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Abstract: Assuming that heat is transported by lattice vibrations (phonons) in silicate glasses, their thermal conduc-
tivity is correlated with the product of sound velocity, volumetric heat capacity, and phonon mean free path
(MFP). The sound velocity and heat capacity have been studied extensively, but the origin of the compo-
sition-induced variation in the MFP remains unclear. The present study investigated MFP in M,;,,0-Si0O,
(M*: Li*, Na*, Ca*', Sr?*, or Pb*") glasses with a variation of M,,O content. The MFP of the silica glass
decreased with the addition of M,,,O. The effect of the type of metallic cation on the MFP was minimal
for the selected alkali and alkaline-earth silicate glasses. By contrast, the MFP of lead silicate glasses was
higher than those of alkali or alkaline-earth silicate glasses when the metallic cation contents were compa-
rable. Previous studies have demonstrated that alkali and alkaline-earth cations act as nonframework spe-
cies that break the silicate network structure, whereas lead
cations have inconclusive structural roles. Our data indicate
that lead cations partly act as framework cations and that
phonons tend to be scattered near nonframework cations in
silicate glasses. Thus, the phonon MFP is a useful parame-
ter for determining the structural role of metallic cations in
silicate glass via phonon propagation.
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Phonon Mean Free Path of Silicate Glasses: A Useful Parameter

to Distinguish between Framework and Nonframework Cations
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Akira Yoko, Sakiko K awanisHi, Hiroshi FUkaYA, Hiromichi Outa and Hiroyuki SHIBATA
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NoT, T ABEH 5 2128 5 IOMBIRGENE & 26
AT 5 Z & B, REAIZ B0 5 IO MBARLEYE O PRAE 12
ODENBEEZBIENTE S,

K2 TR, rAMEN 7 2 - iikICkE T 3 E&EEA
I VRO T+ 7 VEGELFE BN 5 AT L LT,
A BBEOSBERBRICM A G TR ARG 7 2 %
WNRIZT + 7 v OV A HTFE IO MR A7 & S A L
7o s, T ABRYEA T 2L - SRR L ORI,
B R T Ty ZARKEH A T 7, H T A DORERK
e UCHBE LB & #EE L 7=,

2. 74/ OFHEHRITIEOEHFE

75 2RO BMRENE ) & B o [m*s '] &, X Q)
Wk OBERT B Z e nTESY

A=apC,, -(2)

ZZT, plkgm 1 i3%E, G kg 'K idETH B,
B B ORMPERILE (C,=pC,) Th S0, X (1)
ERXR Q) 2674 vORHHBIENL, X 3) TET
ZENTES:

=22
%

- (3)

AW TIE A 7 AR OB o & Edy 250U, X (3)
K0 IEPEL 2,

, 0.5-0.7 nm ,

Fig. 1. Schematic illustrations of the linkage of SiO, tetrahedra
with its length scale. A typical range of Si—Sizg
interatomic distance is described according to a reported
value?”. (Online version in color.)
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3. RERF&E
31 BURMER

B BLA R F6 & O HTHEK % Table 112789, x mol%
M,,,0—-(100-x) mol% SiO, (M: Li, Na, Ca, Sr, or Pb) 24 7 A
Rt E L COBE L2, 22T, 3@ A+ v MO
Behy, dBHiEMSy & RT T & & L, 717 ZakHZ
R EIC K D ERLL 72, SEEH R O Si0, (FUIIFILM
Wako Pure Chemical Corporation), Li,CO; (Sigma-Aldrich Co.
LLC), Na,CO, (Sigma-Aldrich Co. LLC), CaCO, (FUJIFILM
Wako Pure Chemical Corporation) 3 & U8 SrCO, (Sigma-Aldrich
Co. LLC) & & 74 MBI skH KUK Z W TRA L,
BoNZRAMEET LAY 2237 H) LT A8

Table 1. Nominal and analyzed compositions of the samples
in mol%. The analyzed compositions are shown in
parentheses. fsi o-m values were calculated using eq. (7)
with the analyzed compositions.

Samples  SiO, LiO Na,O CaO SrO PbO  fsowm
S 100 - - - _ _ 0
LisS28 720  28.0 - - = -
(71.3) (28.7) - - - - (034
LiS33 67.0  33.0 - - - -
(66.8) (332) - - - - (0.40)
LiS36 640  36.0 - - = -
(64.0) (36.0) — - - - (0.44)
NaS18  82.0 - 18.0 - 7 _
@815 - (185 - - - (0.20)
NaS23 770 - 23.0 = - _
776) - (224 - - - (025)
NaS28  72.0 - 28.0 - - -
(22 - (2718 - - - (032)
NaS33  67.0 - 33.0 = - _
(675 - (325 - - - (039
NaS36  64.0 - 36.0 - - -
(645 - (355 - - - (0.43)
Cas#2 580 - - 4.0 - -
(592 - - (408 - - (0.51)
CaS45  55.0 - - 45.0 - -
(554) - - (4406 - - (0.57)
SrS40 60.0 - - = 40.0 -
(63.4) - - - (366) —  (045)
PbS33 67.0 - - - - 33.0
(66.7) - - - - (33.3)  (0.40)
PbS50  50.0 - — = - 50.0
(48.0) - - = = (52.0)  (0.70)
PbS60  40.0 - - - - 60.0
(43.1) - - - - (56.9)  (0.80)
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WA o 20KFRE LTHW ., £/, $ir A BIEH 7 2 %
R B ERICIE, ERSOEREFS 720, RO
PbO (FUJIFILM Wako Pure Chemical Corporation), Pb(NO;),
(FUJIFILM Wako Pure Chemical Corporation) ¥ & USiO,
(FUJIFILM Wako Pure Chemical Corporation) % &4 L, [Al
WREBMAREZFER L LU, AR % Pt-Smass%Au# (#i7
A BRI ) A8 OHBIBIZ AN, 1073-1273 K DUk
THhHBE G04rM) U7z, B hizbithz o A Bk &
DRI HE N Pe-Smass%Au ™ % VT, 1273-1873
K OWE THEM U 72, 2 O%, B A RSO GERITH L
AAE BONZRWH T 23 T AR k0
WEMTT ==L L, 7= —A%0O A T 2k & P rlE
L 72z #ifEZR > ) 1 (Si0,) & HERE TEMT % 2

CIENEETH 572728, ) H B O EEEEEE 2
R D FEHEA 5 H 7 2 (5809-a, P& AL TIZET) é«ﬁ%

Wiz, F 72, R RIZ K D ER L 722508 o {2k 3
WRAHEIC K OEFHE L 72, $T4abb, by Fv 4,
FRUY L, ANV L ZbOyFoslsLUHOREE
FEEEE S 7' X~ F5 A (ICP-AES) TIE L, 7 A
FRIRE FHEERIC KD AL 72,
3:2 BIHESLIOCFTROATE

RBOBE R, F /v T T9 Y27V TEM
W27 Ty v aBIZ K DIE Lz, ZOHETE, Mo
ANF =L 22K 5 TRt O K &2 INEL, 7 Df5R
AU 2R I O W IR E & RSB A CHlE T %,

WTH 5, ARRHIBHTH A 720, XY /) Vv TF9 2T
VIO RETINDEREVISBENR D D, 72, WAk
FHAT FILF =L 22N L, SOBEHEE RS Z &
PARARTH 2, 2078, ko L Fifi % Simiifeg L,
D A8y & (~100 nm) L 728, KFHAK (FC-153)
EATFVL—a—F 4 V7 Lk, il EHOEEIRE R, &
FAOBHZ D & 298 K T3EIIE 21T 5 720 195 N7 IEIBE
HiR 2 & BB O BULECE 2 e 5 5 728, Cape—Lehman E
FI E ROz, R T, RS R O 2 I RIE
T K OEEFHOBIEROEEAZEL THD,
S IE E N2 E RO R RIFTH - 72,
3MOED R LUHAIEIZE T 21E5 D% 1E, KEORBTH
1% Td > 7= (Table 2 BH) .

# 7 2RO EEY ms™'] 13, TR @) TEgEhz*:

- (4)

ZIZTC,ERHTARBDOY VI ETHD, plkgm ] X
REOEEAELEL TS, £72, EZR (5) TETZ LR
Tx5Y:

2 2
v, —4v;

2 2

L=V

(5)

E=pv;

T

22T, v BXUvIE, TR B X ORI OIERE
W ThH B, KifzETlE, & X #38DL PLUS (OLYMPUS

AWK TIE, ¥/ 75927+ 74 % —LFA 467 corporation, Japan) # FIWNT, #@H /L 2 L3 =K
HyperFlash (NETZSCH, Japan) % I\ CRABD o % 3K 72, DB DV I KV 2 WE L 7z, EHREH AT 7 2 uﬂiﬂ
Sl ERL 724 7 ZF0RHAE R 10 mm, JE & 1 mm Ok IFEAE10 mm, & & 10 mmDOHFIRE LU, #HlEmiic Lk
Table 2. Measured thermophysical properties of the samples at 298 K.
Samples  a/10°m?s”  p/10°kgm=  nsiom/nm= v /ms™ vy/ms! v/ms™! E*/GPa I/nm
S 0.824+0.005 2.187 0 - - 4288* 80 0.58

LiS28 0.574+0.002 2.328 5.22 6160 3710 4090 78 0.42

LiS33 0.555+0.071 2.333 6.21 6283 3658 4079 78 0.41

LiS36 0.531+0.004 2.349 6.90 6372 3701 4130 80 0.39

NaS18 0.563+0.008 2.369 291 5404 3228 3569 60 0.47

NaS23 0.515+0.001 2.406 3.58 5386 3157 3513 59 0.44

NaS28 0.481+0.009 2.457 4.53 5352 3070 3439 58 0.42

NaS33 0.439+0.007 2.478 533 5410 3050 3433 58 0.38

NaS36 0.419+0.002 2.499 5.86 5381 3007 3393 58 0.37

CaS42 0.500+0.032 2.795 9.07 6298 3481 3938 87 0.38

CaS45 0.485+0.001 2.839 10.2 6325 3494 3954 89 0.37

SrS40 0.386+0.005 3.446 7.59 5366 2965 3355 78 0.35

PbS33 0.393+0.003 4.617 6.07 3720 2204 2444 55 0.48

PbS50 0.270+0.002 6.339 11.1 3109 1732 1956 49 0.41

PbS60 0.256+0.001 6.492 12.0 3030 1682 1901 47 0.40

* Value reported by Manghnani and Singh®”
* E values calculated using eq. (4)
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L 72 B AT P22 O 51492 b —3 L Tw B, [RkIS, 5

BE L 72T R TOMEOSBBRILHOFIZ LD, ¥V 7
H 7 ZADBILHRIZKD T2 Z L hbhr o7,

4.2 HE

Fig 3 (23R 7 2 O & 31 I § &@LU aRo 8
% % 7R3, Manghnani and Singh™ %, ¥V # # 7 2L F b
Vo LT ARG N T 2O E#ERIE LT3, Na,0-Si0,
RIZE T B0 5 OWMEE & AWFZEO HE I8 % Fig.3 T ik
L7z, WHEDT — & OREIX3-S5%DHFFAE /N L, #56
DWW & AR D T — 2 ZHETRETH B L E A 1=, A
WIZRIC B W TEEIER D ) A 4 5 2 BB /513 K

- 1

IU’
NE x >< : Si0, (Recommended value)33)
= 0.8 © :SiO, (Present study)
S A :Li,0-SiO, (Present study)

H_ 06 v :Na,0-SiO, (Present study)

> A A .

:'§ * X v A 5 X :Na,0-SiO, (Inaba et al.)23)
g oal XV o x * :Na,0-SiO, (Serensen et al.)'¥
= 4% : Ca0-Si0, (Present study)

% <4 q <& SrO-Si0, (Present study)

0.2 < :PbO-SiO, (Present study)

£ 2

[

)

o at 298 K

— ob— v v L

0 10 20 30 40 50 60

Molar content of metallic oxide, x (mol%)

Fig. 2. The change in thermal diffusivity of the silicate glasses by adding metallic oxides. The horizontal axis shows the analyzed

content of metallic oxides. (Online version in color.)

5000
i L
- + A AA + :Si0, (Manghnani & Singh)3")
g 4000 - + A :Li,0-Si0, (Present study)
= +
= Vvivy & TS : Ca0-Si0, (Present study)
% 3000 |- + :Na,0-8i0, (Manghnani & Singh)3")
% q Vv :Na,0-SiO, (Present study)
> 5000 | a4 4 <& 1 8rO-SiO, (Present study)
'8 < : PbO-SiO, (Present study)
S
@]
o 1000
at 298 K
0 1 1 1 L 1 L 1 I 1 1 L 1
0 10 20 30 40 50 60

Molar content of metallic oxide, x (mol%)

Fig. 3. Relationship between the sound velocity and the analyzed content of metallic oxides in the silicate glasses. (Online version in

color.)
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0.8
o :Si0,
E 06/ _ < :PbO-SiO,
= SN, T . A :Li,0-Si0,
& v - v :Na,0-Si0
L§L 04bL NV.VA_%_A ~~~~~ €'~4 . 2 2
- vl =L n__ _] o :ca0-SiO,
2 © :Sr0-Si0,
o
T 02
at 298 K
O 1 L | L | 1 | 1 1 1 1
0 2 4 6 8 10 12

Ngi—o—m/NM=3

Fig. 4. Evolution of the phonon MFP with ns;_o_v for the glass samples. The possible error range of the phonon MFP was evaluated based
on the scatter in the measured values of the thermal diffusivity and shown as the error bars. For the plots without an error bar,
the error range was smaller than the size of the plots. The green and black dashed lines represent the fitting curves by eq. (8) for
lead silicate and alkali or alkaline-earth silicate systems, respectively. (Online version in color.)
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BIfR % Figd4lZmd, Mk > ) 45 2128640 5 1OMHIF
BHXZ06mmTHO, Fig llTm L7k 512, ZOPEEET
T ARRTEZOE s 4 B £ TOMEE (Si-0-
Si-O-Si) 123, 7=, LIZGBBILORN (Tabb
ngon® EA) ICEDWATEZENHLE2ICE ST,
OERITT + /) v EEGA X ViEETHELEh S 2L %
ML TWD,ng o yMNEAEEDOL Z, 75/ VOEYIHH
TRIETILH) LHEEE I 70 ) S|4 4 v Ok
itk bbbkt EThHo7: (Figdzl), 22T, 7
AAN I AWELEXOCTAHY) Py A BIERIZEB T 51
Dng o l2xH T 22 AR 8) THE XN 5 H —DIERIEHN
BTERIL 7

1

l=a+
(nSi—O—M + C)

ST —— (8)
A Q®) HDT 4T 4 v IINT A= Zak XD cDPEE
WEEIEAHTH B, —HT, 787 A —4b (=0.73) I
ng oD EFIZFESD IDZ LD KE XERLTED, &)@
AFVIETDT + / VOBELER B B 5 &5 A 5
N5, 7=, $r A BES 5 207 x 7 VEHEBTITRE,
g oy MEFEED T IL ) 7270 H ) LS5 A BRI 7
FADMWED @ EBNRM XN, 7 A BIER Y
T ANZBT B 1D ng o 12T 22 E X (8) 12K D B
FTHZENTE, bOMIZ0.02 L PE I N, ZORFIT,
T ) VOBEUERR T LA ) 723 TR ) LT A Ik
WRED ST A BIEROFMENZ AR LTV 5, B
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TTi, SEBA LY EBEA LV OMAETOBE» S,
FARBIES T 22T B T+ 2 v O E TR ORI
TEEDRPFIZ DN TEERT 5,

5, B

T ABEH 7 AhOEEGA A Vi, EROBEFE T
Bl L 7= Zififk (MO,) 2B L T\, Zh b DLk
13Si0, & Bk % i R Rk (B 213, THRE M A)
THMET S, 20L&, FARIEN 7 A TODSi-O-M#E
B DS T4k B) O IEFAFNNE 1L 2 D K5 A 50 E R H AE ARX
WG L TZEALT 213 ¢ Th 5. A HE %Gl 5 729,
Pauling® 3 EFE I I A IRE L T 5, ZOBHEANHES
&, B+ v EBBEOMAEE A 4 v Ok & B
MBO (ZN) BRENEEENT L1257, Hikkk
i, FAEE L3R /A OREHTH 52, SEBGA
XV DZINDED S BRI L 728 D TId R0, —i%ic
ARG 5 Z2HZI, Fig SISHERISR L2k 5 & [TH
rLA ] & [ ] O ZREOMMEX S AET 5. &
BB A 4 (M) OZNDEOE E, Si-M O 1 B #
SFEN%5D 5720, KR 2 B ROBERDH 5.
ZD7=%, BMZNOEIERA + v BT 5 MOy £ ik iE
Sio, L THRE A IZ L D HEFE LR T WY, —F5 T, ZNH
B A A 13, Si-M G T [ 230 J 7 Bl i A
R &R, Si0, & MO, Z iR HE AT O M AE 2 Z 5
ZENDH B, ST, LT, Na®, ca®", sSe T B X UPY T OMEE
FeRi e (N) O 2 5 ZN A F5 L, Table 3137%
L7 S TOZNIZ 1 E Bl TH 572, T A ) BED
TUAY LFHA L v DZNIZNE L, 0.17-0.33 DHIFT
HBIENDI 5T, ZNDFHERERIL, 7TLA)BLD
TOA) FJHA KAV EEHRA L v OBOREEEEL, A
FVOMICE S TRESTNWEZEAERLTWS, L
LEMNS, ngouDNHAFEEOEE, TLH)VBLUOT LA
VAT A WIS 7 22805 7 4/ v OFHEEBTIEE
A A v OFFIZKE IRGFEL BV, ZOMRER2 5, S
WHRE L7297 ZDMKEEIIZ B\ TIE, TAH ) BLOT
LAY HJEA F v EEFEA LV OBORERREN T + ) v
OVEHMTRICKIE T BN I WEE L 6h 5,

ZAROEAER D 7 + 7 v O FHEBT R KIET
WEIZOWTHGTT 5. BILYRSSMEHCZ W T, Big &
VKT B SRS THEMS L 2 GA, 2004 4
VHENCE S RADPHE T ORIRE) T — NICHBEE5 152
EAHIEN TS, B H 7 2 ClRIESIE A EALS
A DMAERR T H 2508, %1k o F A HE RS
fAETHIUE, 74 7 YOTFHABITRICEEST 5139 T
H %5, ZNIOHEERD S, PO’ OEKT 2 Lk (e.g.
PbO,) &, TAAV EE TR LHEA AV KD &%
HHRGEREOEIE MK EHEHT E 5, FH 50—,
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22.7Na,0-77.3Si0, (mol%)*, 33PbO-67Si0, (mol%) ™ ¥ &
U 50PbO-50Si0, (mol%)* # 7 2 DJFF il & Xt - ik
THEUELFEBR & W 5 H L1 (reverse Monte Carlo, RMC)
EFY) VI BEERKY I LY 3 vAASDYES
ZEIZKDHENIL TS, KIffFRIZEWT, RMCET
)y IZ k0N EE A BT L, BHAICKD
HLAE U 72 Si0,~MO, D #EIA % Pb-Si ¥ & U Na-Si D75 —fk
AR 6 RD 72, Z DFER, 22.7Na,0-77.3Si0, (mol%)
A7 AT BV THA I & D RS S 7z Si0, NaO, D #
BE9%TH B Z ENbh -7, —H T, 33Pb0-67Si0,
(mol%) #5 & UF50PbO-50Si0, (mol%) # T A IZ T,
SiOPbOyIZ BT B HILEDHIK I, ThZhant LU

(a) Corner-sharing linkage

SiO4

MO,

Strong
repulsive force

Fig. 5. Schematic illustrations of (a) corner-sharing and (b)
edge-sharing SiO4—MOy linkages. (Online version in
color.)

Table 3. Formal cationic valence (Z) and reported coordination
number (N)*-Y for the chosen cationic species. The
fraction of the edge-sharing linkage was categorized
into three categories depending on our assumption
based on the results of structural characterization: Non,
Low, and High.

Si Pb"  Ca¥ S Li' Na'
A 4 2 2 2 1 1
N 4 3.5% 6 7.5% 4 6
Z/N 1 0.57 033 026 025 0.17
Fraction of edge-sharing Non Low High High High High

*Intermediate values in the range of the reported coordination numbers**"
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2% TdH 572 KRR THRELZZFTRTOH T ZRIZD
W, SiO-MOyIZH 1T % A O HIAE A T = &b >
72/, Toyoda 59130 F o A7 4 llis TRy E LS
BKIT R A T AHIZ W T, BIATIZ & D RS & 72 Sio-
LIOyDBIA BB X218 THEZ L2 WELTEHD, T
DA TR R E Lz MY o o7 A BRIER A
7 2O & TN, VF T L, ALY T LBXVA b
0Ty L7 AR A 7 2R OBIAARGEREOEIE A FIFE
EThBEPETSE, PO AR 2Ll RIET LAY
TN FHHGA A VKT S Lk KD MO
BN WEEZ 6N, ZOMEEIZEESA A Y DZN
oo & HEM X L2 a1 & G L s\, BRIAAIS KD RS &
N7zSi0MOVIZ BT, 74 KBB4 4 VIR
HPEC 2, WSO A NG DD, KifE TR
7 Y ORHEBTREO T — 22 6, [RIRJIHIEHFAT
HAREYE — FORIEE 50, # 7 2AMEHD T + 7 VO
BLIZHGL TR EEXHTENTE S,

FABEH 7 2R kb OB A 4 V13 framework
cation & non-framework cation {Z %3 $H & #1 %, Zachariasen®”
PHRIB L 72 & 5102, BIEIRZNIERE L, FA A+ v DI
¥ % Ltk (MOy) PHKIAIZL D SO &N D
Ttk r A BIEOMEME 2 MK 25, — T, %#E
MR ZN ML, M H RS 2 U L v, S
FiAd 4 v ORESERIRENZ DWW T, BOERIT Wk
HE>DIZED, ZFROBERTDONTE 72, 7 A FA A4
V13 framework cation & U CZEBIL, 7L )R T A
1 ¥ 4 4 > i3 nonframework cation™ & L C%¥#§ % Z
LRESHOENT S, T, FABREH 7 2AhTOH
A% Y ORSENZRENIZ OO TR AR h Tuhk,
Kohara 5 13, $4 4 Wt /7 7 2 O EHHIARE (Z2FR oD AR
) M ZICRT A BRIRAT 7 2 (Bl Tou ) A
Wt 7 2) 1ZH U CRIRICKEWZ &2 6, Pb T —
{873 framework cation (network former) & U CZEMH)4 % & D
AR L T3, Kacem 5 ¥ 1&, “JCRT A BHA 7 2
315 AT AERIRE (1) SHH L, BB+ 0
SRR RA Tz, W OHIE, BCERRINC &K 5 7 4 BIEH 7 2
DTAL 2B AL 2 ORI KB &0 & ¥
THHT ENDL, #i4 L ¥ D nonframework cation (network
modifier) & U TZEE)§ 5 Ll RT3, KT, ngo
wWAEREOL &, $ir A 7 2D 7+ /7 v OTVHH
RN T LA ) E2E T h ) LT ABIES 7 A0
i ERENWZERRM N, ZORBRIZ, T,0K
WHEEE FELTED, Si-O-PbiEA DS 23Si-O-R (R :
TAH) EIEZ TR LHET) KDE T+ v ElR
BLRTWILERL TS, Thbb, 74/ Vv OIEHE
OB B R 5 L84 ¥ O—EHHEH WS %%k $ %
framework cation & U CZEB T 5L EAL BT LNTE D,
74 J Y OTFEABTE2 SHER S B 4 4 v DR
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WENT, BHREREOBRE R, 5 Erh - Wifg e —3L
TWB0, H 7 AN T, DMEARATE DR & 13 5 2%
%, A7 ARFEURIE T, SRR A O 7= O REVEGRE) 23 fildi ¢
M ThH 5 EET S &, T,I3EEEA & VE oMK
14 v OBBEOHELZTLETTHEY, r4HKeE
KA LMK A 4 v (Si-O-Pb) A" D D 4 FRIZH
BLIBEA LV (Si-0-Si) LD & EOWBEEEZRT & %,
4 7 AEREUIE L0 T ORGP B DBl A 5 13 Si-O-Pb il
G074 BIEREREOUINE & UTEIT 5 LRTE
%, —JTC, 74/ vOVHABTRI LD
XEEN T3 EHE L bR, HEE THEE S 7zSi0-
PoASEIE T + /  DIRIEOBUE 2 5 13 H RGO —#T
HBEEZDIENTES, 7 AEBIREE T+ /7 VD
FEBBTE? SRR SN B84 4 v ORBENENT—3K
LS, ZAUISHDSHE L LTV 2 s o SRl
TR D720 EE L 5N B, Zachariasen™ 13, BALYIK
DD T ATEKREIZ DN T ORERA 2R L T b, D
FREBRHINC X % &, #17 ZBIBIEIZ B W TEEERA 4
VO B BRI R A TId A <, THAMLE
ICKDERENE ZEDEMtLEEIN TS, BIKFENZ &
(2, SEGEE L 22 7 ZMBREPIC W T, 742 2O
FHERHTIRIC X 2 & A 4 v OREENZE O 55,
% A D A5 2 B9 5 Zachariasen HII ™ 1258 A L T
72o 7 % /v OVHHBTFEOMRARFEDORIFIZ DWW T
FERITPRET 51203, R THER & Uk r o 724 5 ff
$H D framework cation 5 & U nonframework cation % & &8 /7
7 ANZHT B 7+ 7 v OV EBRITRERHIG & G 2 f
W ENn 5,

6. #&

E

AAFFETIE, 298 KIZH T B LR A BRI 7 2 %%t
REL, 74/ vOFEHAHBTIIZKETM,,0 (Mn* :
Li*,Nat, ca®t, sr*t, or Pb*7) WM E A A L 72, &
5 2 O EHTTHE, SiO-MOyDMEREAR 2 5 Z &
DD U, 71 BEEEA 4 v ERA L 2R
F ORI (ng o) D—EDEE, FLAV LT IL A
VST ABIES 7 205 7 4+ /v OTFHHBTIED
FIFEEDEZIRL 72, Z ORI, BEFEEBITER 7L
ANRLTMAAY) 1A & ORI IKTF L AW & &
IRLTWE, LALENRD, ngouyB—EDE X, §i7r Ak
WH T 228575/ VOEREHBITEEL, 7LAeh) F
TN K AR 5 ZADMEE D ERENT LA
Wit Xz, Zofdi, 7+ 2 YORGEEEEE 2 5h
ZHEMLADOEEGOENIKDFHT 2 Z LB TE =, K
KCRONZT + 7 VOVFHAMTEICET 27— 213,
A X v DO—FB T x v DIEFEOE LA 513 framework
cation & L TEHLTWARZEAERL TS,
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