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Structural Characterization of Complex Systems
using Anomalous X-ray Scattering (AXS) coupled
with Synchrotron Radiation

Yoshio WASEDA and Masatoshi SAITO

Institute for Advanced Materials Processing, Tohoku University

An attempt has been made to describe the fundamentals of anomalous X-ray scatter-
ing (AXS) and its potential power for characterizing the structure of various materials
in the variety of state. The usefulness of this AXS method coupled with the synchrotron
radiation source was demonstrated by some selected examples of crystalline and non-
crystalline materials. This includes the separation of three partial structure factors of
molten CuBr; the accurate estimation of the environmental structure of a specific ele-
ment in Cu-I-Mo-O type superionic conducting glass, the determination of cation distri-
bution in spinel ferrites and the direct determination of the number density of atoms in
‘the near-surface region of oxide thin film formed on the stainless steel surface.
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Figure 1. Energy dependence of the anomalous disper-

sion factors for Fe, Co and Zn in the close vicinity of
their respective K absorption edges of 7.111, 7.710 and
9.660 keV. The experimental data of Zn are taken from
the results of ref. 9.
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Figure 2. Schematic diagram for the application of AXS to the measurement for a film on a sub-

strate and solution contained in a cell.
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Overview of the apparatus(AXS—1) for the
AXS measurement used at Photon Factory.

Figure 3.
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Figure 4. Schematic diagram of the AXS measurement in the reflection mode from free liquid sur-
face by changing the beam direction using a multi-layers mirror system.
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Figure 5. Typical spectrum of scattered X-ray photons
in the measurement near the absorption edge using a Ge-
SSD. The data are taken from ref. 17 for Mos,Nis, glass
near the Mo K-edge (20.01 keV).
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Figure 6. Coherent intensity profiles of the molten
CuBr in electron units per atom.
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Table 1. Anomalous dispersion terms f (E) and
f"(E) used in this work.
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Figure 7. The ordinary interference function Qi(Q)

and the environmental interference functions QA4 (Q)
and QAic,(Q) of molten CuBr. Solid lines correspond to
the experimental data. Dotted lines denote values calculat-
ed by RMC method.
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Figure 8. The three partial structure factors for molten
CuBr. Solid lines correspond to the values calculated by
RMC method.
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Figure 9. The three partial pair distribution functions
for molten CuBr.
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RN VERTH S, TD LD HEEICK L
T, BMTTROREBE YO - L (EH
TE5 X BREFHAENEDIEZ2RET 5,
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(Cul)03(Cuz0)0.35(M003) 935 7 T AT DWW,
Cu B LU Mo @ K Wiy (20.002keV) X1,
=258 KU —300 eV EEN /- A X R RI)LF—
IR LT U7z X SRR B HELE OB R,
B on/: Cu 5 XU Mo OREBEEICHIGT 57F
R B0, BHEOBE—TRVF—IZ LA
B L ERIRETI, iz, COfEE%Y Fourier ZF
B TEONAEES AR TRINICRT, 2O
A5 A4 DO &L DT, WMEORELE
B DOBFERIZI0OEO X T HEA Z [ L7 R TH
o LML, XBBEFRIALZHAE LI-RERE
BRI 4EORTHEBEDO A, FlziE Mo D
¥ 4 Mo—0, Mo—Mo, Mo-1 5 & U Mo—Cu X7
HEDAEERE I NI IV, RINZBWT, B
DOERGMBEARIZE 51 50.19 nm fHrDEE 1 ¥
— 2703, BRTEDOA X VEEOBFEHRH» S Co-
O & Mo O XTHEEOENEG LY & B3 UMt

observed
- calculated
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Interference functions
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T

s Ordinary Qi(Q)
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Figure 10. The ordinary interference function Qi(Q)
and the environmental interference functions QA4iy,(Q)
and Q4ic,(Q) of the (Cul),;(Cu0)435(M0O;) g 35
glass. Solid lines correspond to the experimental data.
Dotted lines denote values calculated by the least-squares
variational method of Narten et al.®?
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Figure 11. Ordinary radial distribution function
(RDF) and environmental RDFs around Mo and Cu of
the (Cul)g;(Cuy0)45(M00O;) 35 glass.

W<, sh EoBRIIBoNE WV, LaL,

Cu-0 FEF~7 B2 Cu OBRIEE 5 FBIRIC
HIE LA SIS L2 BEHE O RDF O
F1Y—2713 Mo-O OXRTHEDADE L L%
z2bhb, =7, CwlIRTHEETFHINS
0.26 nm O '— 7 1% Mo OBRIEEN RS MBI

BT, XRERFRELERA T oBEE L T

WAHZ EERRLTWA,

AT T HERNCRE 3 5 RS L U DRLAL
g, /ST AHE—27 OB L ERIC K-> TEH
T&5%, L2L, 2, F308LEDOTHHE
ICDOWT A AR RBES MR L1 51Cid, &
pfEEr C AR EBICRE LS T T Ve MRS
e U CR/NEEEIC X > TR#E{LT 5 Narten
LOFEDPHRITH D, TOFEL, T
BRI CI3AEBI 2 s o A BEBE S BEN 5 & BB
BIAM 4 LI IC O A R T S o3k
FRRICH LCES R A menTnwb, B
FIZiE, SO XD ROTFHELKIL, EohoX

T ERORERE, BRI X OSEE E AR A
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7= Debye DR DOFIE LTH 2 b AL EFEITRE
BOHFEHT &, HEREKRF IR IR 5
% T EAR SRR b OF 5D Of &% 2
ThWEWSYBPBGRICERTE VT 5,

COFBEE (Cul)s(Cuz0)0.35(MoO3) o35 55
ZIZOoWTHE LN 3 DO L-FERT— X
WHEAL, HI0DSCRT X512 3 Da Rk
ICHEIHTE AT HBOER S JURME L, &
INEFEEIC L > THEE Lz, BoNER2E2
IKEEDTRT, CNHLORER, KOBHENEE
IR S 7z,

Mo 130.187 nm D FEEEIC6. 18 OB 3R R T 12 B
FNTW5, COFEREL, T ABEFPOELE
LA MoOg ANHAETH S & Rl LT
%, Fiz, CuliPERE0.261 nm IZ 35\ CTFH1.3
BOEKFA T VICEHEN TS, COMEIRERS
FUWRL Cul3® TRRYD BN AFLALE 4 12~/ S
Ws, Cul & LCiEmansz Cu 4 A 1 EH7:
DOIATHEA L VOB EITFL3 LB TE 5,
F 7o, BElCul I B8 \WTi#90.34 nm fFITICFR O
b B $E Cu-Cu XTI, O H 5 A
Ky RESIND, Lich-T, BEhCul ELO
BETICELN/ Cut 4 VR TS AEEPIC
HFEL, hBiA AV EEBICESTL2E26N0
5o Tk, TZIBIR L7z Cu-I-Mo-O A A+
BESENT S AOREEMRITERIT, X EEFHEL
IZ Z ABRITHE IR OB M 2 BRICERR L Tw

Table 2. Comparison of the structural parameters of
the near neighbor correlations for the (Cul),;(Cu,0)¢.s
(M0O;) 35 glass determined by the least-squares varia-
tional method.

Pairs r/nm N
Mo-O ©0.187£0.002 6.1+0.4
Mo-Mo 0.3500.004 3.840.5
Mo-Mo © 0.394:£0.002 2.5+0.2
Cu0 0.186+0.006 0.5+0.4
Cu-l 0.261:£0.004 1.3+0.4
Cu—Cu 0.34140.002 77+0.3
Mo-Cu 0.449-:0.002 1.3£0.6
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B, COAXVEBETS AOBKEEHIL, A
BHOTERITEE PO b T MhindhEITL - T
b3 2R 3 5 O T+ 5 BB 2\,

5.3 AWM BR 774 MCETBBA A

YA POBBRE

A R)VRIDE i & RO BEIC IS B4
AVHA M, BESR 4 LA & AR 6 BLAZ O Y A
FO2EEND D, BKPEET TN ENOY
4 Ve hETATROER E T OBICEEICEE
T5TERMENT VA, MFeyO4 TR SN
BACRINT 54 Mid e DRFEFICTHAHD, W
SRMEOHR T BRI Fe LB T HTTEM
1%, Fe Y EFHES DI\ Zn, Co B 5 \\Iid Nix
ED72%, BEOBNTIEBA A VA FERRE
T5HCEIRES TRV, CORBICH LT, %
KT HTUROBINIRAITEE CTET 5 X REBER
GLEFIAT HMITTRDOTHERTH 5, Xk
AT f 9, BRESESRICH > TRTZRVF
—KEHEEFIFAT 58T, AROIERIROEE
ERBREWNTE V. LL, Wb THE
Al #HiR d AR CREITY—27 O 3+
—KEHICEADBRBIND DT, TORBICIG
LB f7hbh 5,

TR hkl RFICH I 5 E— 27 OF 5 RE
Iiwld, RO XD, HER%FHOEERTF Fiu ©
ESHEDOZFICHAIT S ERMOEN T BY,

Liw(E) =Kply(E)J*PLA|Fyyl?/v? (10)

22T, KiZAr—)VAEF, p 3L£ERTF, Pit
mHAF, L1 Lorentz RF, A XWIRETF, I
(E) B A XAFOME R LU v [ TBAETFOGF®
BTHh %,

AV FIVHEEIC BT 5B ER T Fiu
i3, EE3E 4 BLALO tetrahedral A + & B3 6 FL
fL®D octahedral ¥4 T, I LICEEENEBT S
YA FPEAWTERATEZ BN 5%,
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Fuu=fu exp [Bu(sin 6/1)*]
x > exp [2ni(ha+ky+1z) ]
+ foet €xp [ B,y (sin 8/4)%]
x > exp [2ni(hx+ky+iz)]
+ fory €Xp [ By (sin 6/4)%]
x > exp [2ni(hx+ky+iz)] (11)

ZCZTC, BRREERTFTH 5, SHICEHFELE
fradid s Fedt 4 XV ORE 2 TR &, B
FABA B LUBME6RMOY A FOBMERT
i, FNENRKTERIERTED,

(2—x)
2

fu= A=Dfirttfees fra=g fu+ Fe

(12)

x=013FXNTOEA A VA BE 4 EAL, v=11F
TRCDEA A VPRFR6BAOT A & hHD
HEBEITHYET 5,

XBREBECET D I SERT220T
FIVF—E BLU E #EIRLE L2 —
7 DEREELE P, exp 13, KRR GEFHICHEM T
% & O ICHERFRIRRER T O BRICTHAIT 5,

Vi, exp:[hkl(E1>/Ihkl(E2) oc | Fyu(Ey) 12/ | Fyu(E,)
(13)

—75, IREOMNEBEEZRHEDTRNED D EKET
i, ADXER WS R%ENEER T E
TEADTELE—7 OME N 1y, et ZHEHTE
%o Bl 213 ZnFepOq 1T 35 W THESE 4 BLfz % 5 0
BInt A FVDOEEGEBEALSKIIFED [ Fon
(E) 12/ | Fuu(E2) 12 DFTEFZB121C0R T,
B, TIT, 440 4 BLAzds LU 6 AL
200U FPOLOFENFE LW &, 222
MFEOEME EDLBA T VOEEDAT, B
FARMOMNBEL HETHEA A/ ICide &
BAfRn /-0 —EH AR T,

WEPK BI0EE IS (199745)
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Figure 12. The ratio of crystallographic structure fac-
tors calculated at two energies of E; and E, as a function
of Zn, occupying the tetrahedral A-site in ZnFe,O,.

BHEW A A v O id, 3T Rietveld
B3 LA E DY T, Iin(E) /Lim(E) ORIEHE
ExmBAL I TEE L [Fu(ED 12/ | Fiu
(Ep) P DRI L, KR TERIND Raxs B
FHRRNETLD LD, TirbbkbEMT—X
T EERT B 2 OERBRET S,

RAXS: Z I:ﬁzkl, exp 7,lzkl, cal]z/ahkl, exp (14‘)

T 2T Oppexp V3 (1=7np exp) 2 DEAGEIRTH
5o

B, B X BEREHEELIGH L, ZnFe;
O4 B LU CoFex0q I 5 Zn?+ 3 % ik Co?*
AT VOEBEY A PR EIN/30, B3
ZnFey04 D ITER A S 722223 L U422 5
LT A E—27 D, Zn B 5\ iE Fe O K HX
WRIZ 1T B TAHIOVF— KR ORIES ZR T, C
D &5 7 BELEREE . L (Ev) [ (Ey) OBEIEME L,
x RS TEB U [Fu(ED 12/ | Fau(Es) |2
DOFHEME & O, & 51213 Rietveld ¥ & O
MAEDRICKD, ZnFey04 TiddXTCD Zn2*
AT VHBRRABLLDOY A P2 Dbl L, —
77, CoFey04 Tld 4 Co2t A AV D25% 1 k5% 4
FALOH A MZHMLTHNS T L, EEMICH
LEhicaInics®, &2 ETIC, CO2EDOA
VXWT 254 FITRT S e exp 3 5 L Vhtt, cal
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Figure 13. The diffraction peak intensities of ZnFe,O,

measured with two energies at the K-absorption edge of
Fe and Zn. Solid (7.086 keV), dashed (6.961 keV) for Fe
and solid (9.636 keV) and dashed (9.511 keV) for Zn,
respectively.

Table 3. The values of ryy, ., Obtained by the present
AXS measurements, 7y, .o calculated from the model ca-
tion distribution and the resultant inversion parameter x
for ZnFe,0, and CoFe,O,

ZnFe,04 CoFe,O4
Reflection -
: Tukd,exp - Thkd,cal -~ Thkd,exp. -~ Tht, cal
22 1.02 1. . .
FoARS 4: ‘ 50’ 1.00 083 -.0.83
222 0.40 - 0.41 0.66. 0.67
e : 098 098
Co AXS ;
2 o 088 086
snaxs 422 0.76  0.79
‘ 222 1.02 1.01
inversion parameter x = 0.00 0.78

DE#E3ICE &0 TRT,

C DRESHODEEFIR T SRR,
HRHC B EN B TEROBICHIET 2 1EH% 75 %
LCHATE 20T, MRAIAFIR L7 iR
 BSET O, Rietveld SR 7z ¥ % LTS
BEELBONKARE, TROLMEEL L
WES LD, Licho- T, BEER LY 2
A o T 30 7 & DS B AT IC &
FHRETH Y, SHEORBROFBIIHETE B,
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5.4 B4 EREOREEFEBEEDORTE

X BRIt 2 BEOBFIE2(E) 1E, 1 L0db
THIPIVEBETH B0, X EFEFH
TEREICH LT, FRICERVAETAHIES -
[&RE& | PRI 5H, COLRMERA LT
AETXHOREL, REOBSI I LI
BEEBICHET 5, COBRGEFAL, X
DFRAGES & HIfH L CRER B OBREZIND B 5
FHENE RS X RREETTE Ch 54040,

—77, RMOYBERENT B OB 21T 51T
FEBRTROENSE (RTREE) ©mM50
BRD B, WEKELEOMBIC DWW T
SIMS, XPS #OREH T FEEIC L 0 LA S
ICHRETE AN, BER IV HRHCEW A FE
DOERBEADIEAITEE ERFRTH D, ERxavic
ROBH T LT TRERRRTICH 5, ZOWTE
FOFEEAHETAFEDOLDE LT, XHER
WEEL & ENHBE T EA GO IoRAS X R
FEE S8 (Anomalous Grazing X-ray Reflecto-
metry: AGXR)2NH 5, O LWVIEEENT
BORFERMEEORELS LOEAEA%Z, HITIC
BT 5,

&R RRAEE N7 PVICHIET 5 o (E) /A
ERESEHEOBMRIT, WA THEZONA,

o (E)

; =J2;pﬂa+ﬁdﬁ) (15)

/4

CCC, Zy BRUpp Bk LHROREFHES LT
B, 7, IBFOHFMREETH S, BEDIRILF
— IR TIE, BEHSHEAEDO 15)XADFHI3 /)
XWDT, BREFELARY VO L)V F—KEM
BIZ LA EEETES, LL, AFHXBEOT
FIVF— DY &R 5 TR OBIRIC ST\
&, BESEDRICI > TEFOXBICHT 5
RN OBELRE A EA L, TR w(E) /A1
4D LS ic/heixk, FOBALEITETEEL
R LTOWARTRICKE TS, CORESH
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Figure 14. Schematic diagram of the experimental
mode by the AGXR method.
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Figure 15. Experimental reflection curves of gold-
colored stainless steel measured at the lower energy side
of Cr K (5.989 keV) and Fe K absorption edges (7.113
keV).
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Figure 16. Plots of 4 (a.(E)/A1)2for gold-colored stain-
less steel as a function fo (B) or fr(E).

BWE fre(E) OBEFE L ORLIERTH 5,
INZNOHEMBOEEMOLEHINA ATV VA
METEMILEF O Cr & Fe R T ORBEEI,
11.8+0.4 atdms/nm3 ¥ X U7.4+0.3 atoms/nm3
T, ZOMBIE Cr/Fe=159,7:1, T OfEI
Avger BT o HETEHEOLONIHER (Cr/Fe=
15) L FIE L7p\ & L AR S i,

AGXR i3, BEABELNYZ PV OERFTET
HRBETHEOBRENHERINSDT, AEDHE
SHED R R ENDE TN ERFIETH
5, ki, AGXR I3, #f - ERaiHb s
o OB L CHEATEETH 5, L,
X BEEHIOFHIC B T—EBNICE 25T
ETHBHENY, BatB UL TOMETTRICH LT
AGXR IEEOBIE T TIL, ¥ Lb+57k
REMEONTWERICHEE T NETH 5,

6. HHYIC

TEECEE L TRIVE—CETS X BEE
DUEDE| RFEANCHIE T A HEREIL, AT
R LA DD S SWOEME LI,
s FEFERD D WIT/NILY  BEERID S O
B, SEXERRBICOVTHEDTEL, &<
i, HHSRT, HOBEFEEDFVTEIEE

313

NABEBNERETH, SO, WHEEKME -
REICRE S ARSI LT, ERASMICHEY
THRIETT, FRERNICYWEREOE S TH
DOERAE DN 5 &R XEREET « LHE
e X BETHILrEAGDLEA T LD, F
WHICEDTFEEEZOND, Tk, AR TEK
HEORE TRATER o 7eh, X BREFHEL
BRI TNE, BETH—EIROY A Xk
5 X N EEEL (SAXS) OFIcE VT, #
EARH—%E| 2RI LTV ATTREEE LIcHR
CECTHARAL S ENTREL 05 84546, H5
WIS BICHFET AR FOBRICEDN TRE
OFETIE LY [HE] CBETAB0EBER

SEUD H LA48), FEM7R 3N AIRER C & E,
BIED AEENMB LN TV, X AR HELE
i, vV zE raVBBHEOFIRIZ K-
T, B LEHTHROBRFESITN L TKRIR
% O F| A T20~25% , L W I ¥ o ) i c40~
50%VT{ ECHKTELDT, SHDOERMNK
WIZHEIFFTE 5,

BRBIC, EEEPEM L T X BREEHIL
DT, %< DT« DEEE « HEOWH %1587
BR, WO CTRRICE -7z, LI, FEPRE
AUNR—=TH - JBRE—FEE (FHR), £
WFIESeAE CGREALR), KHBAESRE (KREK),
LEBEIRE O HEREELE GriRKR), REE—E
H (WR), teARIESEE (KREK), T ERES
(Pennsylvania X), %% W B ERI IO W
THE L@ AW ARESA, MTIERAE,
TREIEWEAE, THRESL, TREBREE, Bl
P, NMUBRICSHOTRH LET,

BE MR

1) R.W. James: The Optical Principles of the Diffrac-
tion of X-rays, G. Bell & Sons, London, (1954).

2) G. Materlik, C. J. Sparks and K. Fischer (Edit-
ors): Resonant Anomalous X-ray Scattering, North-
Holland, Amstrdom, (1994).

3) see for example, L. V. Azaroff: Rev. Mod. Phys.
35, 1012 (1963).



314

4)
5)

6)

7

8)
9)
10)
1
12)

13)
14)

15)
16)
17)
18)
19)
20)
21)
22)
23)

24)

25)

T. Shiraiwa, T. Ishimura and M. Sawada: J. Phys.
Soc. Japan 13, 847 (1958).

D. T. Cromer and D. Liberman: J. Chem. Phys.
53, 1891 (1970).

F. W. Lytle, D. E. Sayers and E. A. Stern : Jt4
Y6 1,47 (1988) 5 HAFER, AABREFSE
31, 263 (1989).

Y. Waseda: Novel Application of Anomalous X-ray
Scattering for Structural Characterization of Disor-
dered Materials, Springer-Verlag, Heidelberg,
(1984).

U. Bonse and G. Materlik: Zeit. Physik B24, 189
(1976).

K. Shinoda, K. Sugiyama and Y. Waseda: High
Temp. Mater. Process 14, 75 (1995).

A. N. Mariano and R. E. Henneman: J. Appl.
Phys. 34, 384 (1963).

S. Hosoya and T. Fukamachi: J. Appl. Cryst. 6,
396 (1973).

R. J. Wakelin and E. L. Yates: Proc. Phys. Soc.
B66, 221 (1953).

H. G. Baer: Zeit. Metallkde. 49, 614 (1958).

L. P. Skolnick, S. Kondo and L. R. Lavine: ]J.
Appl.Phys. 29, 198 (1958).

N. Sakabe and K. Sakabe: J. Crystallogr. Soc.
Japan 19, 144 (1977).

Y. Waseda: Photon Facory News: 7, 13 (1989).

S. Aur, D. Kofalt, Y. Waseda, T. Egami, H. S.
Chen, B. K. Teo and P. Wamg: Nuclear Instrum.
and Method in Phys. Res. 222, 259 (1984).

N. V. Rao, S. B. Reddy, G. Satyanarayana and D.
L. Sastry: Physica 138C, 215 (1986).

T. E. Faber and J. Ziman: Phil. Mag. 11, 153
(1965).

S. Biggin and J. E. Enderby: J. Phys. C. Solid.
Stat. Phys. 15, 1305 (1982).

R. G. Munro: Phys. Rev. B25, 5037 (1982).

P. A. Lee, P. H. Citrin, P. Eisenberger and B. M.
Kincaid: Rev. Mod. Phys. 53, 769 (1981).

E. Matsubara, Y. Waseda, A. P. Tsai, A. Inoue
and T. Masumoto: Zeit. Naturforsch. 45a, 50
(1990).

E. Matsubara, Y. Waseda, A. P. Tsai, A. Inoue
and T. Masumoto: Zeit. Naturforsch. 46a, 605
(1991).

E. Matsubara, K. Okuda and T. Saito: Zeit. Natur-
forsch. 47a, 1023 (1992).

26)
27)
28)
29)
30)
31)
32)
33)

34)
35)

36)

37)
38)

39)
40)

41)

42)
43)
44)
45)

46)

47)

48)

B EI0EE IS (19974)

M. Saito, C. Y. Park, K. Omote, K. Sugiyama and
Y. Waseda: J. Phys. Soc. Japan 66, 633 (1997).
R. L. McGreevy and L. Pusztai: Simulation 1, 359
(1988). ,‘

K. Omote, M. Saito and Y. Waseda: J. Phys. Soc.
Japan 66, No. 5, (1997), in press.

J. L. Souquet: Solid State Ionics 5, 77 (1981).
T. Minami: J. Non-Cryst. Solids 56, 15 (1983).
M. Saito, K. Sugiyama, E. Matsubara, K. T.
Jacob and Y. Waseda: Mater. Trans. JIM 36,
1434 (1995).

A. H. Narten and H. A. Levy: Science 160, 447
(1969).

Y. Shirakawa, M. Saito, S. Tamaki, M. Inui and
S. Takeda: J. Phys. Soc. Japan, 60, 2678 (1991).
T. Minami: Private Communication.

R. J. Hill, J. R. Craig and G. V. Gibbs: Phys.
Chem. Minerals 4, 317 (1979).

Y. Waseda, K. Shinoda and K. Sugiyama: Zeit.
Naturforsch. 50a, 1199 (1995).

H. M. Rietveld: J. Appl. Cryst. 2, 65 (1969).

K. Sugiyama and Y. Waseda: Mater. Trans. JIM
30, 235 (1989).

T. Sakuma, K. Sugivama and Y. Waseda: Mater.
Trans. JIM 30, 365 (1989).

W. C. Marra, P. Eisenberger and A. Y. Cho: J.
Appl. Phys. 50, 6927 (1979).

J. Bohr, R. Feidenhans’l, M. Nielsen, M. Toney,
R. L. Johnson and I. K. Robinson: Phys. Rev.
Lett. 54, 1275 (1985).

M. Saito, E. Matsubara and Y. Waseda: Mater.
Trans. JIM 37, 39 (1996).

M. Born and E. Wolf: Principles of Optics, 6th Edi-
tion, Pergamon, New York, (1980).

Y. Sone, K. Yoshioka, M. Tochihara and O.
Hashimoto: Kawasaki Steel Giho 21, 34 (1983).
O. Lyon and J. P. Simon: Phys. Rev. B35, 5164
(1987).

K. Sugiyama, A. H. Shinohara, Y. Waseda, S.
Chen and A. Inoue: Mater. Trans. JIM 35, 481
(1994).

E. Matsubara and Y. Waseda: J. Phys. Condend.
Matter 1, 8575 (1989).

K. Shinoda, E. Matsubara, A. Muramatsu and Y.
Waseda: Mater. Trans. JIM 35, 398 (1994).



BEA F10EHE3S

(19974F)

315

B4 7* > BEE

Al AT 5 LEWGCBRE TR E A 4 vinEk
T B RE R B L CEA 4 vl EE (Super-
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Reverse Monte Carlo Simulation (RMCS) :
Hoh ol & oM E DEHF BRI 31 5 L0 F —
Z RO —DDF & LT McGreevy Bic X 0 Bi%
I, BB BT ARET S Eh
SHFEL, ZORTEIIZ~ Y= 7BECER ST
WEET AL, SR BEREN KT 52
CEEBREL TN FE, #7 VY2 L LTI K

THERRED LVCOFELED D, ThETHTHR

E, KB, BRRSFCBT AEMES Thh, ¥

7 EXAFS 0 F — 2 f#Hiic $ L BT B,

Modified Hypernetted-CHain (HNC) Equation

HFRIOHEERARLNONET ¥ v ¢ L TE L
BRBEE, #7 Ve EBRSHER O
57w OMHHFE L LC, Rosenfeld & Ashcroft
& X DIRE S I MAFEREH, LALEROT Y
y VB Y, RORT VY ¢ OO T IC X
L, BIGERRO T ) » CEMCRLTE 5 L5 %

SEMEESGE S TETE & s HNCSEULT, kD

FRE PYRLHNC) X 2Ry ELIHEL,
Fhic X WS HERNC XL 3 REHEOTIRILECE

HTbha X3k ots,




