zr
2.733A, bee Fe-Hf 2.702A)8E.t} Aoz},

Z Fedt MC7F AlR-& FAT o Fe-C, Fe-M7F 2
o7t bulkgtell 7HA e 2A SR E WEEiL
t} Fe-C AfAole] ZA#HT}E Fe-MZF 234 o]9]
7VEo] AR =Y. ole Fe-C7} Fe-ME T Ao x]7}
A7) w&oll(Table 6 =) TLs A o] WIA] Fe-
C AgduA] Hslge) ¥ =27] weolZta Az A
=3k me o] (M, & %o @e FHE, oo 71al
$t Fe-M Hgo] Z7HF2, ripplinge] itk 718 4
$9] Fe-M ZHol Z712K0.308A(Fe-Ti), 0.263A(Fe-
Zr), 0.276A(Fe-Hf)) 2t} Zt7) 15%, 7%, 4% T 57}
3ot TIC, ZrC, HICE 7ol wel ripplingo] <F3}d] o
olo) we} Fe-M ZAgHdol7F Bt} bulk X 7HEA =
o} Fe-M ZR7F=7} E71siA #d)

M-Cy, My-C37 A 718l bulkgt 2o <97k &3,
C\-M,, Co-M; A%< bulkgtEth <7+ 2}, Fe)-Fe,
A3tAY = TiCE= bulk FeXut} o987+ #oy, ZrC, HfC
e AojAt} ol ZrC, HCY AAAF7} Felt}
A 8] 27] wjFolrh.

L

ofN ot

3.3 Fe/MCHe] AlHoLx]
energy

1) Fe/MCAI 8] Al A]

Fe/MCAIS] AR AA] AL A3HE Table 50| VERY

misfit strain

Table 5.

2Tk, Fe/MC AFUAE 0.153-0271 J/m?e} 7He Bl
o} 7128 Aol o)sld, Co/TiC, CwTiC, AITIC,
TY/TIC AR E A LU 2 AL gk 242} 0.20,
0.64, 0.21, -0.38 J/m* o] BRI HAr}. Fert} PAH
37F st & Cost TICTH AWANUX(0.20 )/mHe £
AT Fe/TiCAA ] 0263 Im*ET} oF7k Y}

2 AdHMe Adda=E AL 33 Yangs} Eno-
motooll” Ja} AAE DLP/NNBBYOE AAHE Ao
YA 3te vlws] 2k 319tk DLP/NNBBR | )3}
| AHNAR], s SAFILE TR dog FHY
T 3

NaCl FeC

_ NaCl MC
YnnBB = (Cpe—c )

—CeMm-c

4+ 0.75 bee Fe ) fcc M
5 CFe-Fe ™ ~M-M

)

0:17]}\1 NaCl FeC NaCl MC bce FeM bec Fe fee M
> Ce—c S €M-c  CFe-M CFe-Fe:OM-M T

Z}7F NaCl 7%&2] FeCW Fe-CA%, NaCl 7% MCH
M-CZ%}, bee FeMW] Fe-MZE, bee Ferl Fe-Fedd,
MCU fee 7% M sublatticesi A 2] M-MZAZ] ofju]A]
& Yehdoh 2 (5)elA A ¥A BI= M-C £4% 2
N7t BAAAL Fe-C 2% 17H7F 843E w9 oufA A
32 Ve, T 1R Z5E bee Feoll 49| Fe-Fe 24
AT HEAY 48 2 F |14 JIFE ) B MColA
M-M 4723t 477} BARA L Fe-M A s7N(FHAH 4
A E T HA A" Uy F§4E W YA d3tE
eERATE F owR Gsoiae) 075w 7 A 1 A
ol oA = HAH A3 Ay 0.7581HUS 78
ai7lol yeRt Aol
A (5 AgelviAe
bl o8l 78 5 9

+ ((4 +0.75)epe pp —

- BAZRH AL A

(6a)

efcc M _ [EM, [ 4. EM,atom:l . liz:,
M-M 4 12

NaCl FeC_ |:EF0C,NaCl —Epe fec—4- Ec’amm} . [g] (6b)
6

Fe-C 8

E —Epmpec—4-E
eII\\JAaiccl MC _ [ MC, NaCl M,Sfu c, atom:| ) EJ (6¢)

Interfacial and misfit strain energies of Fe/MC systems

Misfit Strain Energy

Interfacial Energy

System (J/m?) Total, A Fe Phase, B MC Phase, C Error, A-(B+C)
(eV/16atoms) (eV/8atoms) (eV/8atoms) (eV/16atoms)
Fe/TiC 0.263 0.390 0.296(75.9%) 0.059 0.035
Fe/ZrC 0.153 1.692 1.426(84.3%) 0.249 0.017
Fe/HfC 0.271 1.408 1.143(81.2%) 0.221 0.044
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r

bee FeM _ I:EFeM, bee EFe, atom EM, atom]
Fe-M 2
(6d)
[
' [8 72+0.75 6/2]
ebcc Fe _ |:EFe, bee — 4" EFe,atom] . [ 1 :|
Fe-Fe 4 8/72+0.75-672
(6¢)
o714,

Erefes Empe: 494 Fe, MOZ FAH foc AR %]

Erecnach, Emenac: 884 FeC, MCE 744 ¥ NaCl
AR} o1 7]

Erembce Erebee: 287F FeM, Fe2 FAE bee 22}
o1 2]

EM.atoms Ereatoms Ecaom' M %X}, Fe %X]', C 9z

ol =]

A (@A $He A HA g AATF xS o
ERHLL, 7 WA e Ao I8 ekl 4] (6b)
2 (6c) N8 4 Ecyoms 494 CE FAHE fec A
UAE 2Abste) YeERA 201tk ® &) (6d) 2 (6e)0) A
9] 0.75% 2 (5)ollAet B2 9mjelt} bee FeM A2
ARFTFZA a=apgme, =2 (Zre-Zmi)E, NaCl 12
FeC 8 AAGFEA a=apgme, =2 (zra-Ze)S AHE-
5=

Table 60 DLP/NNBBY O 2 F:4Hst 7b ZAgte] A%
U] X AWIUAE Belch FAMEE AW x| 7k
& Fe/TiICA M= 0.5883 J/m?, Fe/ZrCAl= 0.4422 J/m?,
Fe/HfCAl= 0.6209 J/m*]3t}. o] e AUz ol ¢
S A2EA|(Table S)Ech v, 2 A3 Addz] ALt
A9} LA Fe/zrCAS ABAAR 7} 713 22, Fe/
TiCAl, Fe/HfCA ¢o.2 7188 Helt)

IVE ©#3153 Fert AlWS AT o Fe-C ¥ Fe-M
318} Aol F7ista AMoluxE doiAA Bt u
2tr A (5)ell FEH 2zt 518 A oA E B2
ol ofsll 1V astE T/ Hslel 7|18 Ay
A st HEE A8 B 4 A Hri(Table 6 2.
S A cdAr BEE A (5)9 9d A W el o

Rk5HEs} boe Feth AR ool Asle] A i

& ZEs Bxh M-C AT Ti-Col wis) Zr-C
AFANIAE 0.6% 5ol FA] kol M2 n|&d g+e 7}
A HE-C= Ti-Coll vl8l 3.29% wHE ZAgoli=e] &
W27t F7Hetth Fe-C 38t olux] Adixle Fe/
TiC8} Fe/ZrCoM = A zHe Holu} Fe/HfCA o)A
= Fe/TiCAI S} ¥l 3le] 749 AL 7hAasc)h AW §
421 M-C A%l Fe-C Aoz vl e ojnje] of
YA &= Table 62 -(AyHB)Hl B9 vl 7ro] Fe/
TiC 2 Fe/ZrCAl= A Fe/HfCAlo A& 30% A
% 7tk webA] Fe/HfCY] AHeUA7} Arjaos =
< Aol 4T 4 Ut

Fe-MAg# M-MZ§oIM = cgxlel ds Aol
A= E8 Fe/ZrC ¥ Fe/HfC7} H]£3 AU S 7}
AL Fe/TICAAAM = L Aix|7 Bt A} Fe-M 2
oA, Fe-Zr AR A== Fe-Holl B8l 1.9%
2 Z& Boju Fe-Ti AYeliA] A= 12.7%<]
= g Bk A 5)¢ F UA g9 gk 1y
A FeHCAIS] AldANURA 7t 78 2 & Aoz 4

ot

o O ML N

st

upzbx A A F oAA ¢ RS nF 2
Fe/ZrCANX2) ARoY=)7} 718 2eiA) 31, Fe/TiCA <}
FeHfCAl= M2 H=8 gk 7kt 28y A& v)
S} 7o) Fe/TiCAIANAE CExF #H Aol A, Fe/HfC
A= Fe-M AN ARANAUAE PE glo] A
Ela=

2) Fe/MCH 2] misfit strain energy

Table 59 Fe/MCAl, Fed WiF 2 MCH W¥-<
misfit strain energy® A4St A#HE Hth Fe/MCH
o] misfit strain energy®} Fedtzt MCA] misfit strain
energy 9] 2= 0.044 eV/i6atomS 2 Tt whehA
Fe/MCAI9] misfit strain energyts 21739 7|8ES AAk
stod 2 28 deke WHewn 78 5 gl

IVE Ho|ZLEF 2 Fez B A9 misfit strain
energy= TiColA ZrCE Zrol ulkgl Z71star ZrColl A
HFCZ 7ol whep 97k gtk o] Table 20 <l
uke} o] misfit(apere/ar)©l ZrC7F 113308 7p4 =
T, HIC, TiC 0.2 7487 fj2olth. FeAts MCA
W o] misfit strain energys A3 Aol HalE Ho

Table 6. Interfacial energies of Fe/MC systems estimated by NNBB model

(C), eV

(E), eV

A), eV B), eV D), eV -(C
(Na)CleFeC (Nz)xCleMC 475 - ( f)cc; -2.375 “(A) +2((l;) Y v,
~€pe_c -epm_C bee FeM “CM M bee Fe +HB) +E) (eV/2atomMC) (J/m")
Cre-M CFe -Fe
Fe/TiC 1.1458 1.6030 3.5546 1.6210 1.8127 0.4572 -0.1209 0.3363 0.5883
Fe/ZrC 1.1601 1.6127 3.9936 2.0179 1.8127 0.4526 -0.1630 0.2896 0.4422
Fe/HfC 1.0608 1.6559 4.0720 2.0610 1.8127 0.5951 -0.1983 0.3968 0.6209
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Y FedW misfit strain energyZ} ZA|ANAX 2] 76-84
%E Hgrth ol softdt Feoll B & straine] A7)

o F-o] o},

3.4 FelMCHe| MXtP=x o sisizgt’

1) & AElYE (partial density of state, PDOS)

Fig. 4~62 77} (a) Fe/MC AHolAN 3 W gxb=
W, (b) Fe/MC AlHANA 28 AxE U, (c) bulk
Fe(bec)?} bulk -MC Wi, (d) bulk FeC®} bulk M(bcc)
W4 Fe, M, C fA}oll tdled sites} 1] tha £+
FEGHIEEPDOS)E BRItk xZ2] oY== Fermi
energy(Ep) 8 71522 ¥A8k4T

Fig. 4~694] (c)= bulk Fe®] PDOS IF41-& 4(d)ol&=
bulk Ti, ()N bulk Zr, 6(d)*l= bulk HfS PDOS
A4S UEgich. 2”9l Fedl 3d band:e 3709
subband’t FH =] FAEH, 2+ subbandrit} 17 o)A
9] PDOS peako] Helth Bulk M A% Ti¢l 3d, Zr
o] 4d, Hf9l 5d band= 371<] subband7} FHEo] &
AE AL HoFr) Table 7 3d band®l =] HY
S} PDOS peak®] U= 9x& yeRd Zolth Fed
minority spin®] ™38 d band”} majority spinoll th3 d
bandoA I AR WO olFEHo] Y= & 4 9
o A= FHole] peak 7F band shifte 3.09 evolt}.
Z2)3 TiolA Zr, HER ol we} d-bande] Eo] 27}
3l s & 4 U

Fig. 4(c)ol= bulk TiC, S(c)l= bulk ZrC, 6(c)9&
bulk HfC PDOS 4L, (d)olE bulk FeC2l PDOS
T4 o] JeRiSir) ool B e oz &
oA F2 C 25 AEOE E bulk FeCAAE Fe 3d,
bulk MCOlX & Ti 3d, Zr 4d, Hf 5d A &0°) 4% &%
H band 1°) YEI, band [9A AR Fo] o5 &
¥ 7HH} band E-§ A (valence band complex, VBC)
7 & AdA] FoA vepdth VBCAAME 271¢] 2
AR EFHo] FAE L, shhs A olqAZ9] (band 1)

& shie I olYASof (band V) YEMY 2 &
Atolel] A AElR =g (band 11)°) EAE T} band 1=
C 2p AEA4EH bulk FeCoHAlA+= Fe 3d, bulk MColA
£ Ti 3d, Zr 4d, Hf 5d AEAELZ ZAH gon
2 o] 54 ARENE 53 TRAT 98 Jehue
bandd & ¢ & 2t}h. $9, band 1= 3709 subband=
FA=™ 7} subband= 17 ©]/¢2] PDOS peakd H.<l
o AEZ2 I28% 9499 pand VE bulk FeColA=
Fe 3d, bulk MColAM & Ti 3d, Zr 4d, Hf 5d9] HEA
oz F2 FAHT C 2p AL AFEo] g 3}z
o] ew, o] band: FE Fe 3d AL 3 M
3~5d A Az Age o3 F£A%eE UeuEs
bandolt}. A2 band= 370¢] subband® TAEHW zZ+

2l —Ti3d 4
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»
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Fig. 4. PDOS of Fe/TiC system. (a) Fe/TiC interface 1NN
atom, (b) Fe/TiC interface 2NN atom, (c) Fe bulk+ TiC bulk
and (d) Ti bulk+FeC bulk.

subband= 17] ©]7¢9] PDOS peaks Rt} Table 89l
bulk FeC % bulk MCell tha]l Zt bandell 3l33l= oy
A W9l & PDOS peak g oUxE et &
H, Fe9l 7% minority spin®] ™3 Fe 3d band:=
majority spin®ll Wit Fe 3d bandolld I ofjufx] o
2 o]FHo] U}l FeC Fe 3d bandollA AR =7} 7}



IV Aolg< 83183 bee Fe?b AW oAl Audz] ¢ 573

2t Zr4d i
------ C2s

L C2p
------- - Fe 3d § k

a i

At 4 !

21 ]
(@ . . j

2+ Zr4d i ]
------ C2s . i

1 - C zp ': \ ‘ ]
T Fe3d | JA

af ERTIA |

2 (b) 8

2t Zrdd ‘ ]
----- C2s -‘.!
""""" C2p Mo

e Fe 3d FIR

DOS
<

af -
2} (o) i
2 Zr 4d |
------ C2s
.......... C 2p
I e Fe3d I
X 11
2 7 _‘:?
1t 4
-2 (d) 1 1 I3 L |
20 5 10 5 0 5 10

Energy (eV)

Fig. 5. PDOS of Fe/ZtC system. (a) Fe/ZrC interface 1NN
atom, (b) Fe/ZrC interface 2NN atom, (c) Fe bulk+ZrC bulk
and (d) Zr bulk+FeC builk.

% & peakoll thst band ©]FL 1.51(=0.13+1.38)eVEA]
bee Fe bulkel] tist band o] 59 ¥k Axz vt}
Fig. 4~6(a)°l= Fe/MC Al FAIA] 1A Yap2o
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F FARSHA B oUA] FollM F2 C 2s ROE
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Fig. 6. PDOS of Fe/HfC system. (a) Fe/HfC interface INN
atom, (b) Fe/HfC interface 2NN atom, (c¢) Fe bulk + HfC bulk
and (d) Hf bulk+FeC bulk.

3L M 3-5d9} Fe 3d Ad¥#-°] 4% E£%3¥ band(band
D7F VER A, o] bandollA oA el &) R E
VBC(Fe 3d, M 3-5d, C 2pREo 2 #AV & oy
A ZA Yehdt}h FeMC AW 922 VBCE Fig.
4~6(c)®] bulk Fetbulk MCY ZA3} ®|w3Pd, Fe/MC
Aol FAEA C 2p AL9 PDOSE bulk MC
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Table 7. Energy range and peak of d band for bulk Fe and bulk M

Energy range

Location of peak (eV)

- Remark
of d band (eV) Subband 1 Subband 11 Subband 1II
-4.06 -3.23, -2.51 -0.97 ~ Majority spin
Fe -4.90 ~ 3.80 oo )
-2.01 -1.07, 0.45 2.12 Minority spin
Ti -3.00 ~ 3.30 -1.63 -0.43 2.64
Zr -3.00 ~ 4.67 -1.79 -0.67 3.39
Hf -3.74 ~ 550 -1.75 -0.58 3.86
Table 8. Energy range and location of peak in PDOS curves for bulk FeC and bulk MC
Valence band complex, eV
Band I, eV Remark
Band I Band 111 Band 1V
<77 ~ -3.5 25 ~58 . .
215 ~ -10.69 (-6.27, -4.64, -3.94) 3.3 =25 (138, -0.22,1.88, 2.92)  Majority spin
FeC
(-10.92) 7.7 ~ 28 28 ~ LIS -1.18 ~ 5.8 Minority soin
(-6.04, -4.06, -3.24) ’ ’ (0.13, 1.06, 2.69, 3.97) R
. -12.1 ~ -89 5.7 ~-13 0.5~ 3.5
Tic (-9.51) (-4.05, -3.01, -2.48, -1.64) 13~ 05 (1.1, 2.07, 2.79)
-11.1 ~ -8.36 52 ~ 411 0.8 ~ 5.0
Ze (-9.36) (-3.47, -247, -1.67) L1 ~038 (1.08, 2.28, 3.22, 3.82)
-11.3 ~ -8.7 -5.8 ~ -1.14 0.9 ~ 6.0
HIC (-9.51) (-3.87, -2.77, -1.67) 11409 (1.26, 2.65, 3.83, 4.48)

Values in the () indicate the location of peaks in PDOS curves.

Values in the () of Band I: location of peak of 2s in C and d in Fe and M
Values in the () of Band II: location of peak of 2p in C and d in Fe and M.

Values in the () of Band IV: location of peak of d in Fe and M

band 11 B9 FYFNN Fashd Al d94M =
Z7lsle RS Btk M 3-5d AE-9 PDOSE bulk
MC9] band 11 F=2 FUH9} bulk MC2 band IV
Ae] oA FAA Zhastar, o]F 2 G ZHbulk MC
o] band Il )l F7tgch FeMC AW FAZA
Fe 3d2] PDOS+ bulk Fe2] PDOSS} Bl 3te] A H)
Y& YHEE peakoli e Zasial, AEEAHE Y
el IR = F7kske 4 dE 2tk Table 9
o] Fe/MC A <A 194 Al dist PDOSOIA
band 19} oA Wl F PDOS peak & oA,
VBC(band 1I~IV)2] ollidA] M2, bulk Fedl Z3} H]ar
3] Fe 3d PDOSY ZH4a 2 F7} 91X, bulk MC9
A3 ¥l C 2p PDOS 2 M d PDOSS] 74 2
Z7H9AE Holn)

A oz G (band DY peak th-g oA E Fe/MC
A A bulk MColl ¥]3led 0.61-0.96eV I, bulk
FeCHRU} 0.45-0.84 eV =t} o= AWM IR level
of AUHoR & M-C ZF9] #9} Aoz o
U7 B 9 Fe-C 299 339 7%t a A48
t}. Fe bulk®t MC bulk® PDOS FX 3} Blwsle] Fe/
MC Al LAt tgk PDOS 3419 W3l= AW
ol 42l M-C F+43% bond? #o1F 3 Fe-C &H24%

bond®] B, M3} Feo] 242432 Ao 719519 o
ojdtl &, M-C7t 743 bonde] &l wet MC
bulkell 49| &% 8= e] M d 2 C 2p DOS7H 7
233, bulk FeC PDOSOINA] Holi= Fe-C FHZAT 2
HAde wel majority(minority) spinollA -3.5(-2.8) eV
o]8} ARG} 2.5(-1.18) eV o] o= o)A
C 2p DOS 7} Z718lt}. o] 9 oA, Fe 3d DOS7}
Aadte ¥9E A GGl Fe 3d PDOS7E Z7t
st} 223 Ao ' M Aol 670e] M-C 2
T F WY BRI Fe QA9 F54%E g o
2}, bulk MColA bulk M DOSE Zhel]l w}E PDOS W
3E wolA Hrl 2, FeMC AW I3 wet M
d AH-2] PDOSE, bulk MC2] A= ®]x&ke] band II
9l V g E 7+43L band 1] siwst= A4
s Fddr= Sristeh o3 e o7 /iR WElst
Adste] Fe/MC AW AFL2e] PDOS7F YERTE

Fig. 4~6(b)%ll= Fe/MC AlHNAl 2HA] 2pFol 9l
= kel g PDOSE Hlth zmf 9] PDOSE bulk
Fe<} bulk MCS 7ol 7MA He A& B - 9
o] 2 A ARE2 AHY Ao w2 IS A v
=0s AE 4 F Ut

2) 7P A} " =R (valence electron density distribution)
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Table 9. Energy ranges and locations of peaks in PDOS of Fe/MC interface atoms

Q) ) 3) @ (5) (6) (7
_ K ~ *l) R _ ~ *l) _
i i 15?2 574 252, -0.97 3.54, -1.9, -0.74 3 ~]3§ 18
0 ~ 3.86 .07, 2,122 2.0, 0.19, 048" ~-15 o ~ 038
(-10.12) 07, 2. 0, 0.19, 0. 2.79
-11.3 53 2.52, -0.97"V -3.54, -1.93, -0.73") 307 3.07 20
Fe/ZrC ~-9.02 - - ~ -1.45, -
(-10.08) ~ 47 -1.07, 2.12"? 2.1, -0.20, 0.48"? ~-1.45 3.82 ~ 1.08
-12.05 60 253, -0.97°) -3.54, -1.93, -0.69" 3 3.1 175
Fe/HfC ~-9.02 e - : - ~-1.5, o
(-10.47) ~ 3.2 -1.07, 2.12 2) -2.1, -0.20, 0.48 2 ~-L5 3.83 ~ 1.05

Column (1): Energy ranges of band 1 (location of peak), eV, Column (2): Energy ranges of band 1I~IV, eV, Column (3): Position of decreasing
Fe 3d PDOS (comparison of bulk Fe 3d PDOS), Column (4): Position of increasing Fe 3d PDOS (comparison of bulk Fe 3d PDOS), Column
(5): Energy ranges of decreasing C 2p PDOS (comparison of C 2p PDOS in bulk MC), Column (6): Energy ranges of decreasing M d PDOS
(comparison of M d PDOS in bulk MC), Column (7): Energy ranges of increasing M d PDOS (comparison of M d PDOS in bulk MC).

*1) Majority spin; *2) Minority spin

Fig. 7,8,9= Fe/MCAS 7ML EREE
bulk MC, bulk Fe¢ 7MdApdm=®sxel 3 HOlT)
bulk FedllM= S5 2% 0l 71dsle] 944 7 AAUEE
27 vnd Yttt HJH(NN) Fe IA7F MAp
= 2NNQAF #H13) Fe 9217 Axpd e Bls) o}
& =4 9HA FeC, MCOlA= F EE‘; MY} c
AE ol= AAd ZLAT o) 71018 IAAUE FHo)
FASIL Fe-Fe, M- Aol 24ATS
AADE Fdddo] Btk FeMC AolAe] Fet C
PAS SlE o) WAL} 5 el &
o] AAYEE bulk Fecwmu} e U S
U} Dudiy'*!:32N= 0. kil
ol Cool F&3eet ATl 7]"&?’?} Co-C ¥HAMY
9] delocalizationel] 7}¢late] v, AlHdA] A3}
Aol Hepar &kt ojelgh AHoM 9] Fest C €
A A EF 7 71908k Aol = Feok C €
A7 A 7= bulk FeCollA 9] Fest C U7 A&
AR Bt AatA "ok Add] Akl &gk Ao
HZ)7F DLP/NNBB Wl && AlHelAqx] R} @A v}
Eiube AL off & Fe-C AY AR F7iet #do] 3l
Thal Azt T

L

o

4. 2 E

IVE o34 B8l TiC, ZrC, HfC®| bee Feot &
AH FA9 AWAARE AL AN HOR A
A AR ARANE AN UeR e ARE
At

1) FeMC Al H2olX= 54s MCZA C ¢
ket M gzt o7t @k rippling d o] WA
ek AE A WA AAFolA Y rippling == TiC,
ZtC, HfC =22 7hadhc)

Fig. 7. Valence electron density distribution for Fe/TiC system.

2) AdY] AE 58 P& Fe/TiC, Fe/ZrC, Fe/
HfC Alfe] AdalvixE 22t 0.263, 0.153, 0.271 J/m?
o] At

3) Fe/MC Al™AN o] Fgkg v]x= sk gy
Ag2 AthE 7|92 E DLPNNBBHOZE H713k 2
Fe/TiCol e AW FAA Ti-C 4Fo] Fe-C AFo=E
s ¢ 9A B AFoNA, Fe/HfCOlM = Hf-Hf,
Fe-Fe ZA3o] Fe-Hf 2322 v@ulo] olyxdslr} A
HoWAE w5= ghe] A

4) Fe/TiCA|, Fe/ZrCAl, Fe/HfCAIS] misfit strain
energy+= ZHF 0.390, 1.692, 1.408 eV/16 atoms ©]At.

5) AlHAA ] Fe} C AR AAbs=Zrtel 71131
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