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UNiGalcItid 3 B KHSIEILTH 5. iz, Fr ZEKHMKIERZROEEEZE2 BT,
CesFen® D BSR4 AIE Lo, MEEEHHTOET LBFEHS v =380 mJ/mole/K* T,
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OB TR VEKRT 2 2L ERELNH 5, BHIICER S L, R TR 2LV O
2L, ZzVIMETRA=NN=Y =0 F v o TDERIN, ZOH A § e IC X - Tl
b3 Ligh, EEMIEEL L LTHEHFINEL S, LHl, Ce# T 57 4+ AN EARSIL
HIKBALEHELTORVONE INFHEETEANTH 5. 4%, LuwFerRic>WLWTHEHD
EBEHBEL TV S,

WIS TFICE B FeRhi-Pd AR DHISAIILE
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1. FLoIC
bec FeRh& 413, CsCIRUHAISE L0, BEO BRI, $9400K TR O sk
YIS —Kisf5 29 2 FF RILEEE T AR TH 5. 72, RURETFEPAPPUREFICEHR L3
ILHRTE, LA (fee), WLEA G (bet), AL (beo) i EEBEBEETEHELL
EXPRIERBEE LD, TR - TRAERME(AF), BHMEFM), #HtE(PM)O 320
WS RS - ET S, COBEROD—E LT FY—r 7S5 —MRAENREZSNTVS,
SO, ERESAEEIN L7 & 212 U5 — s 2 o s 4 5.

2. HWSHE

SETIG o/ FeRhi .PAROMSHHEZR | 12787, PM, FM, AFH 575 =@E&N
x=0.53, T=370KICHEEL TV, £/, PAOFHAO0.30<x<0.65D MHIH TIERICIHHIT 5 Lbet
&% b O ORHMEHAF Pbeotlit % b DM MMHFM 2%, ZhZfibet AF, bet FMfDHh
KBNS, ZOXDICHERMBEICE U TSR SIS LENSEHLTWAZENIDSR
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BVTREBNSTH 3,

3. HISIFAERES

%A F MK O FeRh & £ 114
50k Qe 5 150k Oe F2 1 O i i 15 %
Hind 3 &, AFHDSFMHEAN
—IRAHEf A4 24 (McKinnon
et al, 1970), = DIEH ZHI20k0e
BEOMIEZAT) v REE-T
WAAY, WS L TR IR
ftERL TV A,

—#7Fe-Rh-Pd % T (2 EINE
it L TIESIY 15—k ¥y =
Ry & ERHC IR A NG 5 R IE
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0 & SR R ICO W TFME & AFHOBERE— £ ¥ F OEN SRR HZ KD
% &, bec FeRh&&DBAICIHIEM L FEMIZIZIE—BT 5%, Fe-Rh-PAROBEICIE
Ll bt EfEAREL D, COMBIELS DMSEVA, bethiE% b OFMARETIIICIZ
T OEETHLDT, FMAAFDHTHET B1-DICHERES NS TEULDEEZS

nén

WEBISSTIcEZ bh TV & S BEHLERE TR TRHEIATELRVEEZN VWL 290 R
N, KSR AERO ANTERTI2LENH A,
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Pd-, Pt-3d EB2ESLRICRITZRAMREE

BRET A H @ E

SBICFMME F—7 L1y, EEETEIRHIAT v v VEERL LS LT 54, 0k
7 = VI EHO 250 FYTIRE LSRN SRET 2FNMSN TS (Friedel Oscillation),
REHEARSEYIC X L CTIREEETFO R E VRROBEIELS (sd-HELEA )o C OIREZEHRT
ETRAZ &R, BENESTEZ0LRIBAVNS T ELDICEBEATETH S, LrL, A5
BEAMGETHEPL, BT /U EAMFREIZIRZ R L TW A& R E 1 C 0%
BLTHEEAL, 7V @oRRKERMLEEABBENBRIIZNS, CuMng&£D ALY
BRI O EIEMRT R FOREBOBHA TS B, LOLRMIART v v+ VER(LIERITED K
3 1SRN RN B N E RTINS PRE I NE THIA TV,

PARUPLEE LK BEE TIRTOLERLBLELE(ED, 7.2V @ bERMAFICET
AT 2HICiEE L, PARUPt&3diEE L@ (V, Cr, Mn, Fe, Co, Ni)EDEE£ZAW
THHETFHEERET>1. ZOR, F—73N33dEBREBICE > TIRO L SR 2
DEFIAENHIRT 5 2 LD -7,

1) BEZEEK PV, PtV, PtCrD X 5 LIkt &R % F—7 L7,

2) RE VEER —PdCr, PdMn, PtMnZE0 SGEHEEB A F—7 L1I25E,

3) kM 2 E v O ZE K — PdFe, PtFe, PdCo, PtCo® & 2 ME KM E— £ » bR
O 3FEEOKAIBRIS NS, HHAICPANI, PINITIREAP#EREHLNLE W, ThoDikidd
ANTLL00] #AEICEREL, F—73h3 RHPOREICK > THENRRICELLSTE L0 D,
T VIHORMTH BEMERBA TS, {BL, HROBEKFEIE OARHMIICL-TES
5T, BifRigidBandfIBBIFELL BV EERLTWVWS, ThoDRICHEMOTER
H#ix, ChooENRERICREY, €VLEVETHERO 3 ~10FREICEE->TWEHETH S,
ZORKRBRFOEKFERIE, BTFICHEBEALETH S I ENMHE--TRI-THWEEEZA SN
%, ¥1cPdCr, PAMnE TR 6N 5 A £ U EEH O EEMKT E, CuMn&2054 LERIC,
CNSDRDAE LSS ANRIRGEVOAENERRETSH 5,
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PRAEMET # H = BB
BlEF fiik
ik H Z
B®CH LUN, OlFerth TRABUSFRIMES HHFeOWMEERE { ZLI B 2 ENMBN
TW3, HiZ, CBXUNICETAMERE M SEMMBOMAL L bItiThhEL DT —FMN
HEREINTVE, NILOWTOMETRELERNEAMKRE— 4~ MEFTEEHESN, £
RIS 28y 2 EEEHWTESBREZ(VERS NS L, BUEHasn TV 3, KifFRIdFed
WA EABEICTHNE ZENTE B Fe A AU T —AHEH VT, NII2WT, bS5
FeNx[x=0-1]|DSHHE LTI bDOTH 5, BoNIHERIETIRISRTH, KHFETH LS
HWE AN ERBEEAMTSE— AV M EBETEEEN 5 a’ - FeisNetP O Fell iSO SFE (1L
a -FeDEEZEH OBV &, ik, HittE STV -FeeNid & — VIRE 9 KO SGRREME
hTHB L, A5y ¥ETIERS R FeNIC W T NaCIRY 3 Rk A T49T O E A HAHE
ZRL, ZnSEUIIERIMTH B I LIXETH 5,
+ a’ -FeNz ol 4 dfZE O Feld5 KTA1TO K = 15 B A5 2R T4,
(LML RO TSBMMSOMIZ a -FeD Zh & KE
CIEREDL LI,

+ 7' -FeaN DR 3TT OIS
- & -Fes.aN DR Fa—) —RERNEBEOMAE L LICTR
« ¢ -Fe2N o R T = 9 K, 0.8TO/NX X MRS

« NaCl-type FeN : KBt 49T O TK X IXHHAHIE & 30T O il 5
« ZnS - type FeN : FERHE

EEEBTHHEICLEIZ2XEVDEFPLE

Hifitk T 2R B B oBmOE K

REVEARICRT G RIS RO —FI & LT, BLBRICHT 2R E 0w s EOMBROEREEICSWL
T, &L TEEET A £ DO RE & FeSiOM LA L& - TERAT 5,

8 P FREEAR O LB O TRV O i, 1 BFHRRBICRKEKELTE,

ICHEEREEICRNE, 1 BRI ARY LTS BIRERE RO R U F — (&I & BER T T

WAWARERERMFRINTX /2, JhCHL, HEARERRETH->TH, BEFPSEDRK
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IEHSREGIC X DIIHII NS Z SIS K DR LBIENRE L LV RE VDYWL EFOHFEEZEEHNT S
MIEEZA T bdH B, ZOFEZILTEHMHEAROHLBIEE XALT A0, ALY OWLEDZANRY
PLOWEE WS ZEILE B,

COBEBOIBIC - T, BHELBRIFENLERICED EIC Y(Co-Al)2 RZTHEANIAS
fEMEICBId 5, Gotooll X B LBIEORIEA, Yoshimura ik 2NMROBIE, Wadabic
L AWED B F VIS L LREEMNT AN SHAT 5, BEMaSUTHENENT 5 &, WMHEATHEE
T BEHET A T HHRSHENBENS Z EAREINTVS, ZITHHISNWTOWEERERLED
BLEIc>WT bEiAd 5,

FeSild, ZD/R¢AELHKIEED, BEICLD AL OW L XOIRIENFEINE LV
IS » TZOEMMEHRHNEZ STl £, HHomm»oMLEbicnTws,
hETOEZR, NV FHBECEL->TRENTVE LI R T 2 VIEMOF D IRV TR F —
Fr v THEEL TV S XS WREFEEIROTEE, 1 BEFREICESC L5 EiBICES T,
AEVDWLEDE— FUEAERLE LTADEERES THAI LV FHENZ ORI TH - 72,
2%, EKRTWYWS ZEOIRBOZDEBDFEAICHEDO L WVIRENHF LTV A EEZ SN TV, L
fiOMiyajimall & 2 HLMIEDHTIZ, COLIBEZ AL T B LI WERESZTOIN,
Bl ICTE » TEBRISRIEN LS i & T A, LHTE 32 BUZREKGFENREINTVS 1),
AE VDY S EFERD ANHALBIEOEZ HITT2&, HRINICED X I THERENG LN B A
SVTHHET 5,

1) K. Koyama: Private communication.

(Sr,Ca)RuOsic&17 370 NMR - ZHSEMICL 2B R —U v 7 O

H K E HFH - R
BRI & L TSN TV ASrRuOsE I ERE (2 Y —RE) LIT ThESA
BAROI-OIEEN 2B LIEV A =R ERT, B cB{LY%ETH 5 (Sri-«Cax)
RuOsldxDWARICHEVF 2 ) —REFHBFICHD L, x=0.6THRMHIZHAT 5. EHiICCaRuOsiZ
FD < LR E RIS 2 U — 7 A RANGRTH, 74 RBENEOHERD, HKNLE
WERERRT 12k b5, ZOR, HERLOEZ SN TSN 2 O T < aiibkr) 7548
HEROEZ, S0 VEEHAEL T ->THS I &, HEWIES X OBRESRERRIE ORI S0
28> 7z,
COWRBICE > TREBNDBE L THS &, 4dHEHBEE FROMEgEEASIRuOsicH W TH
BEAEHINGSE - TWO - 72BRC, EFIER S (Quantum Critical Point) % & & - T/VY Y &tk
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CE D&V ZORBEMENH SN - TE I, F1o, ZORIC, BRITORE v « 1T
BEITIOREICEWVWT, RETEH - BRSEMNE U/TIT) H2=7 + — LAERHAEER x (¢=0)Ic
HHld 5, BRr—1) v 7D, R, QCHRK, 7 U EHMRIKE £ TORETLI=
NPT BENRFA SN T LAOLEADS, HEDEZA, TOI=ZN—HLIETA
FIANRT—Y U TERATEAERIZELEELLEV, ERETRICE 2B
MmO « RENIGFINS,

B, AR, 5K - BOKke OWFEORE, KILUBE, WVEE R, v/ —YIHK
20 H. Michor)F, G.Hilscher#dg (H#) BLU<HF 2—+t v v ITFR¥EOT. Imailh#i%
(MRESHERD) & DEFETFETH 5,

BEATILED 2BBERLEYOHM

HEEREAT B X iy

TG T (EEE T, RS F) o0 2MEmEd3dEB2E{tamo / —< v
IRAETIZENS & & DKL WETREOH L WHIIHEH S L2255, ITHEEATICEY
AR O EHERERS R LEEH X E LVWRBEEKY, £{0EBLESS, 2BERLEY, (L&
MIOBEHTICE T R LAEC HRE(LOENE(AFR SN, AFEETIE, Fa Bl
ELtohA 25 —BligE A>3/ NREBRILEMOBEN TICE T 2 KMEDFERITOW
THEY 5,

AN rFREA ZAT—{LEWCoYZ (Y:IVa, Va EIEHE, Z: 1y, [V, Vb k) da/5
FEFY7201ug LTONSBHEE— AV M 2FOoOBREFNEHERTHZ, K113
CoeTiSnDEENTIcH T BUEHEORBELZ(LTH S, R2ITRLicLDIT, MELCIDFa
) —BETclrEHENICH DI S (dTe/dp =

-0.79K/kbar)#%, % O EHHHEDOHXHE 6 - lColTi'Sn
O30 RBEHES S, (LAMO bOIcH~ S b}\ -
TEHL/PE WV, —7, CorTiSnD4.2KIZH sul —Ji’—g: g
B ERELT I & 0 BN 5 (2 g »e

3)e BLEO &S CoTiSnOBENTF ORI~ 3 [ o 1
R, BTN T O BAL — AR & 2o N T }
5. FUHIR 2 B AR O SiE £ S (-
FoCoTiSnicB W T HERl sz, a3 b I200 2;0 3(;0 3;0 4(l)o 4;0 500
T RT—EE£0 ORI EEN TSR T (K)
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375 T T T T T 375 : T T T
Co,TiSn
T=4.2K
370 i v
< 5313} 4
1 365 ?5
=8
o 37.2 r ~
360 371 L da,lIp=25¥ 10°* emu/g.kbar |
355 L L Ee— : 37 1 | | |
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p (kbar) .
_ p (kbar)
42 3

DERBBRERETH D, K dfho 2,00 MiAA 25 -G W THRERL ) FXHIEE
fT-TW3,

AR FIFRATHERR, ke REaK, FbRSWSmESL, SFRREEL, =X
YIRS I, RIRERZUR & ORI T .

RAZRS—HICEFEIN—TX5 U 9 T{LEWY

BERSAFHEYS fH B M A
w® O o
HRAEREE & B # B
CHETIORA 5 —A2h BB fllah, LiczoRIENTER AN TE L, BXEH
ICEEET B &, WE A, Tk, BEE, BEEERICAHINTEN, I, ERICAE
AL BRNEONBEN—T A5 )y AL RRE NI, ThoD(LaidZOfFEL
NEVBVAEIETNA AREBERI NS REEER > TV 5,
AHETIE, Clb, LA REEEE T A A5 —(LEYICEHL, ZOBFEEEINSC
Licky, "=7 x5V v 7 {LEMEERNICTRIT 5.
HRIZROEDTH 5.
1) ALFEHIFM T half - metallic (h.m.) (725 D,
TMnSb (T=Ir, Pt)  CozMnZ (Z=Si, Ge)
2) BEREEEASEh.mICEBH0,
(1) MHE$ 2 (s FERENS ).
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TMnSb (T=Rh, Pd)
(2) RT%EEHRTZ(MEFRELLD).
TMnSbi-xTex(T=Rh, Pd), CozMnAl:.«Six,
Co2sMnGa;i-xGex, Co:MnGei-xAsx, CoeMnSni-xSbx
(3) WESIREEAZEZ 5, LE SRR EEE BHEIREEIC S 5,
Fe:MnSi, RusMnZ (Z=Si,P,Sb) , RuMnZ (Z=Si,Ge)
(4) FFEHNEZEZ S, CLEO/LAEYIE 3 ECKEFEY Th.m P&ENICES,
Co-Ti-Sn, Co-V-Sb
3) CozMnSid CoeMnGe®DEEAY h.m . CiEE M E I e L 57z,
(1) h.m. & B WEFodIic&roliE
(a) BEEREVEHNRL,
(b) Co:MnSi#t CosMnGek D El),
(¢) (111)[EAS(001)E L b Fu,
(d) (A11)EOFEEE Z H TR,
(2) coated film
Mnifi% 2 [Ecoat L 72f&id h.m. 1278 5,
FOlEFEmrA TR, REMS 2BEOMiDE— A ¥ bfthdE— A » b & IFH[E
EThb, --->EBLWL h.m. film

KA S5 —B2FerrVi-2(Al, Ga)l2H T 2 EABTIER & 28 —HBBHKIERHE

HEEA-YH & B B =
FE S ()2 k - T, FersaVi-x(Ga, Si) O (x>0) TR R S Mo S KA DB
BICIEAR LT, TITH, FerxVi-xGa, FernVi,AIDRICEWVT, x y~ 0 ORE(LHKMK
IR R, WLIE, NMREOEREITE 7z, ERICK->THRAZINILI LI, 50%
IEWEDOGMR, LafhA RS —ETHO TOFERETH S, ChEERCLT, 0o
DHETEIE R 2w L 72
BERIEFL O P % Feary Vi AU D W TKRIC/R T, REE(LIZ, I oMcHEEKNT, TR
F— o Fp oy T3y=0T0.07eVERE b ONE, COBEBEEDHESDONY FIHHEOERE—
¥t 3, y=—01TRIERAT, exp(TVYOREKIZDY, T ¥ — VRERENEEERDF v v
THhicTETWAEEL LN A,
—4, FHx RNV, YAIONMR TiORBZELERE L7z, ZO8E5E(ThT)  =constantiZE &



9
9, Ti'OfEidpure Cudk 0 1~ 2#i/h
S, Ihkh, FeV(Al Ga)ldlg 5
Mz metal Tld 75 ¢, heavy doped -3
REfEwmTE B,

Fe ML T, x=0, y=0.10D (LA
FELMID BT, GMRINZHZEN
—48%, —30% (X)) ITEF B, WALA
ENDS, x, y>00BE FehiR s 5 X
7 — (3~5 ug) 2{FH, @ELEHD
SRy —ICL BETAE VO ELELD
ADGMRO—EE > T3 2 & (A 0 5~ ""300 400
WL, kb, 40HEmatrixHVHE
KERR-TWBZENEETHELED
s,

il e g L]
600 800 1000

R, AoRRFEEEPICR 7 5
ARy — (Tv¥—=y VRE?) NEEL, :
WIShTHRALOFAE L ICEBNELD, - AA‘A
¥ O CHRE L B L ERD £ 15 - e
L. EEHEAOEIE, A% SGMROE = b L.
WAL 125, COM-TEBHD(La, g - ® o]
Ca)MnOsD ¥ 1 7, @MnEEE I - -25F L ;
VI, M- V@S0 5 A 7h, @5 -%E A5 “a Aé
DMEOH L\ & A ThEHED 5 BT 0 O
MHBEEZTWA, o 10 20 30 40 50 60
(1) N.Kawamiya et.al. Phys. Rev. B44(1991)12406 H(kOe)

(2) S.Ishida et.al. private communication
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7 EILT 7 AFeB 2D

ltdE TERFE  # BB

= B )

TIhTys=Nl

TENT 7 AWES & 3G L EEORIEEE S F TEECNRESEA T NED, LD,
7ENT 7 AFeA£390 at. YU EOBETT ELT 7 ARICEROBEETF AL~ 75 AHNE

N5 EPMEHE(F) - AE v 75 R(SG)EFEF THRBSHKIEE ZRT DT { ORERD

- HEmEHEA R SN TEl, COWETIE, TELT 7 AFFeO TR Z SIS, 7EN

7 7 AFeA&DSGIRAEIC 2 W\ TORKEDFHIYILMER L BHRZIRD (1) - (3)IC 1 TN T 5.

(1) Collinear SGOMEH : ¥ I al—Y a3 Y THONLT ENT 7 Ak & IEHIEREOE TS
EHENSBONIDHED /5 A — 5 —E2HAVTHRBEOHKE— £ » FOSHEIHST S
BRI ESZ 5 Q COERICESVWTGIHEEITAE, TEWLMT 7 X FeffiETHE, BEE—
A v QIR SH AR & RABRIE R O 72 D ISR & S S Oma 2l 0,
HENRABLERE FSGMEL B T E&RT[1].

(2) Noncollinear SG MM : Hill D rhfEFHELEERP MossbaverERIC L NE, TENLT 7
AFekA £ 138G - FiE LI Tnoncollineartigx & 5 Z MRS TWAS, £CT, 7%
L7 7 AFeDSGIRAEE £ D BIENICd T 57010, AE VY ORAROR S X4 H CiEE I
W AN ERERHEL, COBEGRNT ELT 7 AFeTHRFEN S F HoFHSGADERZE
Wl TEBZEERT[2],

(3) HE@EMOTENT 7 ANONHEH : ADY/a-Fe/YPa-Fe/Xy F—ORBRTHET L
7 7 AFeldFTH 5 Z EMNEREN, Fe-Zr, Fe- Laf&ZONiN 615 6N BSGIKEEEFIE
THENEHINTVWS, e}, ERNST ENLT 7 AHEE TOLFEEAOENZRND KA
ENEMRAREL, LEOERT—F 3T ENLT 7> AEED 2 7 0LEMOEVPERESRIC
Ko TFBEEHHATES I E%ERT[3],

BAIC, ol OREREDFETSGIRIEN ML NG SNV & W\ ) BRI SR % #m
5. ZORRAE LT, ¥4 HREOHAZMEFOEIMIRIEDMIC, %< O xR IVF —H/MEh
5 70— ISR/MEEIRD B HERDHELSh TOR VW I & EF o5, E-T, 4
8 FIMSEEIG LT A0 END B, S ORBEICK LT, FaATLERzE L f2a i)
FHmANENTH S Z Lateild 5.
[1] Y. Kakehashi and H. Tanaka: The Magnetism of Amorphous Metals and Alloys,
ed. J.A. Fernandez-Baka and W.Y. Ching (World Scientific, Singapore, 1995)
p.1-84,
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(2] WHEE B FEER : HAYEESEAEE Vol. 53 No. 1 (1998) 45.

[3] Y. Kakehashi, T. Uchida, and M. Yu: Phys. Rev. B 56 (1997) 8807; Y. Kakehashi
and H. Al-Attar: to be submitted to J. Appl. Phys..

[4] Y. Kakehashi, S. Akbar, and N. Kimura: Phys. Rev. B 57 (1998) 8354.
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ETHEBEINTVWE., ZOBETREEZFNB 120 ICANZE T Te=250K LI T T ol % <9
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Teo=160K LA T CHEm 7 L SR HEAEZAIC 7S 2 Ndi-xSrxMn03(x=0.50) {Z2 WL TOHZE DO BIK
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I TR ZEFRRE TIT > 72 Mn3pPIadBUNEIR TR EREDOEEO MW ARY PLERS2HIC
Al DOFIET 1 v — (IRIF2000A) ZAER LER L1,
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DEERABRTHNIDT, BHICEBLE02pDE—A Y MEIMn3dDE— £ >~ FERARTH S
EDHETINMNS02p DAE Y | Amajority TH B HFHICIE S, V- FHNSMO(x=0.47)DONd

4dMCDTIENd4f DSt THEIEN I N5, COHARNILf OL2E— A v b (HEHET)
BOHFSGHNES) EMnDE— A2 FEPETTH S, LasNdOBRW [IHRO THEHKED, 612
NoSOYHIZOWTLa BXUNAD 3 dMCDORIEAHA TeAEEHVNE  EARZBNICHRIIL T
WSV, 4d& 3 dDONRREIXMCDDEW ZFARAET D 4 fOZERIIYLEAND O 5 5 b BIKZE O,
ELHEFIKELEO | sWRERINE X - BIS, VUV -IPESZRWVWTHIE L z. 2WTMn2pb LN
Nd 3d& 5icMn 3 pAEBIIC tune L 7238 F AN ETT » 720 Mn 2 pEIBEEFHEN S i
Mn®Deg$ & Uteg/ N FY, F7:Nd 3d HBHET5ETidp - REIREOIHBICERAIT & 72,
PFDOBL3BZ AW T TR V¥ — HREER40meV O RIEE BB EEZ TIT-> 7. T E TOfiling
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ok BERMEFAETIRRMICEADE U TEFRENZE(L L TV R E[HEWD D - 7o D THElIFAF
hA £ EHERIcL > TE NIRRTV TRHIEEZ LEBRMEL F = » 7 L1, NSMO(x=0.47)
TlRIZ-EZD LTz Iy VNRBRONBENTLFTOARY b VOREELB/NE L,
NSMO(x=0.50) T3 BEFREINAEVE FE T Deg/ N FHEENHA S (MG TANF—DRELS
%R 5), £tV FbnarrowingZE2Z L TLWA LI THh S, 5EELD TR VF—7F
FHEDBWEBAEBRETITI & & HICSPring-8ICB VW TE LT R LF—D2E TR VF —DHREE
DEBETITETH 5,
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Crystal Phases, Microstructure and Surface Chemistry of Industry-Relevant
Nanostructured Metal Oxides
C.-K. Loong*
Institute of Materials Structure Science
High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305, Japan.
and
Intense Pulsed Neutron Source Division
Argonne National Laboratory, Argonne IL 60439 U. S. A.

I. Introduction

Industries response keenly to two factors: the costs of materials and processing, and
regulatory forces imposed by governments. The method of neutron scattering may be
applied to address these concerns. Slow (cold to epithermal) neutrons probe the
organization and dynamic response of atomic nuclei and electrons in a substance thereby
providing valuable knowledge toward the development of cost - effective means for materials
preparation and possessing. Neutron facilities for basic research are funded by
governments, thus these organizations are obliged to provide technical support to industries
for the fulfillment of governmental policies. Ihope to argue, based on these premises, the
mutual beneficialness of a close collaboration between the industrial-research and
neutron - scattering communities. In order to limit the scope of discussion, I shall illustrate
the potential applications of neutron scattering for industrial problems by some recent

studies of nanostructured metal - oxide catalysts.

II. Three-way catalysts for automotive emission control

The automobile industry is faced with a pressing demand for a total removal of
hydrocarbons (HC), carbon monoxide and nitrogen oxide pollutants from automotive
emission. The performance of the present three - way catalytic converters, which consist of
precious metals such as Pt and Rh dispersed on high - surface - area alumina, zirconia and
ceria washcoats, have to be dramatically improved. In order to simultaneously reduce NOx
and oxidize CO and HC effectively, the car engine has to maintain dynamically an
air - to - fuel mass ratio to within a narrow window. Moreover, concerns of global warming
due to the green-house effect have led to the imposition of limited CO2 emission. This
requires a shift of the air-to-fuel ratio to the so-called "lean-burn” condition, under
which the current three - way catalysts are unable to remove the pollutants, particularly
NOx, satisfactorily. Our neutron -scattering studies of rare-earth (RE) modified
nanostructured zirconias and aluminas in collaboration with M. Ozawa (formerly of
Toyota Co.) and S. Suzuki of Nagoya Institute of Technology aim for an understanding of
their crystal phases, microstructure and surface chemistry towards an eventual

development of better three - way catalysts.’

*E - mail: ckloong @anl.gov, Web Site: http: //www.anl.gov
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M. Particle Growth in Sol - Gels, Fig.1a-b.

Fine powders of metal oxides produced by industrial methods usually contain
microstructure. An understanding of the molecular and crystalline assemblage of the
basic building blocks is essential to the development of cost-effective processing of
materials with tailored properties. In the case of RE - modified zirconia prepared by
coprecipitation from an aqueous solution of ZrOClz and RECIs, it is thought that the
conditions effecting the polymerization and nucleation of the hydrolyzed
[Zr4(OH)s+16(H20)1*" tetramers directly influence the nanostructured nature of the
powders. Small-angle neutron scattering (SANS) enables the characterization of particle
growth and size distribution within a medium of sizes up to about 500 nm. From the slope
of the SANS profiles (log- Intensity versus log-Q where Q is the neutron wavevector), a
fractal dimension which is characteristic to the particle- growth mechanism can be
identified with the pH value of a zirconia solution.® 3 The microstructure in terms of
primary - particle size, surface area, porosity, and nature of aggregation of the zirconia
powders, with and without RE doping, can be described by a mass - fractal model." The
pure ZrO2 powder dried at 290 °C exhibits microporosity and high surface area initially.
Subsequent heat treatment rapidly converts microporous structure to mesoporosity with a
mass - fractal - like aggregation. ° At about 600°C , however, the aggregate transforms from
fractal - like to random packing of well - grown, relatively smooth particles which results in
large reduction of surface area due to collapse of mesopores to macroporous structure. The
Nd- and Ce- modified zirconia, on the other hand, retain the fractal geometry and
mesoporosity after annealing at 600°C. Substituting Zr with~10mol% of Nd to form a solid
solution of rare - earth oxide and zirconia retards particle sintering and preserves the large
surface area and thermal stability needed for catalytic functions. Therefore, the SANS

results provided a basis for the effective utilization of RE - modified zirconias by industry.

IV. Oxygen - Vacancy Induced Defects and Metal - Support Interaction, Fig. lc.

It is well known that pure zirconia has at least three crystal phases: monoclinic, tetragonal
and cubic structures at low (T < 1400K ), medium (1400 < T < 2460K) and high (T> 2460 K)
temperature, respectively. A partial substitution of the zirconia atoms with RE elements
has two major effects: 1) the high - temperature phases can be stabilized down to room
temperature thereby removing the disruptive phase transformations and increasing

thermal stability; and 2) if the dopant RE ions are trivalent such as Nd**, oxygen vacancies



are generated in order to maintain electroneutrality of the lattice. Under an oxygen
pressure gradient, ionic charges can migrate via the oxygen vacancies thus generating an
emf difference. This property of zirconia electrolytes has led to commercial applications
such as exhaust - gas oxygen sensors in automobiles. This type of defect structures are well
suited for neutron -diffraction studies because, unlike x-rays, the neutron coherent
scattering cross section of O is comparable to that of Zr, providing the necessary sensitivity
to subtle O displacements. Using neutron powder diffraction, the crystal structure of
high - surface - area Lino.1Zr0.901.95 (Ln = La and Nd) were found to be composed of mixed
phases of tetragonal and cubic symmetry which can be stabilized over a temperature range
(up to ~ 1000 °C ) pertinent to catalytic applications.*” A real - space correlation function,
obtained from a Fourier transform of the filtered residual diffuse scattering, showed
evidence of static, oxygen vacancy - induced atomic displacements along the pseudocubic
<111> and other directions.

Next, the Ce®™ Ce* redox process in the Ce - ZrOz/Pt catalyst, which gives rise to additional
oxygen storage/release capability under a dynamic air-to-fuel ratio cycling, was
investigated by an in-situ diffraction experiment.® Such a function involves a
metal - support interaction which is not completely understood. The interaction of platinum
with ceria may be rationalized by a model which involves associative adsorption of CO on
Pt/Ce0:followed by a reaction to produce CO2 and an oxygen vacancy.’® During this process
oxygen is released and Ce **+*" transition occurs. Since the difference in the ionic radius of
Ce' (0.80A) and Ce®" (1.01A) is substantial, a change of the lattice cell volume of the oxide
is expected if the transition involves Ce ions in the bulk. The samples, 10 mol% Ce - doped
zirconia with and without Pt (1wt¥%) impregnation, were heated first in flowing 2%02/Ar
from room temperature to 400 C and then in 1%CO/Ar to about 700 C . A discontinued
increase of the tetragonal unit - cell volume, a decrease of tetragonality , and a change of
color from light yellow to gray when changing from oxidizing to reducing atmosphere were
observed only in the sample containing Pt. This result supports the model which assumes
the formation of oxygen vacancies initially near the Pt atoms. As more Ce ions are reduced
from 4+ to 3+ oxidation states at high temperatures, oxygen vacancies migrate to the bulk

of the oxide particles.

V. Vibrations of Atoms and Adsorbed Molecules, and Structure of Interfaces, Fig. 1d-f.

It is well known that neutrons, unlike laser and infrared radiation, probe the vibrations of



atoms over a wide range of energies and wavevectors not restricted by selection rules. This
permits a measurement of the generalized (neutron scattering cross - section weighted)
phonon density of states (PDOS) of crystalline and disordered materials and a
straightforward comparison with results from lattice-dynamics modeling or
molecular -dynamics simulations. We found distinct differences in the PDOS between the
nanopowder and the bulk zirconias.'’ Since phonons are responsible for many important
thermodynamic and mechanical properties. This information is useful to correlation the
macroscopic behavior and microscopic properties in industrial processed materials.
Neutron spectroscopy can also benefit the study of the surface chemistry of
high - surface - area powders, for example, monitoring the response of adsorbed molecules
containing hydrogen - a direct consequence of the large incoherent scattering cross section
of hydrogen. During an isosynthesis reaction over a zirconia catalyst where syn gases are
converted into branched hydrocarbons, it is thought that the physisorbed and chemisorbed
hydrogen and hydroxyl species play an important role in the intermediate reactions.'’ The
dynamics of hydrogen atoms associated with the surface hydroxyl groups and adsorbed
water molecules on Lno.1Zro.901.95 and pure ZrOz over a frequency range of 0-4400 cm ' was
investigated by neutron inelastic scattering.”'? The stretch vibrations of surface hydroxyl
groups on monoclinic ZrO: were found to have slightly higher frequencies than those for
LnoiZrosO1gs. At a submonolayer coverage of water the O - H stretch bands broaden and
shift to lower energies. At higher coverage three bands, corresponding to the O - H stretch,
H-0O-H bend and libratienal motion of water molecules were observed, indicating the
influence of hydrogen bonding. The neutron results can be compared with infrared data
and ab initio calculations™ for similar zirconia systems found in the literature. Similar
investigations have also been conducted for physisorbed hydrogen molecules on Ce- and
Nd - doped Zr02."*

Finally, deposition of semiconducting thin films is an important area in many branches of
industry. Neutron reflectivity measurements provide unique information regarding the
density variation across an interfacial region. We may regard the technique of neutron
reflection similar to microscopy. But, since neutrons can penetrate the substrate or surface
layers and be reflected from an interior interfacial region, neutrons can survey a surface
inside the bulk of materials, which optical or electron microscopy cannot. Preliminary
neutron reflectivity measurements were carried out to study a spin - coated zirconia film on

a silicon wafer.?
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VI. The Future
I hope the above examples have demonstrated the usefulness of various neutron - scattering
techniques to vital industrial interests in materials characterization. However, as
researchers from industries, universities and neutron facilities endeavor to develop
advanced materials and novel techniques, much works are remained to be done to bring
these often independent, unconnected efforts closer to match the needs of each other. Itisa
pleasure to witness the recent heighten interactions among industries, academia and
neutron societies. This Workshop is an excellent example.
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Figure 1. The center cartoon represents an industrial processing of materials, yielding a variety of products
containing different microstructures. The method of neutron scattering can be applied to study the organi-
zation and dynamics of the microscopic building blocks of these materials. (a) The SANS profile of
hydrolyzed zirconia sols at different pH values corresponding to distinct fractal dimensions. (b) The
SANS of pure and RE-doped zirconia nanoparticles. The solid lines are the fits of the data to the fractal
model. Limiting slopes for power-law behavior are given by the dotted lines. (c) Rietveld profile fit of
neutron diffraction data for a La-modified zirconia. The dots are the observed, background-subtracted
intensities. The solid line represent the calculated crystalline intensities. Tick marks of the top and bottom
rows indicate the positions of the Bragg reflections for the cubic and tetragonal phases, respectively. The
residual intensities display oscillatory deviations due to oxygen defects. (d) The O-H stretch vibration
band and the combination band fitted to a sum of multiple Gaussian functions and a background for a
monolayer of adsorbed water molecules on a pure zirconia powder. (e) The generalized phonon densities
of states of pure and RE-doped zirconia powders obtained from inelastic scattering. (f) The observed neu-
tron reflectivity from a zirconia film spin-coated on a silicon wafer.




The industrial value of atomic level structural information:
the key role of neutron scattering
J. M. Newsam
Molecular Simulations Inc.

San Diego, CA 92130, U.S. A.

As we were discussing earlier, it has been at least 10 years since I was last here at
JAERI in Tokai-mura. It's a pleasure for several reasons. It’s invigorating to see the
progress that has been made, to hear of recent applications, and of growing industrial
interest and, most particularly, to see old friends and colleagues. I thank the organizers,
Prof. Fujii and Prof. Endoh for having afforded me the opportunity of participating in this
interesting workshop.

I had thought a lot about what it would be most useful to céver in this presentation. I
settled on the title “The Industrial Value of Atomic Level Structural Information; the Key
Role of Neutron Scattering” as a vehicle for underscoring the prime importance that
knowledge of structure at the atomic level enjoys. As I am focussing principally on
structure determination, I will be referring mainly to elastic scattering, and to diffraction
in particular, although there are many areas of practical application of inelastic neutron
scattering also. The industrial applications, both realized and potential, even in just the
diffraction arena are diverse and it will be impossible to give more than a sparse sampling.

I’ve chosen to present a number of brief cameo examples, some of them recent and some
historic. Several of these have been contributed by colleagues working at various of the
neutron scattering facilities around the world. They cover some of the areas listed here on
the introductory slide; catalysis and separations, ceramics and structural materials,
electronic, magnetic and optical materials, energy related materials, drugs and organic
solids, and macromolecular materials.

In preparing for this presentation, I recalled a well - known quote by Enrico Fermi. “N
ever,” he said, “underestimate the pleasure that people obtain from hearing things that they
already know.” Several of the points I wish to underscore here have already been

articulated in earlier presentations.

Why is atomic - level structural information so invaluable? And why is an answer to the

question, “Where are the atoms?” so important? Many macroscopic properties of prime



importance are governed directly by behavior at the atomic and molecular level. Thus, life
itself represents an aggregation of molecular processes. Properties such as taste, color,
catalytic activity, morphology and adhesion are all determined by behavior at the
exquisitely small time and length scales characteristic of intermolecular interactions. Even
other properties, such as mechanical strength, are determined by atomic level behavior, but
moderated by behavior at longer length scales, the microstructural level in this particular
case. Even in such cases where meso- and macroscopic structure is important, as we will
see, neutron scattering can be a key contributor to developing structural knowledge.

Beyond this fundamental perspective, detailed knowledge of structure can be important
to protecting a proprietary position, whether it be in the definition of a particular material
composition, or analytical fingerprinting via a crystal structure analysis, or identification
of the fundamental attributes of a given system that are responsible for its overall function.

Afundamental knowledge of structure can also be a firm basis for optimization.
Firstly, it is the fabric of structure function or structure activity relationships. Secondly, it
can indicate the physical limits of performance in a particular application; a purely
empirical, Edisonian approach to optimization does not, intrinsically, indicate what the
ultimate performance might be. Finally, and what is the dominant theme in my
presentation today, structure is a basis for performing atomic level simulation; the power
of both experiment and simulation are substantially enriched when the two are brought
simultaneously to bear on a particular problem.

As noted in earlier presentations today, neutron scattering can also help characterize
defects in materials; [ am thinking here particularly of the measurement of residual stress
and texture.

Having recognized the key value that atomic level structural information conveys, we
need to be in a position where we can obtain such structural data in the most efficient and
effective fashion. In many cases, in-house X -ray diffraction or microscopy will be the
preferred route; in others, synchrotron X-ray diffraction; and, given the special
characteristics that neutrons offer, in many instances, neutron diffraction or neutron
scattering will be, without question, the technique of choice.

I do not enjoy preaching to the choir, and the key attributes of neutrons and neutron
scattering that make them such useful and versatile probes are well known to the current
audience. [have listed a few on this viewgraph, given that each of these advantages will be

illustrated in the applications that follow. Neutrons are uncharged and have low absorption
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cross sections; there are useful scattering length variations across the periodic table (such
as between H and D). They show good penetration and are generally non - perturbing to the
samples that they are probing; even biological materials can be examined with little
damage. It is relatively straight forward to examine materials in special environments
such as cryostats, autoclaves or pressure cells. The magnetic moment of the neutron allows
measurement of magnetic architectures and dynamics and offers the advantages, in certain
cases, of using polarized neutron beams. The energies and wave lengths accessible from
reactor or pulsed neutron sources are a the range characteristic of much of the behavior of
condensed matter; neutrons can therefore be applied effectively as probes of structure, the
theme of the present presentation, but also of dynamics and electronic properties.
Additionally, the high incoherent cross section for hydrogen and, the strong coherent cross
sections for H and D relative to even very heavy elements, affords particular sensitivity in the
case of hydrogen - containing materials.

The pharmaceutical and biotechnology industry takes benefit from neutron scattering,
as illustrated by a summary of areas being pursued at the high - flux beam reactor (HFBR)
at Brookhaven National Laboratory. Crystal structure determinations of proteins by
neutron diffraction have an already extensive history. The protein crystallography station
at the ILL, for example, has been in routine operation for decades. Neutron diffraction is
particularly important in the insights in provides to proton location, allowing assessment
of the role of water molecules, as well as an ambiguous identification of the degree of
protonation of key bases in the vicinity of active sites. Encouraging progress recently comes
from the application of neutron pseudo - Laue methods and, the increasing availability of
perdeuterated proteins.

Small angle neutron scattering has been applied to a wide range of systems, given its
ability to sample the length scales of interest and given the possibility of contrast matching
through H-D exchange. Thus, exemplary application areas include studies of muscle
contraction, studies of conformations of plasminogen in blood, and the organization and
assembly of DNA and protein aggregates such as the chromatins illustrated here. Many
proteins of key interest, such as those associated with signal transduction across cell
membranes are not proving amenable to direct crystallization, necessitating structural
studies in situ. Studies of membrane proteins is, indeed, one area where we would welcome
a very substantially increased neutron flux. Presentations this afternoon detail various

applications to life sciences problems.



Neutrons are applied broadly to a diversity of materials classes, many of which, as
illustrated here, are of key industrial relevance. These include hydrogen storage materials,
such as metal hydrides, hard magnets, catalysts and sorbents, such as zeolites that I will
refer to later in more detail, ceramics, such as zirconias that Dr. Chung Loong described
yesterday, high temperature superconductors, various battery components, such as the
lithium electrode materials presented this morning, ferroelectrics, and materials of interest
in biomineralization, such as apatites and carbonates, which, in natural structures such as
shells there is a fascinating interplay between the inorganic crystalline element and the
interleaving protein. In each of this panoply of materials cases, there have been neutron

diffraction studies often by several different industrial groups.

The dominant theme throughout this presentation is the close interaction between
molecular simulation and neutron scattering. It will therefore be helpful to outline briefly
the various methods of molecular simulation. There are a wide variety of different
techniques and approaches, but they can be categorized into one of four families of methods.
At the most fundamental level, the quantum methods treat matter at the level of nuclei and
electrons and compute interatomic interactions by calculating the nuclear-nuclear,
electron - nuclear and electron - electron interactions. This family of methods include ab
initio techniques, Hartree Fock and post- Hartree Fock, a variety of density functional
approaches, semi-empirical methods and hybrid schemes that combine quantum and
classical descriptions; we have made a lot of progress over the last few years in this last area
and are now able to treat even very large systems. Quantum methods are available to
compute geometrical and electronic structures of molecules in vacuo, in solvent, as well as
of bulk solids and surfaces. Thus, depending on the specific boundary conditions and the
particular characteristics of the material in question, there will likely be a quantum method
suitable for application. This is one area where recent progress has been substantial. We
can now compute reasonably routinely molecules or unit cells with up to some 100 atoms.
Even larger systems are tractable using more compute power or targeted methods.

The second family of methods are the molecular methods, including molecular
mechanics and forcefields, as alluded to in the earlier presentation on halide glasses. In this
case, the interatomic interactions are treated at the granularity of individual atoms or
molecules, so that it is difficult to sample chemical reactions that involve the making and

breaking of chemical bonds. The molecular mechanics framework is, however, very rapid
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to evaluate and such calculations can be applied to even very large systems; simulations of
millions of atoms have been described, although such scale of calculations are rarely
directly necessary. This class of methods includes techniques such as molecular dynamics,
a variety of Monte Carlo schemes, structure optimizations and docking.

The molecular and quantum methods are most widely known, but the two other
families of methods are important, particularly in the present context.

Statistical methods provide a framework for performing ensemble averages, necessary
in computing thermodynamic parameters, for using statistics to explore the
configurational space of disordered materials, such as amorphous polymers or the glasses
described earlier. Statistical methods also include correlative approaches, used to develop
predictive relationships between atomic or molecular attributes and macroscopic
properties, particularly useful in cases in which macroscopic properties cannot be
simulated directly by molecular or quantum methods. These correlative methods are the
framework for developing quantitative structure activity relationships.

The analytical methods encompass the various techniques associated with structure
determination from analytical data, such as by electron microscopy or neutron diffraction
or solution NMR, together with the ability to simulate a variety of analytical fingerprints on
the basis of atomic level models. Many classes of analytical data can be computed directly
from suitable atomic level models, including neutron diffraction, neutron small angle and
wide angle scattering, X - ray scattering, electron diffraction, as well as other spectra such
as EXAFS ,NMR, infrared, Raman, scanning electron micrographs, etc. These methods
are important as they help establish a close link between simulation and experiment and
they are a prime vehicle for the validating of developing simulation models by direct
comparison with experiment.

Each of the following examples has been selected to illustrate a particular point relating

to the industrial application of neutron scattering techniques.

This first example dates back over a decade now, to early 1987, when the physics and
neutron scattering communities were embroiled in exploring the new families of high
temperature cuprate - based superconductors. At Exxon, we mounted a significant effort
that brought together substantial strengths in solid state chemistry and a variety of
characterization techniques, including measurements of electrical conductivity,

magnetism and X - ray and neutron scattering. Very shortly after the initial news of a new



material in the Y - Ba - Cu - O system with a superconducting transition temperature above
liquid nitrogen temperature, we were able to produce pure samples of YBa2CusO7-x (YBCO)
and to swiftly explore many of the details of the system. As described in this paper
submitted at the beginning of July 1987, we described both the base structure of YBCO, the
variation in structure with oxygen content, and the magnetic and superconducting
properties, also as a function of oxygen content, as illustrated in these plots of
magnetization and superconducting transition temperatures for samples with differing
oxygen content, X.

The output from the detailed analyses of the powder diffraction data, illustrated in these
tables, were the atomic and unit cell parameters for the full suite of samples examined at
that time. From data of these types, we were able to develop a detailed picture of the
interrelationship between structure, composition and superconductivity.

I liken the activity of that time to 2 marathon race. Not in the context of the duration of
the effort, but rather in the number of “runners” all starting at essentially the same time
and pursuing a quite similar direction. What was critical to us at Exxon, was the ability to
obtain quality neutron diffraction data very shortly after the synthesis of a pure sample. In
practice, as soon as we had produced single phase, homogeneous materials and evaluated
them using in-house techniques, samples were sent by Federal Express to the Missouri
University Research Reactor for immediate measurement on the powder diffractometer.
The data were emailed back, so that we were usually able to get complete structural
descriptions within two or-three days following successful synthesis. Although, being an
industrial concern, we were perhaps slower than some other academic groups to publish our
results, we were pleased nonetheless to have contributed significantly to the early
development of the field.

The companion interest was that of magnetism in the new cuprate materials. Having
access to an instrument suitable for powder diffraction measurements at the HFBR,
Brookhaven, we were able to scrutinize over a reasonably extended period La2CuOs-x and,
subsequently,

Y BasCusO7-x, seeking evidence for magnetic ordering. As illustrated in these data
published in May 1987, we were able to unambiguously identify the occurrence of
anti - ferromagnetism in La2CuO4-x, to measure the effective moment on copper to explore
the magnetic transition. These early experiments, although demanding in terms of data

accumulation time, presaged some very elegant studies of the spin ordering and spin
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dynamics in these systems which became tractable once quality of single crystals were
available. This subsequent vugraph illustrates the application, now of single crystal
neutron diffraction, to a super - stoichiometriccomposition, LasCuO4.1- This composition is
superconducting below Tc=40K and the single crystal neutron diffraction data indicate an
Fmmm symmetry phase, with excess oxygen located between adjacent LaO layers. The
satellite peaks indicate a superlattice due to ordering of the interstitial oxygen atoms and of
the apical oxygen atom displacements.

A similarly recent application comes from the group at IBM, who have studied the
mercury cuprate materials as a function of pressure. This plot illustrates how Tc increases
as a function of external pressure from 0 up to 40 GPa, the superconducting transition
temperature for Hg - 1223 increases from about 138 through to 160K; the variation with
pressure for Hg - 1212 is comparable, although consistently at 10- 12K lower. The Hg - 1201
material has the lowest transition temperature, increasing from about 95K to 115K with
applied pressure. In addition to these electrical measurements, powder neutron diffraction
under applied pressure is being used to map the details of structure with applied
pressure 0-80 kbar. This plot illustrates the smooth reduction in the Cu(2)- O(3) apical
oxygen to basal plane copper distance as a function of applied pressure. As in the work on
YBCO as a function of oxygen content, these data allow the correlation between structural

details and the overall electrical and magnetic response to be explored.

As we heard earlier in the presentations by Dr. Minakawa and Dr. Tanaka,
measurements of residual stress present a productive use of many of the world’s neutron
diffraction facilities. Exxon, for example, has made extensive use of the HFBR at
Brookhaven for residual stress measurements on various engineering components.
Ilustrated here are the data presented earlier today by Dr. Minakawa, illustrating the use
of the RESA spectrometer at JAERI for measuring residual stress in butt - welded stainless
steel pipe, a collaboration with the mechanical engineering research laboratory of Hitachi,
Ltd. By appropriately configuring the pipe joint on the RESA instrument, each of the
strains, axial, hoop and radial could be measured, as a function of separation from the weld
fusion line and as a function of depth in the sample. The other reason I chose this specific
example is the presented comparison between the experiments and simulated data,
although in this case using not an atomic level model, but rather a finite element modeling

framework.



With the appropriate experimental configuration, residual stress measurements can be
made with good spatial resolution. The second example illustrates the measurements of
residual strain in an Al-alloy piston head coated by a thick layer of Yttria-
partially - stabilized zirconia (Y - PSZ) deposited by plasma spray. These measurements
were made on ENGINE at ISIS. The data illustrate measurements of residual strain both
through the Y - PSZ ceramic coat, in the Ni- CrAl alloy bond coat, and in the A112Si bulk as
a function of depth. The spatial resolution, in depth, in these measurements, is of the order
of 0.2-0.3 mm.

A related measurement is that of texture or preferred orientation. In a wire or formed
ceramic, the microcrystallites, rather than being randomly oriented, might show some
preferential alignment and such preferential alignment can influence electrical and
dielectric properties, and, particularly, mechanical strength. Texture is conveniently
quantified in a pole figure, which represents and stereographic projection of a crystal axis
down a defined sample direction; in a wire, this would typically be the wire axis. Random
texture, or absence of preferred orientation, would give a uniform pole figure intensity
distribution. In a wire, in which cubic crystallites show preferential alignment of, say, 001
along the wire axis, the pole figure will show intensity peaked at the center, and at the rim,
given that the 100 planes are 90 degrees apart.

Measurement of the pole figure requires that the appropriate reflection or reflections
are measured as a function of the sample orientation. Bob von Dreele at LANSCE
recognized that in a time of flight powder neutron diffractometer the detector banks at
different Bragg angles view different orientations of the sample and that texture parameters
can then be incorporated into a simultaneous Rietveld refinement of data from the various
counter banks. This viewgraph illustrates the results of application to a round robin sample
of calcite, illustrating pole figures for 012, 104 and 006. There is clearly preferential, off axis
texture. The analysis of a small number of pole figures allows computation of any other pole
figure based on the plane interrelationships given the crystallographic unit cell dimensions
and symmetry data. The results of this “single - shot” determination of pole figures by the
combined refinement of different detector banks agrees well with that of the classical and
much more time consuming experiments. As with steel samples, the penetrating power of

neutrons is a particular advantage in studying also ceramics and other inorganic samples.

Interfacial behavior, such inter- grain adhesion or impurity segregation, depend on
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crystallite morphology, size and relative orientation. One interesting application of
molecular simulation is the design and optimization of inhibitor molecules that will bind
selectively to a given crystallite surface to inhibit its growth. This application illustrates the
docking of a diphosphonate molecule on the 100 surface of barium sulfate. Scale, the
clogging deposit that forms on pipes and in boilers, is comprised predominantly of either
calcite (calcium carbonate) or barium sulfate (barite). Docking calculations of these types
have been used by several industrial groups to select molecules that will optimally bind to
the fastest growing faces of barite, altering the expression of morphology or substantially
reducing the rate of overall crystal growth.

Interfacial phenomena is also of key importance in the microelectronics industry. This
next example illustrates the use of neutron reflectivity to probe the composition and density
variation with depth in thin layers of SiO2 on silica. The reflectometry data manifest a

4

characteristic “ringing,” of a periodicity and shape of which reflect the details of the
interior and external surfaces. Appropriate analyses of these data yield the effective
neutron scattering cross section profile as function of depth in the sample, and also convey
information about the sharpness or roughness of the interfaces. In this particular case, the
data indicate a 10.6 nm thick film of SiOz on silicon, and relatively sharp interfaces on the
exterior and at the Si02-Si boundary. These data were accumulated on the NG1
reflectometer at the NIST Cold Neutron Research facility.

Interfacial adhesion is amenable to direct computation, using first principles methods,
once reasonable models for the interfacial structure are developed. These data illustrate
calculations, by J. Smith at General Motors, of the interfacial adhesion between MgO and
Ag(001). Local density functional theory, using plane wave basis sets, are used to compute
the interfacial binding energy between the Ag overlayer and MgO as a function of their
separation. The model is constructed so as to be periodic in two dimensions in the plane of
the interface and the interfacial binding energy can then be evaluated, not only for clean
interface, but also for situations in which interstitial carbon or sulfur is present at the
interface. Such calculations could be explored for a family of interfacial geometries and
permit estimation of interfacial adhesion for even quite complicated, extended interfaces.

A related recent example from IBM relates to giant magnitoresistance (GMR) in
thermalloy - (Fe)m multilayers. GMR is observed in multilayers comprised of nominally
ferromagnetic metals, permalloy and Fe. The GMR effect oscillates as the Fe thickness is

varied. Polarized neutron reflection measurements from such multilayers, for samples
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with varying Fe - layer thicknesses, 8, 9, 10 and 11 A , show a peak in the specular reflection
data at some Qz=0.75A" 1 for Fe thicknesses of 10 and 11 A ; this peak corresponds to a direct
space separation that is twice the chemical superlattice period, indicating
antiferromagnetic ordering of the permalloy layers.

First principles, density functional theory calculations can also be applied to computing
magnetic ordering behavior. IBM has performed such calculations for a variety of different
multilayer systems. Such data are not shown here, but, instead, results from a set of
validatory calculations on Heusler alloys are presented. Heusler alloys, X2MnY, with X =
Co, Cu, Ni, Pd and Y= Al, Sn, In, Sb, can show both ferromagnetic and antiferromagnetic
ordering behavior. This table illustrates the agreement between the optimized lattice
constants and the magnetic moment computed using the ESOCS code with those observed
experimentally. The good agreement demonstrates the utility of density functional theory

in computing magnetic ordering of these types.

The next set of examples relate to various aspects of zeolite structural chemistry and I
provide, first, a brief introduction to the key features of this interesting and technologically
important family of materials. Zeolites are complex aluminosilicates, with framework
structures comprised of silicate and aluminate tetrahedra, interlinked through shared
apical oxygen atoms. The flexibility in the T-O-T linkage (T= tetrahedral species, Sior
Al), which can accommodate a range of T-O-T angles from some 125° to 180, allows an
infinite number of possible frameworks to be constructed from these identical building
units. The viewgraph illustrates how four related frameworks, all comprised of sodalite or
b - cages can be constructed through different modes of interlinkage of the same sodalite
cage units. In zeolites, the framework structures are microporous, with windows and pores
of molecular dimensions. Various sorbates can be accommodated within the micropores
and, indeed, many zeolite applications reflect the accessibility of the micropores to
molecules of a defined shape and size, and the special chemistry that can occur within the
internal structural voids. For every Al for Si replacement in the framework, an anionic
framework charge is introduced which must be compensated by a nonframework cation.
This may be monovalent, such as Na+ or Li", divalent, such as Ca’ or Mg2+ oreven tri- or
tetravalent. The ready ion exchange of zeolites allows, for example, sodium cations to be
exchanged for NH"" which, upon calcination, then leave protons as the charge compensating

centesr. These protons, bonded to the apical oxygen atoms, represent strong Bry/nsted acid



sites within the zeolite, suitable for performing a variety of acid catalyzed chemistries, such
as catalytic cracking.

This first zeolite example, from UCSB and AMOCO, illustrates the results obtained
from a time of flight powder neutron diffraction analysis of the structure of siliceous zeolite
Y. This materials has a cubic unit cell, with a = 24.3 A a unit cell size not far removed from
those of simpler proteins, but cubic symmetry, Fd - 3m, and a relatively simple asymmetric
unit. On the basis of structural measurements of this type, forcefields that described the
interatomic interactions in silicates are being developed and, as illustrated by the very close
agreement here between experiment and simulation, such optimized forcefields reproduce
the observed structural data very well. Diffraction measurements, and structure
optimizations and molecular dynamics studies of a wide range of siliceous zeolites have
been reported.

The next generic question is that of the aluminum location within the framework. This
question is important, because it is aluminum substitution that is responsible for many of
the zeolite’s interesting properties and the details of the aluminum distribution are known
to influence properties such as site accessibility or acidity. The almost identical X -ray
scattering cross sections for Si*”and Al'™ (reasonable effective charge states for these atoms
within the zeolite framework), are such that it is quite difficult to distinguish the two by
X - ray diffraction, even in the single crystal case. The scattering lengths of Si (4.1491fm)
and Al (3.449fm) differ sufficiently that aluminum placement can be probed by neutron
powder diffraction. In zeolite L, neutron powder diffraction results, shown in this vugraph,
illustratepreferential aluminum siting within Sil(T4) site, in the plane of the 12-ring
window of the 1 - dimensional channel, relative to that within the Si2(T6) site that comprises
the hexagonal prisms.

As a nice illustration of the power of a combined experiment plus simulation approach,
a recent study had also explored aluminum siting in ZSM-5, a complex zeolite with 12
crystallographically distinct T sites. Simulation was used to predict how aluminum
placement in each of these 12 T - sites would be manifested in the pattern of changes in the
unit cell dimensions as a function of the extent of aluminum substitution. Comparison with
experimental data indicate that within the real materials there is some degree of disorder
of aluminum over the possible sites.

A third zeolite structural question relates to the location of the nonframework cations.

This is also technologically important, as nonframework cation siting can determine the



shape of the ion - exchange isotherms, control adsorptive separabilities, tailor molecular
sieving characteristics, and influence the catalytic chemistry of particular active sites. For
many types of nonframework cations, neutron powder diffraction is a preferred route to
such information. The next vugraph illustrates how the relative occupancies of the five
main nonframework cation sites in zeolite L vary as a function of cation composition and
total cation content, as driven by changes in the framework Si:(Al or Ga) ratio. These
results are obtained from data collected at the H4S powder diffractometer at the HFBR,
Brookhaven. The cancrinite cage and 8 - ring window site are seen to be fully occupied in all
cases; the changed total nonframework cation population is accommodated by changes in
the occupancy of the type D site, on the wall of the channel, protruding into the zeolite L
channel lobes.

With experimental data of these types, we have a framework for developing a simulation
protocol suitable for predicting the nonframework cation configurations on the basis solely
of a suitable framework model. Results for the prototypical zeolite Li-A (BW) are
exemplary. The simulation procedure first introduces the required number of
non - framework cations at non - clashing positions, and then optimizes their coordinates
using a simple, but validated forcefield suitable for such aluminosilicate zeolites. The
results for Li- A(BW), in which positions four Li+ cations are predicted, agree well with the
Rietveld refinement results for powder neutron diffraction data. The simulation results
agree well with the results of a neutron powder diffraction study by UCSB and Air Products
on a sample of this nominal composition and, even, point to some hydrolysis having
occurred in the real material.

This general protocol has proved quite generally useful. This high resolution HRTEM
micrograph, measured by Prof. O. Terasaki at Tohoku University, is from a sample of
ETS-10, a titanosilicate that is subject to substantial stacking faults. As a result of this
stacking disorder, the electron diffraction patterns comprise both sharp spots and streaks
and the powder X - ray and powder neutron diffraction patterns comprise both sharp and
very broad features, making it extremely difficult to deduce directly the nonframework
cation distribution. Workers at Intevep, however, used the nonframework cation prediction
protocol to predict the sites adopted by Na” and K" and, following this prediction, to then
compute the powder X - ray diffraction profiles in the faulted case and, indeed, to obtain

better agreement with the experimental diffraction data.



This small number of examples of applications of elastic neutron scattering
demonstrates the importance of neutron scattering in yielding atomic level structural
information and, furthermore, that such atomic level structural information has real,
practical industrial value. I believe that the value of such structural information will
increase significantly over the next few years. Looking toward the next millennium, we
anticipate that the research, development and engineering communities will have much
more of a “molecular mind - set.” People will be intrinsically more deeply aware of the role
that phenomena at the atomic level play in governing macroscopic behavior. We look
forward to a research and development environment that incorporates true network
computing, a close integration between simulation and experiment, the accumulation of
data within a knowledge management system and the application of high - throughput
experimental techniques. This last area is, indeed, one of my main personal interests at

present.

The examples that I have provided have come from a variety of sources and I would like
to thank a number of colleagues and friends who responded swiftly to a request for
materials, particularly J. D. Axe, A. K. Cheetham, W. 1. F. David, Y. Fujii, M. B. Ketchen,
D. J. Lohse and B. H. Toby. Additionally, in the examples from our own work I need to
acknowledge my former co-workers at Exxon Research and Engineering Company, the
input from a number of advisors, collaborators and consultants, participants in the
Polymer and Catalysis and Sorption consortia, and a number of staff within the MSI
organization, particularly M. W. Deem, now on the faculty of UCLA, C. M. Freeman, A.

M. Gorman and G. Ricciardi.
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Fig. 2 Categorization of the diffraction images from the precipitates and
inclusions in metals and alloys taken in this study.
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Table Coordination number of
halide ions around glass-forming
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System Glass Crystal

LiCl
LiBr ~4 6
Lil
CuCl

TCuBr -4 4
Cul
AgCl >4
AgBr (4 <8) °
Agl ~4 4
ZnCl; 4
ZnBr; 4 4
Znl; 4
CdCl, ~6
CdBr; >47 G
Cdl, 4

Continuous random network model
Oxide glasses, BeF; glass
|
ZnX,, CdI;-based glasses
Agl, LiX-based glasses
AgCl, AgBr-based glasses
(CdBr,-based glasses)
CdCl,-based glasses
|
ZrF4-based glasses
Random close packed structure model

Figure Structural models of halide glasses
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H H Damping of the Vortex motion in the Cuprate Superconductors
2 B

Because of the extremely short coherence length, the cuprate superconductors belong
to the clean limit or even to the superclean limit. This has important consequences for the
electronic structure of the magnetic flux quanta and the damping of the vortex motion.
In this case the Bardeen - Stephen - model, valid in the dirty limit, is not applicable any
more. In the cuprates the physics of the normal vortex core is dominated by the Andreev
bound states which also has important consequences for the damping of the vortex
motion. Recent experiments performed with epitaxial NCCO - films at 7" {7¢ and showing
unexpected novel features will be discussed and will be related to the electronic structure
of the vortex core in the clean limit. In the high - temperature limit (7'~ T¢) flux flow
becomes unstable because of the strong deviation of the quasiparticle distribution from
equilibrium. We have observed these instabilities in a series of cuprate and low Tc
superconductors, and the results are discussed in terms of the quasiparticle energy

relaxation rate.
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8 EH  Threshold Electronic Structure at the Oxygen K Edge of 3d Transition Metal

Oxides: A Configuration Interaction Approach

S
iy

The threshold structure at the oxygen K edge of 3d transition metal oxides reflects 3d
electrons hybridized with the oxygen 2p electrons. To include explicitly electron

correlation a configuration interaction (dn, dn + 1L, pds, etc.) approach is used to



calculate the oxygen K edges. Results comparing inverse photoemission (IPES) and
oxygen K edges of dl to d7 systems will be presented as well as a comparison to
experiments. As compared to IPES the amount of ligand hole mixed into the ground state
is very important. The main differences arise from the amount of ligand hole mixed in

into the ground state.
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= A Magnus force and Aharonov - Bohm effect in superfluids and superconductors
# F

The forces on the vortex, transverse to its velocity, are considered. In addition to the
superfluid Magnus force from the condensate(superfluid component), there are
transverse forces from thermal quasiparticles and external fields violating the
translational invariance. The forces between quasiparticles and the vortex originate from
interference of quasiparticles with trajectories on the left and on the right from the vortex
like similar forces for electrons interacting with the thin magnetic-flux tube (the
Aharonov - Bohm effect). The total Magnus force governs the Hall effect and the quantum
creep of vortices in superconductors.

This work discusses a controversy concerning the equation of vortex motion. The
controversy was launched by a series of papers by Ao, Niu and Thouless who are trying

to revise the former theory of vortex dynamics.
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Physics

# H Theory of the anamolous temperature dependence of the “Hez” line in TIBaCuO

superconductors



7 B

We show that recent measurements of the magnetic field dependence of the
magnetization, specific heat and resistivity of Tl2Ba:CuOsis in the vicinity of the
superconducting Hez imply that the vortex viscosity is anomalously small and that the
material studied is inhomogeneous with small (~500A4) regions in which the local T¢ is
much higher than the bulk 7c. We show that anomalously low vortex viscosity can be
derived from a microscopic model in which the quasiparticle lifetime varies dramatically
around the Fermi surface, being small everywhere except along the zone diagonal (we

call this a cold spot).
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