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FEATURE ARTICLE JOUrna

The role of ceramic and glass science research in meeting
societal challenges: Report from an NSF-sponsored workshop

ika Backhaus-Ricoult’ | Richard Brow® |

w.

Katherine T. Faber' (3 | Tewodros Asefa® | M
Julio Y. Chan® | Shen Dillon® 1 Willia - F

wrenholte’ 3 1 M is” | Javier

E. Garay” | K. Edwin Garein® | Yury Gopotsi™ | Sossina M. Haile'' | John Halloran'*

Jucjun Hu' | Liping Huang'* | Steven D, Jacobsen' | Edgar Lara-Curzio'™

James LeBeau®” | William

Don M. Lipl Abstract

! Under the sponsorship of the U.S. National Science Foundation, a workshop on
P. Padture | Clive Randall"

A Schaedler’ | Darrell G. Schle  €MeErging research opportunities in ceramic and glass science was held in September

Toshihiko Tani™ | Vecna Tikare

= 2016. Reported here are proceedings of the workshop. The report details eight chal-
Hong Wang"” Bilge Yildiz"™

lenges identified through workshop discussions: Ceramic processing: Programmable
design and assembly; The defect genome: Understanding. characterizing, and
predicting defects across time and length scales; Functionalizing defects for
unprecedented properties; Ceramic flatlands: Defining structure-property relations
in free-standing, supported, and confined two-dimensional ceramics; Ceramics in
the extreme: Discovery and design strategies; Ceramics in the extreme: Behavior of
multimaterial systems; Understanding and exploiting glasses and melts under
extreme conditions; and Rational design of functional glasses guided by predictive
modeling. It is anticipated that these challenges, once met, will promote basic under-

standing and ultimately enable advancements within multiple sectors, including

energy, environment, manufacturing, security, and health care.
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XTAREE R

Inversion of motif

SRR AL

90° rotation of motif

WEREE, 1, 2, 3, 4, 6JEiEH

mirror

nuclear spin

XA

B 7o inversions

4-fold and

LES

) ) nuclear
). spin

JieHe s, A
A AU 8 il
TS AFAER] o

XTAREE R

Table 1.2 Symmetry elements

Hermann-Mauguin symbols

Schénflies symbols

Symmetry element (crystallography) (spectroscopy)
Point symmetry Mirror plane m oy, o
Rotation axis n=2,34,6 C, (G, G5, etc.)
Inversion axis ni=1,2, etc.) —
Alternating axis? - 5. (51, Sy, etc)
Centre of symmetry 1 i
Space symmetry Glide plane a, b, c,dn -
Screw axis 24, 34, etc. —

“The alternating axis is a combination of rotation (n-fold) and reflection perpendicular to the rotation axis. It is little used in crystallography.

MRAE X LEXIFREE R, SRR E 32 P i, 230

ol T R REAT IR

s BEATRIARERA R R T — AN
2 IEAE: AE RS 2 & TR AR
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IUNCES

Table 1.1 The seven crystal systems

Crystal system  Unit cell shape” Essential symmetry Allowed lattices
Cubic a=h=ca=f=y=90 Four threefold axes PFI

Tetragonal a=b#ca=Ff=y =90 One fourfold axis B
Orthorhombic a#b#ca=g=y =90 Three twofold axes or mirror planes  P.F, 1, A (B or C)
Hexagonal a=b#ca=F=90,y =120 One sixfold axis P

Trigonal (a) a=h#coe==90,y=120 One threefold axis P

Trigonal (b) a=h=cae=F=y#£90 One threefold axis R

Monoclinic? agb#c,a=y=90,4#£90 One twofald axis or mirror plane P C

Triclinic agbsc o fsy®90 MNone P

ATwo settings of the monoclinic cell are used in the liverature, the most commonly used one given here, with B as the unigue axis and the other
with ¢ defined as the unique axissa # b g, o= =907, y # W,

PThe symbol # means ‘not necessarily equal o', Sometimes, crystals possess pseudo-s
cubic but not possess the essential symmetry elements for cuble symmetry; the true symm

ry. For example, a unit cell may be geometrically
Is then lower, perhaps tetragonal.

+ DA L RS T

s seven crystal

D — systems + four
Simple Face-centered Body-centered

i cubic cubic lattice centering

. types = 14 .
Bravais lattices
Simple Body-centered Hexagonal
tetragonal tetragonal
[J L
b St
. | o]  fIERET: P
[ [
N
e, e e s YRGS

0 e ﬁ’&‘%%: F
) ROHKT: C

Simple Base-centered Triclinic
dral I inic monoclinic
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o mfil: S EMBETE. RSFULEJRFIALRFR, 6t
RAafBREMN, TEZNMBASAE—ERS
— N EUHIBDLE .

o ZEAZFREME (close packing) : H& SRR A B R RN
RNEAREREYE— ARG #7040 v DLRR i
PN

o WA £ /A HEFH (space-filling polyhedra) : fhiiAk4h
MR NS PS5 EE A E R £
(IR GRS i w a4 ] BT

e ( | )i (
4_‘4',#;_‘\‘1 \'.y \.?/;?/"-F/" \ E R\ii./f:‘-'/
Cy(s)(e) 7% v RS ™Y
,,,,,,,,, P 0
| ) )

(b) (c) (d)

e e wE PR g R7LE

o SRR AERE H Al A B

o DREEAb S RPAIRIFLER . EIHP (REEH T FIR
(R b

o JLAEHEZ AT LHERRAE E— R IFLRR B (A REIR
FEIL A —RiALERD T RO B HE— 25 = [RLAR X
AL B AR N5 R SL T HE
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INTTEHE (HCP) FINL G %HE (CCP)

R A A
& B / 8
R 1%
5 5 S, _ / "‘:\
T T~ A
(a) .[h.?.
firan =7 LA A ) AN /rlcp cep
o I EEHEZ I NSFLBRANTILER .
o EEEMEAES B, NTTEME, ABABAB
o FZ)EMEAET L, 7% HE, ABCABCABC
o A ReAEAEH A A Z W, 7 :UABCACB B ABACE:
o MEANBRECAIEL: 12 AR, E &=
o KZ174.05% IR FRHEER BT 55
r%q /4
J\ T 42 A0 DY Ty 42 25 Bt
INVAN A P 2B
(@ i) 4 NERZER
PNOIN - oo DU\ EAZ A4 A

& T, tetrahedral sites
v T_tetrahedral sites
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Inner Tet.
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o PIGEEIEBRHEIN: c/a=1.633

o ZEHEIH AT T{111)
A [Hi
o 4NN JRET
o 4 )\THAREIFR (O,
0,%), 8Dk
BIFR ( %,%,%)
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Space-filling Polyhedra

o FCALZ HAMEF (space-filling polyhedra) :
e R 45 R AR D B B B A 5 B IR AR I BH & -
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A FBC A7 2 T A 334 INaCIES 14

Figure 1.31  Unit cell of the rock salt structure showing edge-sharing octahedra.

AL 2 T FH B 1 8] R

Table 1.6 The M=M distance between MX; or MX, groups sharing X atom(s)
Face sharing

Corner sharing Edge sharing

0.67 MXitet.)

1.16 MX(tet.)
1.16 MX(oct.)

2.00 MXtet.)*
1.41 MX{oct)'

Two tetrahedra
2.00 MX{oct.y!

Two octahedra

L
@ I ®) I ?
> [
. - [ . A A —
— e o M-M-2MX - g g M-M=V2MX
L L | =1.414 MX
90
& IS

Intaximum possible value,

E R R R e R S S VL R IV

o BRI B A M RS E T, Rl R R AL
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BT L

BTRILS (FREFEE10%HETFRE) -

Pauling defines the percent ionic character possessed by a
chemical bond.

{
Percent ionic character = LX]OO%

eR

M the observed dipole moment

eR: the dipole moment when one charge is completely
transferred in the formation of the bond and the resulting ions are
spherical.

ERHEE TR (FoED , “BRE" SEMEE.

14



BT L

AL F/ASEW

2
Percent ionic character = (l—e’”“'u’"’“ )x 100%

|xA—xB|: the electronegativity difference of the related elements in

the bond .

Electronegati of the Elements

1988 Dr. Michawl Biaber
JA 4A A 6A TA

30-4.0
2029

L3-1.9

%1 (Some examples):

CsF: Ze, =07 and 7, =40 = |z, - 2,|=33
> 93% 10nic, < 7% covalent

Si0: Y, =18and y,=35 = ‘Zs,- - zo‘= 1.7
~51% 10ni1c, ~49% covalent

ZnS: I, =l6and y,=25 = |;(‘._,” —zs|:()‘9
~19% 1onic, ~81% covalent

CCl:  Ze =25and y.,=3.0 :>|):(.. —zﬁl =035

~6% 1onic, ~94% covalent

Fluorides: ionic

Su mma ry . Chlorides. uxidcfi and silicates: ionic-covalent
B-group metalloids: covalent

Sulfides/arsenides: covalent-matallic

Metals and alloys: metallic-covalent

B—18, AEMARLFELEF!
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Hih(Nacl), NEET (ZnS), A (CaF,) Ml &
Fi(Na,0)&5 14

o ILERHIE: KIE T (—REHET) %
HE Ccep/fee) BRILALIMLAT T %5 e, HoAh 25+
PR

o ANIFHIHRFAIE :

NaCl: J\[H{& (O)Z=RTAm didhe, DU R (T) =42
INEER 25 —F R A g S 8 (T80T, Nk
TRET.

& et AP el ) i Sl S8 A/ AAN T ol e ol

o NaC1BULEMUFAE: BHE Fcep/fecHE, [H
B YRR TR AR, D T A A] R4
o GitHAE Ffec-latticeMHE T
fee—lattice ZF 41 o
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0,1 W

W@ Al AR A 5
b kR RER

((@)—— o —{(®))

NaCl6 /\ [ {4 L L4 1
77 I A 3D4E )

HANaCIEHRIL &

* MgO, CaO, SrO,Ba0O, TiO, MnO, FeO, CoO,
NiO, NbO, CdO, VO, TiC, MgS, CaS, BaS,
a-MnS, MgSe, CaSe, SrSe, CaTe, LaN, LiF,
LiCl, LiBr, Lil, LiH, NaF, NaCl, NaBr, TiN,
UN, KF, KCI, KCI, KBr, KI, RbF, RbCl, RbBr,
RbI, AgF, AgCl, AgBr&%.

- eR <Ay, RKKies, —
s e BHELDIRLTE.
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INEEH (ZnS, sphalerite) 2514

SR (ZnS) FIZE 1

OIS Tfoci e, PHEST 1
LAY D TS D 6 (T 5RT)
L A A A [ (T 5T
YNl

TE: ZnSIEH J3—Fh “4F
O S o Znt %’STEE}L” élj:l:*@’ m%%th

EHE, PHE T A

INTHEENEISo

INEEW (ZnS, sphalerite) 2514

\\ \ j\:\ \ h;\\ °
XKl Xy B
(a) (b)
o ZnSAPY T4 AL 5 7 2UE 3D A 14
o —ENVIRLEYVIEA XML, HinGaAs,
FiArZnOH ] LLEAT IX A 45 14
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% £ (antifluorite) F1 3 £ (fluorite)

o

a0
OO OO
o o
o|® of°
‘:,__:,/_:_/[‘I::'T
// |
/’ - t

s I &M, HET
© 0" HAFTA R R AR
o A" B o
o HA w1 S5 1
BTFHEY: WEE
(Li, Na, K, Rb)EAL W
BRI (AX2) .

G

Blec Miﬁ

BRI B TS
a?ﬁ%\fj%(wz) CaFééSrF
SrCI BaF,, CdF,, B-PbF,=%

%WC%(MOZ) PbO,, CeO
HfO,, ThO,, UO,, NpOz, ZrO2
(>2500°C), Puo2
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81 (ZnS, Wurtzite) FINiAs S #

o ZnSH INEEN (Sphalerite) 1L 40 (Wurtzite) 1
Fhahty, #2FH B Fclose-packing, BB 1A
AN—BEV R, AR S N B & 1
%cp, SETTRHR, A N E Fhep, 75T7R
Ko

o BT (ZnS) FERALER (NiAs) #E BT
hep, AR ARIEE FIRIME: FE0 45
PRI DY AR [A] B2 (el T, H AVl T 44 [R] B
(TBT) , FNIHARIAIBR A . NiAsEiky &\
AR R, i DY T R 2 B4 2

ZFEEH(ZnS, Wurtzite) FINiAsSS 1)

120
’ /{f";ﬁ . _ 0,0,0: '/3,2/3,' /2

el RN VAR

1
o N, N o) V, T-:0 0%; %5,%%

A T, %% Y% 0,0%

®, 0 3% %% %%%
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8 (ZnS, Wurtzite) FINiAsZ5 #)

VY T A 3 T J\ A3 T

CsCINTR BN T 45 . RZ —Hroc s i st
YIS A @A S, SRICsCIARL A5 H .
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44T £ (Ti02, rutile) 5514

o U757 4544 (tetragonal)
a =b =4.594A, ¢ =2.958A
o AN HHE A 2T AN

410,
Ti: OIOIO; %,%,%
eTi ©00 O: x,x,0;1-x, 1-x, 0;

Ya+X, Va-X, V2,Y2-X, Yo+ X, V2
x =0.3a (x=0.302~0.307)

44T £ (Ti02, rutile) 5514

*  Tio6/\ ik AR AL T ) 7 2%
FZR3D4E

o LA ISR H AR O I T
AR 7N 75 S HE RS 155 A 8] 3 o 478
e = OAN R LTS
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PEERT RS (Perovskite) 45 1)

PR B R S E ALl e 5 Oy
ABO;, AW 5EHETH EE BRI FH B T
(E&T120eh6) , wis)E. wte/E. 5
MiteEE T . BRI/ MIEEE T (6
foh) , Z2ALESRET. AL BETHHEN
MEET6 (0-VI (ARLZ, WOy , IV, 11-IV

-1 o FRAEESERHT B 45 8 N fa] BT 7 4584

PRy, —spa ity (ABXy) tBEAHS
PNty AP

PEERH Y (Perovskite) 4514
S

(A-cell)

o\ WABO,, PHFIFHE T-AFIB,
L2 -1 tL4nsrTiOo;
e B (Ti), B-Oq ® 1] L) DAAD BB AL BH B 7 fi il

® A(Ca,Sr,...), A-Op,  [T5 4 11 5 I o

ot ] #iiAR ABO6 J\ [ fA X T5i 3%
¥z, ANIPHE FRCAIECN12
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PEERT RS (Perovskite) 45 1)

TAEA B TH
oL AT LT AR B B TR TR B, BT
S /a0 \ TR

PEERT RS (Perovskite) 45 1)

ABO,$EEAH G549 B B 2B F (Goldschmidt

Tolerance Factor) :

BRI F SRR S,
AFB¥I50%#EmM, 45458
E. BKANSERESHZE
SREF VR

V27, ,

s o

=1

a=N2r ,=21n,,
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PEERT RS (Perovskite) 45 1)

HEA. BRI ARE ™k 2 IR 26, ABOI
KEGL T DUT7 . IEAC B RM R 4540 . 1Xk
Ut BTSSR AL BE THIRSHE—ETE
N AR (45828 2R F, Tolerance Factor)
¢ = V2 (R, +R,) _ V2 R,
>(R,+R,) 2R,,
0.9<t<1, AIAJLRFFEILITAH

t>1, ZEMIWAS, LinBaTio3, t=1.06, PUJ5AH, t
KK, 2SHEN WSS

0.85<t<0.9, ZiMJWAAS, LLUIBOGHIHH L AT«

"t

o SE/\TPR AT LN T bARlchl A A4 HAR AL .

* Glazer notation: = MR HIAARAENS Ta, b,
c=hh A WR=""FEHE, HEEAMR.

« Edr: 0, NS +, MKEZEHEMEFE; -
FH R JZ e A
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PEERT RS (Perovskite) 45 1)

Table 1.19  Perovskites: some composition-property correlations

Composition Property

CaTiO; Dielectric

BaTiO; Ferroelectric
Pb(Mg13Nba;3)O; Relaxor ferroelectric

Pb(Zr_,Ti, )O3
(Baj_yLay)TiO3
(Y13Bay;3)CuOs.,
Na,WO;,
SrCeO5:H

RETM O;_,
Lins-3yLans+xTiOs
A MnO;,_(;

Piezoelectric

Semiconductor

Superconductor

Mixed conductor (Na*, e™); electrochromic
Proton conductor

Mixed conductor (O°~, e™)

Li* ion conductor

Giant magnetoresistance effect

RE = rare earth; TM = transition metal.

=& MBk (Re0,) FIESEH
Naxwwi(l-x)\"03 %m

Y \
X / \
N / %
N \ / \ N
AN N N /
Y, - N i

N
) 4 L\‘;\
> g
:/ NN . > &
b \\ v N\
a (a)

* ReO, LI MEGERT I 45 IR, ReO6 )\ THIATE B
=YEMIZg, (HESMHRA AR T . WOt X R

1‘@ o

« Na,W,YW V'O, F NaBE N 1 &R B 12047 B A B
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R e5 A 4514 (AB,O,, Spinel)

® Mg: 6/2+88+4=38

@ Al: 4x4=16

O 0: 4x8=32

o FZEEHEMY. maEL
KA, BAAREA TN
HRdna BN ABX,.
B 4 R A B2 )
MgALO,. RZ Btk BA
IXFP R o

o R ST I BTE TN
JrHE, brifEspinel 4t , FH
AL /BRI DU T A B, B
5 1/2 )\ A 25 B
AtetBOCt204

-%%%M%%mﬁm%qﬁ

o PHES TR TR L
34, FES TG ARS8,
EECEZ iR

2R 5h A 4514 (AB,0O,, Spinel)
RBF (ABX,)HPEE FRMNES:

2,3
2,4
1,3,4
1,3
1,2,5
1,6

Oxides:

as in
as in
as in
as in
as in
as in

MgAlLO,
Mg, TiO,
LiAITiO,
Li, ;AL 50,
LiNiVO,
Na,WO,

} > 95% of spinels

AB,X, (X=82, Se>, Te )G AB, O, KB MNES.
AB,X, (X=CI,F,CN") BMEENE: 1,244,

2021/9/10
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R fm 1 S5 14(AB,O,, Spinel)

(e a———b
O e p= a/
i ]ZH@a: i
L ) J\ I 225 2 1] o e i
O el o b P
VY i A A a b
PN : B 2 A B
Sl 7 200 06 @4 92
%7 ‘ A3 A7
T, ' 4 @5 @0 @2 @4
/‘/; - .:% A .
i ) . 6 @4 @2 @0 6
:. /W;' \ Eﬂﬁb.,—\;’ s P TE. A7 A3
Q% o I D er er oe bo
' i A5 Al
A_»j\ o VUTH % t1/4 AR
O ‘ " ’*
e 0 ey BHES T B, AMREAR T
o . - frl, SLom KRB TAE,
empty () and occupied (@) octahedral sites. TR, Ne/8IEEL

2R 5h A 4514 (AB,0O,, Spinel)

o PRAESS AR ATAB,O, (normal spinel) Z5#4): AtetBoct,0,
o AR EhA(inverse spinel) : B —7E VU HARN &
7 —F-BHATE \HIAAE, BJ: BteY(A, B)<tO, (J\

THARA B AL BRENLAR)

o FULAEALAY), BEERERN, HgmmT
DL HE SR fi A1 S B FE AR N SR B AT o

o LITFREIA: (ByAL)EYAB,,)°M0, 0 A=0, FritEL i
fi; A=1, RRERA1. y: degree of inversion.
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2R 5h A 45 14(AB,O,, Spinel)

S 9 A1 4574 (norm-, inverse-) Rl 25 -
o FEAFE. HMPN(EN SIS, KIMKECAL),

FHES - RS RON (JURT RN . r+/r-<0.4144, AFEAT

r+/r->0.414, 6Mcifr), LA iikigfa e iae.

o HMMLNANE F RPN A FM R (BHEFINES
MR, BRSNS VR B U
B, XIS AT AB,O, £ A6 Y T B IR B2 R A
R ERE

RERR Eh (Silicate) b &R 45 14

o RERRELE—REEW R WEAY), 2558 EREN
80% . FEFRELEMNGSMGE LR, AMEFER, H
GEMIIE AR B ICERA “Sioa” UK.  “Sioa” 2 A& Fh A
[EERE T, BE T ASEIRERR Shib &4 S 45 MR .

— e AR AR TR . MG, K. 24,

AL WA

o PR, BREE. KV R EE R,

o AN, TERERR RS RALEEF, ALRARRRIER . BT
ABFISIHA FHIT 1 & 1 R~F, Bk, AR LUEFEE 7
Hi B HeSiv TR “ AlOA” DU THI A4, R 420 DY THI A4 — {44 ik
“RERRRRZL” ISR T, FEABE Hesiv i [E N 5]\ Hth
IEET, DAGRERE

2021/9/10

29



RERR Eh (Silicate) b &R 45 14

o —fEIEMT, SidyfE “Si04” PUmifAH, Si-Of

K- K1, 60-1. 64A;  “A104” PUTHIARIIAT-OBE KK

1.72-1. T7A,

o Si04” ZIRNAZER:, —EdtaiER, HIUm
RPTREANTI S e % RBE PN U TIAR A, 454
H“Si04” MAIERR EALTH .

RERR Eh (Silicate) b &R 45 14

T T 7
Si._ _-Si- Si =)
el Tt | % T2 ‘ (
Ny ~ CI—
(a) (b)

Silicate anions with (a) bridging and (b) non-bridging oxygens.

Table 1.27  Relation between chemical formula and sificate anion structure

MNumber of oxygens per Si

Si:0 ratio Bridging MNon-bridging Type of silicate anion Examples

1:4 0 4 Isolated SiO} Mg Si0, olivine, LiiSiOy
1:3.5 1 3 Dimer Si, 0% Ca;5i,0; rankinite, Sc,5i,0; thortveite
1:3 2 2 Chains (Si0;)2" NayS$i0;, MgSiO; pyroxene
Rings, e.g. Si; 05 CaSi0,*, BaTiSiyO4 benitoite
Si, 012 BeyAlLSiy Oy beryl
1:2.5 3 1 Sheets (Si;O5)2" Na; $i; 05
1:2 4 0 3D framework SiO,"

h has Siy0f~ rings and the other has infinite (Si0,)2- chains.
orphs of silica, quartz, tridymite and cristobalite, each have a different kind of 30 framewnork structure
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A T B [0l B2 ) B8 A S P S R ER 22
N T E AT

« 1. BT¥E

o 2.4 AR RIE TR (Pauling LD
o 3. T AR AASRE

N
R S
o BTRSE () BEWMEFRAEGHIEERNZRZ —.
'%?*%EX:Eﬁ%?ﬁ@%%ﬁﬁ%,Mﬁfﬁﬁ%
F J S R R E A B AL CPEA S IR
o ENETIEHWMELZ Ab-
- ?;gﬂﬁ@%fﬁﬂ%? CEbn B A ENALERD A—g Rk
- BTRPEEESINENS, BF oA TES
- %gﬂuttﬁ%ﬁgzﬁ%%Eﬁ%%*'bﬁﬁ, {HECB R E B F o
0
s HEIFEEZEHJWRKE Y42, tbinshannon FlPrewitt
B 7242, Pauling B 7212 MGoldschmidt B 1242

o HATATBUHX- SERATH T SR B S B i 7 =
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¢ BT ETE R

¢ TEE T, BT A
wfEdn, MERISHEE
EERARE.

¢ SR LA B T
AR

¢ RIS, SR
MR AR5

¢ WLAE A BERE T
R CERINE M
Tk BEE
A R RR
i,

LiF Y f 25 1A

2R =+2(R_+R,)
R, =0.414R.
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BT

o RTRERTRNIER T, BMTAZZEREN, SMNEET
SRS R, IR RRA N AR T R O
WIAR S, RIAGES T2

« FENaCIZER R, 1B, B TEJyEARANH (R MR i
[ BRHEAR R A% BN 1 A, B FRY/R-EMEA ], A
NI =FhfEL:

o AR, WTLURYE (2) 5L (3) , LLIXRDHAE FINaCIZ fffd
B R $a,, Bl HAEFREER, REAERIER (D
o (2) 5 HIEE FRIEAER

B A7 BRE 1248 (Goldschmidt’s ionic

radii)

o i FEEAMVERFEA M (Langde) T°19204F
B, ALk, BR0E TR 82134, JFHE
— 53818 Br=1.88A, CI-=1.72A, F=1.32A,
BRI BB TR, 5N &Afits (Bragg)
B 75 %07 (Goldschmidt) ZE &K B . 523

« Goldschmidt® T ¥ 12548 5 AL 2 B Bds FE A
—5 ((NMHZEBE D Z LA
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= slr 4 -
BoBFHIFEREE A cH 0> Fn
<0.2 132 133
*EANaCl-BIE5H), CN=6H#RAE, KL gjé+ 2me  Cl
R(F)=1.33A R(O*)=1.2A0ER (ER 0.57 174/0341.81
B, GRBREEN . (GHE) , [ e+ Brr-
yE g Ge4* Se/6+
| 262 544 191/0.351.96
. "
Li*+ Be?* Sn4t Te2
0.78 0.34 0.74 211 220
Na* Mg2* Pb#4+
0.98 0.78 0.84
K+ C32+ SCS+ Ti 4+ V5+ Cr 6+ Mn4+f2+ Fez+f3+ C02+ Nl'2+ Cu1+ Zn2+
133 1.06 0.83 0.64 04 04 0.52/0.91 0.83/0.67 0.82 0.78 0.96 0.83
Rb* Sr2+ Y3+  Zr4+ NbS* Mob* Te Ru#+ Rh3** Pd Agﬁ- Cd2*
1.49 1.27 1.06 0.87 0.69 068 0.65 0.68 1.13 1.03
3+ - +
Cs* Ba? |1‘822 Hf 4 Tas* W&+ Re# Os? Iré Au™t Hg?
1.65 1.43 | o~ 0.86 0.69 0.68 0.68 068 066 1.37 1.12
0.99

1 HK 2 1442 (ionic radii of Pauling)

o BEMRNT —AERTAE TR ANE TR
W TANE T A0, S THRNBE T,
MRS 1212 547 W% r f B b . B

C
Rl 1

:Z—O'

Ah, Ry BT C: HIANE B TR TR
REIERG 20 BETFEG o5 E FIANE R T
SR KRR B (2 —0) B A A0 M AL
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1 K 2 1442 (ionic radii of Pauling)

o XFTNafFrgityhfNa*fIF =1, B EANe B 451, i)
R RICntlZE, Na%ﬂF%%Bﬁ)ﬁ?ﬁﬁ’iﬁé&onimﬁﬁ()ﬁ?
Yy HL B SE AL AR . DRI

(i)
R(Na")  ‘z_g5'F
R(F) _(i) 0-2452
Z-o N
o NHIENaFRIERHIAHT (XRD) AR FINaCIZ NaF di A
Na* A A EEES (2.313) o XKE, AR¥E FREIAIsR .
R(Na*) FIR(F)
R__+R =231

Na~™

R(Na*)=0.95A, R(F)=1.36A

E5Pauling® T8 (R)*: 85 ¢ N o2

. L 011 140 1.36
EANaCl1- B 454 (CN=6) AtRE. A+ Sid+ ps+ gaes CIT
(ML) , EK, (MFE2D 0.50 0.41  0.34 184,029 I13.r81
Zn? Ga®* Ge**  Agst Ge2fe+

0.74 0.62 053 047 198042 1-95

Li* Be2* Cd2+ |n2+ Sn24+  Sp5+ Te2ls+ |1-
0.60 0.31 0.97 0.81 112071 062 221056 216
Na* Mg Hg?* TI* Pb24  Bj3.5+q

0.95 0.65 1.10 0.95 20,0.74

K* Ca2+ Sc3+ Ti 24+ V35t Cr38+ Mn27t Fe23+ (Cop23 Ni23+ Cu'2+
1.33 0.99 0.81 0.9/0.68 0.74,0.59 0.69,0.52 0.80,0.46 0.76,0.64 0.74,0.63 0.72,0.62 0.96,0.60

Rb* Srz+ Y3+ 2zZr4 Nb™ Mo%s+ Te Rud4 Rh2* Pd  Ag"™

1.48 113 093 080 0.70 068062 069,067 0.86 1.26
La3* . 5+ V46 R Ogé+ [r4+ Ayt

Cs* Ba? Hf4+ Ta e u

169 135 | o0 0.81 073 084088 069 066 137
0.93
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A% (Shannon) Fll & f4F (Prewitt) 5 1

i

 Shannon & Prewitt ZmfE 2 ! | N E B 1253
(1969-1970%) . —FEZ&LIR, =1.40A (CN=6)
AbniE, HPaulingfGoldschmidtfJAHLL; A —F&
EX-SI B MRS R R,
R-=1.19A (E{R.. =1.26A ) Atz (CN=6) .

R B T G 2 57

NaCl-B LiFE&#H, B FoHmEESLIT (F)
BETFIHEERXAR:

| 1. BF O HEE RN R
RLI*EFEE: 0.92A
Goldschmidt¥1&: 0.78A
| Pauling1%: 0.60A
2. EEBTHEHERKE
. FEERX.
3.BAMERZM, BITHIRME
HRHEEFER.
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Goldschmidt. Pauling. Shannon & Prewitt fH
BFEE (CN=6) HiBLLE:

Ca? Cr’* AP* Fe*
Goldschmidt: 0,78 1.43 1.06 0.57 0.83
Pauling: 0.60 1.35 0.99 | 052 0.50 0.76

S&P: 0.74 1.36 1.00 0.52 0.78

Li*, Ba?*, Ca, AP+, Fe*%, =FE¥IEHELLE:

G >S&P>P. {BCr A RIXFERINIASE .

- m o
m ® o

e =] A

ha
}\
&

04+
L Ve

o L L L I L L L L L L L

o 2 6 ] 0 12 6 ] ] 2
Coordination raumber
Figure 3.3 fonic radii as a function of coordination number for cations M* to M. Data based on rp- = 1.19 A
and roi- = 1.26 A, Reproduced with permission from Shannon and Prewitt, Acta Cryst., B25, 925, © 1970
International Union of Crystall I’
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Some typical bond lengths to oxygen (A) and coordination

numbers*  (* Shannon and Prewitt, Acta cryst., B25, 925, 1969; B26,
1046,1970. ) :

Al-O(4)1.79; Al-0(6)1.93 Ce(ll1)-0(9)2.55; Ce(IV)-0O(8)2.
Am(l11)-0(6)2.40: Am(IV)-0(6)2.35 CI(V)-O(3)1.52; CI(VII)-O(4)1.6(
As(V)-0(4)1.74; As(V)-0(6)1.90  Cr(lll)-0(6)2.02; Cr(VI)-O(4)1.7

Ba-0(6)2.76; Ba-0(12)3.00 Co(I1)-0(6)2.05 to 2.14;
Bk(I11)-0(6)2.36; Bk(IV)-0(8)2.33  Co(ll1)-O(6)1.93 to 2.01
Be(l11)-O(3)1.57; Be-O(4)1.67 Cu(1)-O(2)1.86; Cu(ll)-O(6)1.97
Bi(I11)-0(6)2.42; Be-O(4)1.67 Cm(ll)-O(*)2.38; Cm(IV)-0(8)2.
B-O(3)1.42; B-O(4)1.52 Dy(Il1)-O(6)2.31
Br(VI1)-O(4)1.66 Er*lll)-0(6)2.29

Cd(-0(4)2.19; Cd-0(6)2.35 Eu(l)-O(6)2.35; Eu(lIl)-O(7)2.4
Cs-0(%)3.22; Cs-0(12)3.30 Gd-O(7)2.44

Ca-0(6)2.40; Ca-O(8)2.47 Ga-0($)1.87; Ga-0(6)2.00
Cf-0(6)2.35 Ge-0(4)1.79; Ge-0(6)1.94

Au(1l1)-O(4)2.10

KT T LR

o HEIEHAZEE P25, HWiGoldschmidt) L &+
42, Pauling B 12 MIF 4K (Shannon) Fil &4
(Prewitt) 142, R—EHIE BB, HAF R EHE
ARERA . T —BAARE, HeeslHE—EE R E
B, RN ISR B H Ak

o —RBIERGETAREE, el EE TR E,
Goldschmidt )L {il & 742 lPauling £51-*1% X LANaCIZL45
M RFEUE . HSEFR A EICN=6, BT P42 — w8 EMAH NAZ IE .

CN 12 8 6 4
Coefficient 1.12 1.03 1 0.94

fiEt, (ZEMLE) , p263-F3-9-8
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B AR Sh A 22 U] (Pauling’s rules)

o EERU CHERBFIND . “EIREE TR EETE—
ME TR, B, AR AR E BT
B FE TR, AR TIE. 7E
THFERZLL.

o AR IR A, RE T
BHER B 7242 Cr/r) BT PR .

o Hr/r 8RN, SiNREIT, H
jCii 7 DN IVAVF R

B ECA 7N B
A S E e

B AR5 Sh A 2B U] (Pauling’s rules)

#1-10 BAPHE T4 SR F AR LM

refra® 0 0. 155 0,225 0,414 0.732 1 1

D |2

6 l iz
_ | [ | . -
\ /TN TH
W TR [ AN Q |
| @i L AR

ame | sk [arme rwmews
| BRBD)  AHRRERR

fifh NaCl | %A CaF: | A% Au BRROs

— e —
P TR H 3 1 |

LWEEEAR | R | WAaE | Wk |

| |

55 ’ |
|

ore B e 4 ER AR FROBT T 00262

— MG DL A _EIRFN, (EAELE A

U T AREHER, WREAFAES, 7, 9, 115FRCAL

U B TR ARG FHE T, POBOE LTI, e andn R 5
5 5T B AT AR RS DY T At ] 9 ol i 4

W
B~ InS

40



B AR Sh A 22 U] (Pauling’s rules)
I CEAEI]D

E—RBRENBSFRIEEHP, §—HBEF GEEEF) B
BMET (BUENETF, RE<1/6) PIEEBEF (HABETF
) 5i%fh (SHIE) B FE2B 53 (electrostatic bond
strength, ebs) S0,

.7??}.
2, =2 Ms,| s T

RA: 7, POABETFHNE: M, R ORETFRRIEPES
F# (B, coordination numbel CN) ; s., FILfAEEF
5 BiF4BE B F 2 E A% m, ) ERTHN n,, G)EE
FHRIEMAEFE (EAED .

B AR5 Sh A 2B U] (Pauling’s rules)

o BF RIS
CaF, [ Ca N8HLAL, Ca-FH (1) FE i 5E E v2/8=1/4,
*E%E“*%MIJ BETEAECNY (1/4) =4

PRI 1 ( Mg,Sio,, Sit 1 1H1/8 1 Y i 4 == it
Mg % 731/ 20 )\ AR 2 B, T8 1 B B2 3

ZrSioahzr it slitfr, Sifealichr, 1HEAE T IELAL
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B AR Sh A 22 U] (Pauling’s rules)

o SIMRES =R “AERCAZZER . ECALIRZ TAIAS
(NI R/ E K 7 1| N Y e /A AT L UV 7N
FIRE, Rl i, PR e, Xt

Tt L& T R REC AL 2 ffAk, X —RRRH B

j(o 9

o /BRI R S 104 DY T A ] R LTI R

> @\{

B AR5 Sh A 2B U] (Pauling’s rules)

o SEAMREEVORIIN:  “AEETH MU EIEET
rdefAeh, mEAT . RBCALA AR L I 1

7;5E@‘Iﬁ?$§iﬁ@ﬁﬁ%ﬁ%ﬁ@ﬂﬁﬁ

o =R RESH . ARG ITCRAZTRILN,
g e STl . EFAES MRS TR,
s ARECAL 1 B &S 1 2 A R n] g A A
%, WHARRCALZ RN IT, BREZ L
T 77 AHZE . ELangsEkn ™ 45 1)
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B AR Sh A 22 U] (Pauling’s rules)

o BME AN CREBCEAFEND © <Gkt
TN A 9 G5 RIS R R R, — ok 1 Do B/

. HﬁﬁDCaSAIZS|3012, Ca, Al, SiFIECAIALEL 7748,
6, 4, MAEE T2 BN ?

L VT

(_‘-a (1il (: 3
)M e
P N 29 . RIS
BoRER: RERAEIE o N 0
Al Cat?

i S M NI Vi

%MM‘ﬂWMV%#%

TR R R B B ) o B TS AR, EA
ﬁﬁ?ﬂﬁ LA B 1 T R )5 o
o SRS ORI e R B B R T 288 4 (bond
valence) , HEAFHEF I B0 T AHAR R 824 2 Fn, B:

Vi= vau
I

. %ﬁ%%ﬁfuﬁﬁ%%)ﬁ?ﬁ@ﬁ%&u&ié’rﬁﬁ%%ﬁ%@&%@i&
i€ o

o HETTEIEE UM AR R LU AR ) A S A, L
KATREA—HE, QR THSE s s i o LU N X (5T
), ABURAE A 1052 S W] RUE A RIS LS
BB, 8 AR
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SR U N P 7

W N
s, =(R,/R)
L '\‘\ o ,
F\
L\
B 1ok
AN
t N
1.5 20 2‘.5 = _‘;{J_

Bond length/A

Figure 3.8 Bond valence-bond length universal correlation curve for bonds between oxygen and second row
atoms: Na, Mg, Al, §i, P and 5. Reproduced with permission from Brown, Chem. Soc. Rev., 7(2), 359, © 1978
Raoyal Society of Chemistry.

RS U N P 7

o 1] LAFIFH B8 RN A 5 He H i g5 A i B A e
B 1 AN B T A AR R T AN 2 AR & A T
T TEIR T GREEAEDZIL

o HIERAR TN E: TiEHX-rayffie &i F1 5,
AT AR A _Ea RN, #3215 5000 22 #E be R i i
¥, AR T REESEEIZR T L

o TEERRERRERH, X-ray UikX p#aAntE, w] LA H
IR EE A AR SR, RIORAEAE R AR FE AL 20 1)
THOUE, PR AN F . tean, DU
EELAL, Si-OBEA A1, 1M N0.75.
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BT iR R RE

o BTauRTT LA R m H T 1 = 4ERNHE
b, wEGIJJHEIE. S SS A E—E,
o mafRRPEREU : HARSHIEEFMAE T4

B B R R TR I R

o iR FERETT K E (Born) FIRG{H
(Haber) #bZEIEMTHE, BB
i =

BT e i i S R e
+ RERERO I ER LAY

|
|}_ - Born repulsive force
\

t NB
v || V=——(m=5~12) ¢?ZZN BN
I r Il =~ e "
' r 7
I N ) - r - (:Lf N 0
| soulombic cr.
/ // tive force
l/ e Z 7 N 1
- ' =U =- [ i _}
V=—£ZZ'NA % n
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NaCl & 14 £, F#Hffl‘%fxa

i

%

u=Nzzeq-Hb 12, 8 6 2

12 8 6 24

$+$_ﬁ+ﬁ_ ...... )

A=(6-

H2-3 WENNAEEH

AL i8, DR NALSAGLEAKBRTH, CRERE
FaARLEGUMAE, AHETFOELIOLTAL

+ - + -
N N2 B VA s

% % 2t Nat4eCl' § F Z 4a 44,

BT iR R R RE

BOR-SEITR: U, :_M[i_ 1 ]
5 n

|

© N, FUBRIEZ H G A, U5 SRS R IR A

n, 7& 5% 1 TSRS B RHE R HE. XN T He, Ne,
Ar, Kr Fixe P25/ 7, nr s, 7, 9, 10, 12
FIE. B FRInAZ, BCPBME (EOnBCrE)

o REHRIERIESE I AR AL B A

125200022~/ 34.5
- 120200 @—4”)

Ty

Hrpv@ s “077 PRETEL o NIERE TR R,

-%gﬂ%%%mﬁ,ﬂ%%%%ﬁ%%%ﬁ%ﬁ@%&ﬁ
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F B R R SE 61 <

o XFTMXERE, RFERETTEAEAR 1mol A Mz RIX- A ik
Imol IMX AR, B BEE . (HIESLE b B & bt
LIS

o HETRFPIR-M10 (Born-Haber) E¥R, F|H C40 1) S5
PR, SRS AR S FERE .

o E AR 5 W (Hess) & A0 2 B AN, R 5 S fn 2k
TAREE R, 5 @R IxR.

BT iR R RE

o U B (Born)-Fa{ (Haber) fE R T4 S e fE, LA
NaCl A :

AH,, FrieHh

Na™(g)+Cl"(g) AW, HEHE

AHZI /—\“4] U AH,, FREERE
Na(g) Cl(g) AH,, BFEMEE
&H:I éHaI AH,, NaCUERHE

Na(s)++CL(g) — M 5 NaCl (Crystal) v, SH&se

RIBZHTERE (Hess’ Law):

AH, =AH +AH,+AH,+AH, +U
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P Tl N P =Y U

o MBS Born) -Maf (Haber) &3, Wk XA —4ok
B, ATROKHIXASRFIE,  Hn e 5 SR ARE—A ELBUHE A

W&, A URATHER S
o TRMARFEEWIRIFGENE. WIRMIERENIE, TRE.

o MRHE B, ATHSCIRI E R AR, THE RS RE, W

AT LUK HEXRDI B4 44, Fh1 0 B RET BU
F (00 BT AR 917 78 S T R A «

Table 3.8  Lattice energies (k] mol=") of Group I halides

Compound Uealc UBorn-Haber AU
Agk —920 —953 33
AgCl —832 —903 71
AgBr —815 —895 80
Agl —777 —882 105

]

AERRIRE S

AR GE AL ) — SE R AR (Rt B AR ERS T

PRERAE . S SE AT 2O

TR S ARSI T, SHE (SLITANTT)
— LG LAY ) AR A

B

SR i AL 2 R

e AR ) R

X
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EUGRANG

S SIS

o m i SRR VRS ARIE R B N R AT TR R T 1A
SEAH R AR T 278 West I ] (A6 27 BR A

o RIFREEZ: XFRAL, e XIRRIE . R B g, 1R
Jigkh, 1RSI, 328 I REAN230%0 A (A A

o LK RALAFAT RIS T

o FRSARGERIR T AARR, EEHE, AIECHLZ i

o SLUTEEHERN TS HE

BEHTFINaCI-E RAEBN SBEEH (XRD) A:
MgO, 4.21A; MnO, 4.44A; CaO, 4.80A;

MgS, 5.194; MnS, 5.21A; CaS, 5.68A. 1§
B NaCI-B & #3Fh Ca2 #1 OB Goldschmidt

BT L.
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Z3: BETINACIESENSEER (XRD) : Mg
4.21A; MnO, 4.44A; CaO, 4.80A; MgS, 5.19A; MnS
521A; CaS, 5.68A. FHiTENaCI-BILE#shCat 1 O #Y
Goldschmidt BF#$1Z.

> HCaOR) J FEH #15.68A (IE, B FEAD &,
R(Ca®™)+R(0*)=1a,=2.40= R(O*)=1.40A

» NAR#EMgS—>MnS—CaSH) s BEEHZEL, MgSHIMnSH) )

R LA AT LA, Mo REMnS 4 #) T fS-S £ 5

#IF, BEIMnSZ S-S F#dfk. BTLA
2R(S*) =g, =3.68A = R(5*)=184A

» LIRIEMgS—>MnS—CaSH] i FFEH $ER A, CaSEHMFHICY
IEBTHIS * AR i e AR, Frid

R(Ca® )+ R(S*)=1a,=2.84A = R(Ca’")=1.00A

* How many lattice points are there in (a) a primitive
lattice, (b) a body centred lattice, (c) a C-centred
lattice, (d) a face centred lattice?
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* |n the table of crystal systems, only certain
unit cell-lattice type combinations (i.e. Bravais
lattices) are possible. Suggest reasons why the
following are not included: (a) C-centred
cubic, (b) F-centred tetragonal and (c) C-
centred tetragonal

a) A C-centred lattice has no 3-fold rotation axes: if the unit cell is geometrically cubic, the true
symmetry would be tetragonal.

b) It is always possible to draw a I-centred tetragonal cell with half the volume of the F-centred cell
and for which a(I-centred) = +/2a/2(F-centred): see Fig. 1.7(a).

c) It is always possible to draw a P tetragonal cell with half the volume of the C-centred tetragonal
cell. Again, a(P) = V2al2(C-centred).
See Fig. S5 showing how a C-centred tetragonal cell can be redefined as a smaller primitive cell or

how an F-centred tetragonal cell can be redefined as a smaller I-centred cell.
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* Show that the packing density of a bcc
arrangement of spheres is 0.6802.

sphere volume
r= a\/g/él:alsoZ:Q_'_D: 1 p.
5 (unit cell volume)

1.33721° 1.3371° _
= = - = 0.6802
0.5a° :

4r
05 (ﬁ
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Identify the following cubic structure types from the information on atomic coordinates:

:1/200.01/20,00 172, 172 172 1/2:

2000, 1/2 /20, 1/20 1/2.0 172 172

14 1/4 174, 3/4 3/4 174, 174 3/4 374, 3/4 1/4 3/4:
2000, 1/2 120, 1720 1/2.01/2 172
21212

000

000, 1/21/20, 1720 1/2. 0 1/2 1/2:

(1) MX:
(i) MX:
(iii) MX:

(iv) MX,:

HEHEIREIRXE

3/43/4 1/4, 3/4 3/4 5/4
: 000
$1/200,01/20.00 1/2
212 142

: 000
2 1/200.01/20,00 1/2

(v) MXs:

(vi) AMXs:

“EZrR=E

i) rock salt, ii) zinc blende, iii) CsCl, iv) antifluorite. v) ReQs, vi) perovskite.

174 1/4 1/4, 1/4 174 3/4. 174 3/4 14, 3/4 1/4 1/4, 1/4 3/4 3/4, 3/4 1/4 3/4,

MgO has the rock salt structure. @ = 4.213 A. Calculate the Mg—O bond length. Assuming the oxide

ion radius is 1.26 A, what is the radius of Mg?+? Are the oxide ions in contact?

Mg-O =a/2 =2.107 A

rvg = 2.107 — 1o = 0.847 A
0-0 = 1h(a> +a%)'/2 =2.979A
210 =2 x 1.26A =252A

Therefore, the oxide ions are not in contact and the structure is eutectic cp.
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25, (1) H O M Co 377 HEBURY, 4% D T A 22 B8 1)\ T A 2 Rt e o 9 B CBA— ™
BT AR k).

(AT AU TTRE NG e S AN Neol € ES R O o vl o

GBI, 6 R T, 2PN & BRSO EF, I — R
R —A T

Ca) JITA7 PO 0 14 2 B Ao 8 39 4505

(b) JIA N A 4% B A0 8 A3

() JFH—2 MU A A fr

(d) JF-— N TR A A B .

AN )\THARIFIBE (0, 0, %2),
8ANUT A TAIRER C Va,Ya,Ya)

(2) NiF A2 Er02-%=2:1, Nl Bvo2-$=1:1;
(3) (a)CN=4, z+/4x8=2, z+=1, NaxO, LizO: (b)CN=6, z+/6x6=2, z+=2, FeO,
MnO; (c) CN=4, z+H4x4=2, z+=4, 7nS, SiC; (d)CN=6, z+/6x3=2, z+=4, MnO2.

54



