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Abstract

The electronic contribution to the interaction energy between interstitial solute atoms
in transition metals is investigated within the tight-binding approximation. The method
permits to study the adsorption of the gas atom in the octahedral sites as well as in
the tetrahedral sites. Calculations have been carried out as a function of band-filling,
energy level of adsorbed atom, and a general hopping potential V, between an inter-
stitial atom and the nearest-neighbour host atoms. The ‘angular position’ dependence
on the interaction energy is often weak and the possibility of the interstitial condens-
ation (gas (@)—liquid (a") phase transition) observed in such a Nb-H (or Pd—H) system is
discussed. Contact is also made with the dipole-dipole interaction based on the elastic

theory.
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% o lattice gas mode (Lee and Yang 2 ) LEBEOERBKFERLDKXLEL gas atom

BOMEEROE LD 5, T bb, REOSR KRR CRIH R F RO M EER & BT

ML TITbN S B T—RORDENERAR > Tnb, Alefeld et. al. D HIRFRIDOH
PHERAY 7 dipole-dipole AHEAERIC X VY Z » a—a’ fHEB ¥ im L TV 5, Wagner & Horner4)
ix dipole-dipole #8 HAE B ® i electronic ( proton f#] ) 72 interaction & L T hard-core rep-
ulsion Z K€ L THEN¥E( 7 7 24 —READOHE ) MCERL TS, L L, Th

% TIL, EEETR (delectronZ Flr ) A & LIHEEHOFFRIE B HR T

WT ( HJEF7 Nb o CheBR72 (LB (tetrahedral sites; see Fig.2) # 5 57z DREES
DIHH ) b - HEBICRETHBIC OV TRESAMHANEETH D, TD
R TIXEJBE T ( d-band metal ) T gas atom (interstitial) [F D FH HAERIC 3817 5 elec-

tronic e HEEFHX, ¢ - AHHEBILEZX BB > W TLETOHRRETS

§ 2. Formulation
AT Co#I Einstein & Schrieffer ® (A RE EICHR S 15 gas atom o> Surface

Structure ORFEICHAV 72 b D L R—DEFAEHVH. 72D b, gas atom (T Bi— &
THM ¢, 25 bR LR (EBLB ) » dband X tight-binding SR THRY K - B4
BIRA L RAFRF (gas atom) DE DG HEAE 2 BRT D Lok EENOEBFE T « #E
L B AR F#5E L oIz electron o hopping 2@ % L2 D# 7 v v v A ( fTHIER ) &
¥V, t+3. 2z Tl gas atom PN T electron correlation effects (Un, Tn, |) %
HHbIEZRWH €, & Self-consistent (ZHET 5 & & ( Hartree-Fock 3Bl ) THLEE
T2b0LT 5. MEHOAKH, (FROBEBHET + gos atom ~IV p=7 )
WIEEBHR T v vV (V, ;5 electron hopping ) 2MEA L7-25A DEFROREREE L
fbAe(e) iZ—fFic, '

1 1 1
A P(E) = T Im% ( e—c.—is € — €9 is )
i i
1 d 1 :
= 5 Ima—e In det (T:H—O__—IS—) ( 5—-H_IS)
% L Imi In det (1 - G°V) (2-1)
T oe ’
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TRH BT EAMEB. BL, Holj)=¢21i), HIj>=¢[j> G'=(3-H
—is) ' Ch B Ho T —BFIAAX—TLIAW B 7= A ¥F— OBLLEVOETF
BoREAEZZERL T

AW=2 [T (e—e)Ap@de = —2 [T Im In det(1-G'V) de (2-2)

CEpRwaz bntiksde. (2-2) AT TOHEROEFR LD THBH A,
Viz geometry # ZET A LENDBFAITE, T AN IV =T A approach 6)
CHEBLTERYBRVLESETH 5.

§ 3. Single Interstitial Atom
BCC &R Oﬁlﬁé%%ﬁ#ﬁkfi8@@%??1&%& AT F RIS B O
+ 5 (Fig. 2) » gas atom 2 AR FREMBICEBLZEA2E 2 5. BREEOCRE
B FAE T Wannier State # [1>, [17>, [2>, |2">& L, Zh b gas-atom
|a> fic electron » & B Y ¥ LIS, EESHO 7 ) — K G RORT Vv

O NMetal atom
o Tetrehedral sites

e Octahedral sites
Fig. 2 BCC Lattice D2 ABIRFFAE
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¥ AWV BENRERROTHFEATE 2L 3k 5,

/
G = [ G, 0 0 0 0
0 G()OO GZO(} G]ll Glll
0 GZOO GOOO Glll Glll
O Glll Glll GO()O G200
~ 0 Glll Glll G200 Gooo
{BL Gyn=(€e— ¢ —is 1, Gij=Gi~J=%
ThY
V = [0V, Vo Vo Voo Vo
Via 0 0 0 0
Via 0 0 0 0
V.. 0 0 0 0
(V2 0 0 0 0
Thb, 22 TG ROV X
1>+ 1>+ 2>+ 2>
1S> = >
= l1>— 1>+ 2>+ 2>
[ T> = 5
_li>—1>—]2>+12>
1U> = >
1> — 1>+ ]2>— 2>
V> = 5
72 % basis BIREHIC LD
0 _ "
G" = Gaa 0 0 0
0 Gy+G,+2G,,, O 0
0 0 Gyt+G,—2G,,, 0
0 0 0 G,—~G,
0 0 0 0
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v= {8V, -2V, o 0 o) . (3-5)
-2V, 0 i 0 0 0
e
0 0 0
Lo o0 )

& block diagonalize” Sh3 DT
det (1—-G°V )=1—-4VZ(G,+6G,+26G,,; ) G, (3-6)

PELRB, BL |Vl =1Val =1V, = =V, LBk, RICL T 8EEHK
FRMEBIZER L 2HBE X

det (1-G°V)=1-2VZ(G,+6G,) G, (3-7)

LROOND, RICEEHBEET TS0, G;i2% LT tight-binding il Z W 5.
Gemn 1 bec B6F (S - band ) %t L T

_ 1 z z 4 cos(Ix)cos(my )cos(nz) .,
Comn (€)= (27)3 Joax fody Jodz ¢ wsxcosy sz 0 8

Bz b, PR
Gogo = EL % [K®I* , (3-9)
Gooo = f} ¢e [E®— ( 1—k*)KK]? (3-10)

Gao = 22 [( 2=k )K= 2BW] [ 2E®— (1-K)KR],  (3-11)

22
) IEI1IEROE 2EBZLEABRSIKOE T E K&Kk 501z, ZZ TikMorita and

Horiguchi * 12 X % arithmetric-geometric mean procedure % fiV 7z, hopping Potential v,

DEHE L, dorbital PHFEFNRTWAIHAE 1 FEEMNICTY oREETHHINT, 22T
3

134 B JEF & R gas atom atomic orbital & LTFH ZFh ¢,(T) = (2a,/n) exp(—a,r

1
::mk%éLnl[y—éf,%aﬁﬁ%mﬁiorwa%kﬁ@ﬁﬁm%ﬁ(mm

3
—RiI?) B, (1) = (2a,/ 7 ) exp(—a,|T—R,|*) %% Gaussian Form #{K5E L,
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impurity potentialiZ ix v(r)= 7 e2- exp (—qr)/r ¥&xk. ZDHA, hopping matrix

element V,; X

3 * exp (—a, RY;) (a—29,R,;)?
== 2\4 nz e L 3l lex —
Vi = ( 4d0d1/7t ) (d0+ a, )1/2 ay Rai [e P 4( a0+al)
a—2a;Ry (q+2a,Ry )2 a+2a, Ry

-Erfc | Erfc |

—exXp——— > Er —_— , (3-12)
2(a,ta, )1/2, P Tald+a) 2(a0+a1)'/2}] . (

THELBNB. ML Erfc®iX Gauss DRERIT [ e " dt THAbRB, Nb(a=
3.028Am o Hick+ 5V, ® Order Estimation D72, d it HEFORET x 1 ¥
— minimum O ZfEd b oy = (8/97)ay?(a, = h%/me?) L L, a,/a,=0.25( &RBK
For.m s, size ’HEFOZAO2E) L Lk, Bicz =1, g=1.0a;' & LT
Octahedral site iZ¥3 5V, £ LT 1.13(Aa/a=0.5)~2.2eV(Aa/a=0 BED
2B 5, Ry i octahedral ( 0.5 a ) & UNtetrahedral site ( v'5/4-a = 0.56a)
R L TRES LVWOCHEIH LTV, /W, =0.2~0.4(W, =%Wb W, ixd N
F1h TNb TH 9eV'™) oA TAW 23 E L. BicV, /W, =0.2, € =0.1
w3 5 AW OFHER R, ROBABRFALE TORERE 0,2 ZhZh Fig. 3 U'Fig.
4107 Lize AW, (s i single 27 3) ideg = ¢, (&, REEBHORBICKH L TU<n, _, >

AWS —1. __-‘.N\:(B 0 O 05 """ 1_‘0
_01 s
_03.
VQ/Wh= 0.2
-05}

Fig. 3 Single Interstitial Atom (Z335AW (¢, =0.1)
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Fig. 4 Interstitial Atom IR BEREE

7t} rescale L7 b D TH B ) TminimumiZig > TWT, N FFHRAEEBRWT, 4F
B BOREHERL TWD, Z DA 0, LEDbRATWS Z L 3¥%yH 5 (bonding
L antibonding state D DECHERE ) o AW, IZT 5 ¢, DALEEKGEM L, €, 5 band
edge IEICH BB LRV T—HKIZTHL, EED ¢, KWL T, Fig 3 LEMAICHER O
FLERP/BON D,

§ 4. General Properties of Pair Interaction

IDETH, BART (6, ) RKCEBRFOBBEL/FIBE L 2T, BARTHEHE
HER O—BHy Bl W THRS, %ﬁ@f:&)&:%ﬁ&ﬁi[ﬁ%?@bridge-bihding( 2
SOERBIRT OISR Tbec T o octahedral site 28+ % ) 2B ICEY L 72 gas atom
KoONWTEz 3. Z0ESicdet (1-G°V) &k» 3 &

— 146 —



/
Interaction between Interstitials and @ — @ Phase Transition in  Metals

det( 1 —-G°V)
= 1 ~G,,V,, —Ga Ve, 0 0 0
—(G,V;a+G,,V,.) 1 0 —(G Vet G Vy6) 0 0
—(Gp V1a+GRuV,, ) 0 1 —(GLV,+G,V ) 0 0
0 0 0 1 ~GppV b3 —GrpViy
—(G3;V3atG63V,0) 0 0 —( G33V36+G34V46) 1 0
— (G4 V,a1+G,,Y,0) 0 0 —(G3V361+GyVye) 0 1

= {1 - 2Va2( G0+G1) Gaa} { 1-— 2V3(G0+G1)be} —VaZVbzGaabe( G13+G14+G23
+G,y) 2 (4-1)

TthEzxzbh3d, ZZTEARFfa, boEIERFAEREAFNL, 2R3, 4L
Tz Lo THRBRFIOBEER AL X— 13 (4-1) THHEZEZRBLT

3
LW, =——3—fwf Imin [1 — V(G y+G, +GytG,) Y {e — ¢, — 2VE(Gy+G}2 ]de
(4-2a)
(4-2b)

~

2
A P TRy i
THET D Z Lotk D, (4-2) De, BERIR ( Screening ) D7 ITIIL DA D
e, LIXRABZN, ZoBSRETFHHEEAEOELSIES L Cancell 50T,
pair DA D €, XL ( single ) DFAD ¢, FHIIEBWZ L4 5, Z ® Cancell-
ationiX Hartree or Hartree-Fock (ZIT{EUEH DB T H S A%, pair-resistivity ¥ susceptibility
DHECRIBH S ALV, P Z Tk 7z /AW, ix Anderson Hamiltonian{Z X DEFE L 72
localized moment ] 8 ELAF A1 % Btk ki T ORI TR AV oX LRBIL T
WBERDY, BEFRRKKY®EZRL TV, (4-22)TAW,Dbound state p> H DF

&ML TRHETDH L,

LW, = 2( ep+ e — 264 ) _%fef Imin {1 —V,'GZ/[¢ —¢, — 2VZ(G,+G )P} de,
€0
(4-3)

BLGs = G13+G14+G23+G24 ’

€ps — €a — 2Vaz'Re [Go ( €hs )+G1( €ps ):] =0
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e’ € = 2V2oR, [Go( €3) +6,(e4y) £Gq (€3)/2] =0

ThHd, NI VEBBROIRE (¢ >+, V, DWW, ) TAW, k#7214 D % Table
1R LTz, & ->-F00’C“AWS =AW, = 01XV 23 pure off-diagonal TH 57 Tr Hy=
TrHEWH BEICHEL TW5, Tight-binding & 7 /v TAW, & EFELIRER & Fig.
5 ~ Fig. 71Z5R L7z, AW, i3band filling D EERIZ G U TH B & % X 5 AT elasticZ2dipole-
dipole FHEAEA & Rig o T W5, Fig. 5§ XU Fig. 6 ® half-filled f1 DA idelastic/e;
HL&—%T 5. Fig. 5KU Fig 6 EMIZERMIC L CBRISHh 5RBABEE D Super-
Structure DR Z /R L TWH D, ZZTRINUEBHBLARWVWI LT 5, Fig. 6 &

Fig. 5 SHEEEHR = 2L ¥—
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U'Fig. TICB W 5 AW, DERBRARSSICHAOHEE L Bbh 5. XAW, ¢ ¢, KFHE
IT—M%I255 { bandedge FTEL RN T, 1RiFe; — e, OEKCTERIIHKS (V, >W, Tix
€, RN EL 72D 5 Table 1 ) . RIZ | AW, | OB KM & sitel B 2HEMER &
KT T ( bound state 234 U ARVIBEIT ) < 100 > 51 CERHKE 2<% &, %
FREEEORBME T 1 ° AIBNRERNE L TWAZ A0 5 ( Z oA TEREGRE
LORERFEREERY LHEIE L BR-TW3) . - CTRB/ERH TORH
- #RAR - FHERFE 1L shortrange DR F o v v L TRBINSRICHB L THRRARE
T eI B,

\o/T=2

Fig. 6 SHHHEEH = 2 v ¥ —
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Fig. 7 XM EfER = 2 v ¥ —
§ 5. Pair Interaction in bcc Lattice
I DETIE, tetrahedral sitelZHE¥E L 7z gas atom B OMEMER O A E 2 5. BTHEH
7 pair (Z i direct-interaction (hopping) NI ( T,,,. Ty, ) bEE T 5. FHE 5 X single
DFELFHETH 50O TREBEROLRT &
det ( 1—-G°V) .
= {1— 4Va2(Go+2G111+G2)Gaa F{1— 4Vi( Gyt2G, ;1 +G,)Gyy } — GGy { T
+Va Vo (Gig+Gyg +G G +G Gy + G+ Gy + Gyt Gy + G, + Gy +G
+Gyy + G+ Gy M Toa+V, V, (G + Gy +G,, +Gf+G,r +Gyy + G, r +G

G+ G+ G+ Gt Gy + 61y +Gy +Gy )} e (6-1)
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BEOND, ZOREIX Alexander & Anderson 75 magnetic atom [ B/EH CH - ER
LEMTHDZ LB DD, (5-1) 2 bgas atomEHEER T 2L F—AW, 23k 5 &

AW, _—_—~72z—_fo:f [arg{e—¢, — 4V3(G0+ 2G1U+G2+Gs/4——t/4VaZ) —is } +

arg {e —e, — 4VZ(Gy+2G,,,+G,— G, /4+t/4V? ) —is}]de —2/\W, ,

(5-2)
THzbh 5, {EL t = | Tab l = | Tba | ’ Gs =G13—|—G13/+-.-+G2/4/ ThbH, (5_.
2) O ¢, AMEEROEELZH K, ¢, =¢, +U<n, >
~ : (T,+ V2G, )? ~
S >=%Im‘foof [e— e, =4V (G+2G,;+Gy)— = > ] de,

f“ea_4VaZ(Go+2G111+G2)

(5-3)
THEZLNBDT, singleDPBD ¢, LBARB N, | T+ VG, | € | VI(G+2G,,+
G,) | DIFAEICX, Hartree-Fock BT BIHEIEHTE OZERSY & Cancell 3H S DT, single
DFED e, (FIKER) 2HVWTRWZ Litkd, ZZTORMIAW,(H in Nb)
? order estimation IZ& % @ T4 parameter ( <n,, >, U, Work Function, €,, &g,
Total-Screening Charge AZ ) [ B 72 self-consistency & B3R L 72 2> - T2 B ZITAZ 1
( tetrahedral site)

2
NL =

Im [ 1 1+ V23
e —¢,—4V?(G,+2G,,,+G,) { 9

(Gi;+ Gy +6i,+ Gy ) (G, + G +G, + G2’i)}de

4VZiIm {G,(e)+2G,,, (60)+G,(eg)})
€¢— ea—4VazRe {Go( ef)+2Glll ( €t )+G2( € )}

-1

2
Y/
THz2LHMEM, AZ=0.9~1.18EL Lk, Tetrahedral site IZEYS L 7z gas atom
BoRBRHEER L (5-2) TGy=3G,+8G,,,+4G 4+ G,y & THhiX, B TORIE
pair COWTKE D, /> TZDHE, MAEIERIC “angular position” HY 7 fKFFHE 5 4
(BBOTE (liquid) A OB NSRS CHIHIRS . Fig 81V,/W,=0.2 , ¢,=
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Fig. 8 St AEH = 2 v ¥ —

0.3, t=0.0, 0.05, 0.1 T5AW, DHERREER L. AW, IKHT 5 ¢, 4K
FIXFEO DT, gas atom DFITHERAEEIER X repulsive & 9 b attractive (272 % RIFEFE
(HRITHL 12 ) PRI EERLTWS, FIREA parameter DEIFAAN TND or Pdic
xt3 %AW, & (attractive ) 12725 ( — 0.1~ 0.2 eVEE ) HRICH 5 L E 25,

§ 6 Concluding Remarks

BiEE % TIT, gas-atom IO EMEM % tight-binding Tl TR T &7208, ZDE TR}
Z h o OMESHE D Nb-H %% CHRI & h TV 5 gasliquid HIERBIC 5.2 5 B2BIC >\ Tl
HASTFHEAELEZAWTHANS, 2ol T, HEFHOHEER 7 2 —4— (F
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¥y ) #u L +5% &, chemical potential # ( =d(U-TS) /0N ) iX

#=—uc +kT In {2 1 ( 1+ Y, (6-1)

ThHEabh 5,
{B L, ZiXmaximum concentration, n % interstice®@EHIFJRER ¢H B, “h X v C. Kk
OT, #kbs L '

0 [

on—1—-(n®—n+1)
—_ bl _2
C. =14 EICES (6-2)
3
3 0n2 2 2
T — gz 22°—3n 3n+ 2+ 2(n n+1), (6-3)

Cc

27n(n—1 )%

b5, n=3 ( bce o tetrahedral site ), #fWAT 2L C,=0.3924, KT, =
0.176ul THBDT, Figl DREEEYC.=0.34, T, = 450K #Hv5L u=
0.25eV2fFoh s, Zhick L TE 5 EORIEEFRTHEBEER =3 ¥ —0fE(0.1
~0.2eV)BEALRETHSHLEZ D, ZHidgs atom HOMEER KT Selectronic
BB OE B £5R LT % & FIIFIC gas-liquid FBE IO T 2 ZBloEEE LR L T
5. fER N LOFERBORK L L Telastic KRR OABH I THr, T TE
electronic 72 R RO EEM: % pair-interactionPIE THRIF L 7z, 5%, THhOHDORERITHE
EOZEOYEL LE» iz CPAME ) W'Y B BER B, KD elastic interaction
CEREBEVWIHRRIERFT S5 EZLEbh 5.

RiRIC, fx OfFwmyIE vk ¢ BRICESH LET.

Table 1 #FMRIREOSHHEEER

€y —>+00 Va >>Wb

VALA 0 —24/2V,
I,+0 22/ V,) 2, ©)=0

AW, 0 ) ,
—2V, [{2+1,0}°+{2—2, O}*—2v2 ] #, (0) 0
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sy O= 215 O+ £ O+ L5 O+ £, O 12 D)= 21,3 W+ 4, DF £ (D 94 D

s @ 1y @= [ ()" ImG,; (Nde’ Tk D EEE A,

I =2 Imln[1-G6%4(Gy+G,)’ Jde THx bhBEK TS,
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