HOKKAIDO UNIVERSITY

Title KOBROKREBE | : BREESE. KOKRETER
Author (s) =H, lER; YOSIDA, Zyungo
Citation KRR YEE, 24, 1-18
Issue Date 1966-03-22
Doc URL https://hdl. handle.net/2115/18032
Type departmental bulletin paper
File Information 24 p1-18. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Zyungo YOSIDA 1966 Surface Structure of Ice Crystal. 1. Structure of Basal Surface,
Equilibrium From of Ice Crystal. Low Temperature Science, Ser. A, 24. (With English
Summary p. 14) '

X o H oMb oo £ m o & T
£ I OHERS, KO 5o P

& OH O OHE
UERBHEBIETT IS YR
(FEF0 40 42 9 5 8D

L £ x p &

FEREC EE ST, 7 —HBERONIVCEREOILDH S L DI, FRTFET
T DFEMASTTFHEEO—KARELD SbhicbDTHD, Licti> T, ZOFEOEMEIL
BTHCLFELTH B, Tibb, BESC XA/ PN AEMYEETHE, BEOSTE, —
PHEAWCESL T, LALREAES DL, JORERLRLZEINRT, FEA/AHEL LSS
& 45 Burton, Cabrera, Frank & X » THEFWCIER I nic?, BBECLE£ORFORFE
FRRFRIBCRAT 2 LR, —WRICMEL L Thb, i h EMC LT %, Burton 72511,
COZRTEBNHEGERCEVOBEEXY ML T, HBREEBCEH LT TH L, FORE,
BEDEG & IS FICFELTHo RS, BEN A AL IXF2 -V —FHio b b X
Eh2b2ERRE T. 107 L8, FFRRBEDOSEL L SMNE S b T2 &23m
bBhts, SOMMRBILREN T. b Th, OF¥HHET5, Lrl, Licoxk
CRTEB DB G I EMETEAS Do Ly, TR TEER, UToks7, 20
B 5 o R A A R A IR A7

% OREBOFEIX G FINCEL i VB OB GETHZ Fhic$HEETHs5, Ll
FVIIHTOND L5, LRES TS FEL AHEREC EROMMY S bbhs &, Hamo
WL, ERMCIEFRCEl LAeRRBTHI ThRIRAC 5, £HA&L 7 Lo KDk
BA BB O LRI e, KOFEEIEABRRE TRV E L S BB AH L
HdH, ZOWLE, FHEECEEOKORFHEOBMRE T. 25 0°C LUTFiodh % ik
RTONENTH L, FOEMAIE LIFIUE, WENFFFCECEEIE LT, Kok oFE
TP ERRETH D LELZBRMO—EE 2 bh b 2 Licic s,

I #REOHzOHE |
FAe DF 4 TN D 7o BT A TTERDERT &\ 5 - 2ot 5, &0k 5kl
WAL AeB LD, ThIE2EDO LS L EOMMNTELNLTHA S,

* B A ERMETIRATESR 5 748 B
EBRY WIBE S B4



FIXOHEN a lifEGfEO— M E H Db

T § b — 5” T. E¥aonkblheshs (4) LML
_T % 5 /»Q THL, TEROHEREC S FREm S — D g
<:;> L,QJ i 1 O #RECEHTCASE, DRI X5
k‘i—’/ OB LT ERDO L OIRE k> T\5, B

a ORI IBEBR o & Ly, 2 oAy

TIAOEETFS, B aoFLEED ()
LI L7 T, JEROEEE AR T 51
HA 5 Lishh T, BOPLIFH-ATET
WhH, IR OO E LY, 2D IZHIE <A
FADELE LS LTS,

HHa DTFTOH T, ZLOENERD D
> T bh, ERTOLIENRLHE TN T T 20D

F1IR MBEHOMD, BRTH ARG
T5R0B, SBRThIAREaM B, BRTHrI EFRICEGSAL FADETH

15 ADE %, 75 ADEMN ST o - P L M E R

RO2HB05ES, Tihbh 20 DEIDORMNTES, TIADBEOLEDELFADEDE
DEMNEL TN, TROKMETH D, — T, mBEO TSI ADE L nFHDO~AFADE
EMHEE SN m—n)d OFXThkb, TOEORD, BRIZIZCZ5UMMEIE LK ciz
HHobLTHb, HLOEVNEL-THERTE DO X5 7MM, FRETEibi 5 ~&M
HTCHBEEZ DT TH B,

TIADETHIN~AFADETHI, BOFRLLIFUHEEDEE 6 DB THS, BICH
LWL, JEROEMETHROHFET 55 FHEEARIT W5, Thwi, BoRIc
BB, BONNBOELLFICHE5FILL bXT=2 A F =@, Licii> T, T
RORBECEN TENERREO =KL ¥~ EZMAT S, LrL, 0 &D20E 2080
HublclBars b 550, MMHELEEREOMECSD 55DT, BOMOFIELLEMAED = v
PErE—-SELRELTSE, ThT HAHEOAB=FAF—~ F=E-TS 13, BERFELL
FWFELIRNEZE LD LN B2 E0B D55, b L, PELSAE, BRFELLS

PEEREORBILLZETH Y, MMNAD S TEAELHEL 5,

. 5 o A

FZRIKOEROFHICEBELREAD, Tihbh, HaEHANOS FESITHE, =
AN TROEREEACH 25 T4, FHL T ADERE-> T b5 FhbbbT, =
My MEbERECNAS S, AVEHIOS FOEAFER & BVCHIOS T OIESDFMH &1k, FE
B, MECEERAMCTILFRTWS, Lal, S0 &, IAZOHERCBEN,
o, £RT, fEOoD, BROGL, FEEBET ¢, ZAMR=AE20 T, Th
rh, —FHACEFL T % EEZ 5,



KOFROEEREE I 3

B2 KOHRBROER, TbbEREMC BT EERE
Lotk  ORBENSTFERSE, SAARTROKE
H%E, BHRT 7 20B%2BRT55F255b7

KOFF HO BT RTAELEETETIER TS, F2RTHBEDSFHMEY 2 CHEE
PARFEHEEREDLT, AALAZAL 2R CARSE, BEMArLEZAchr s KA, B
ORAZHH UMW S HICKERS, Tihebb, HificoXt IRFLSFREEAG] THDH, 2O
RS FEEHHAMBEGTE IS LT h, HREGFREThEEFL Vb= x
~DNE, FDZFAXF—DEER e TEDLT D,

Fix, F2RoPM, AZAOSFEL, MECEELHHMEA 2555, KOKHDE
AR RERIC LBy, COBOHEABEATIERE 222\, L2 L, 208,
RECENHLRVEBbLLT—ETHb, TN T, ZOMOHABEETIEEOICIEL
ZEMTE D,

F2”MDELND L5, KOBOEEA TR, REEEHECH AANEOH FHREN
AIEa 2L » T b, COEAARESTFRAFRELST S L, FAROHLE2LRS
B, F2ROETHEHEFEBRTRLIEE FE 25, TTHANRDL BB TIEXHLT,
COBRFEBERTELEVD, &0 TFr bV ¥ AETTOR, Thbb, S TEMEY
PT#Ep3TE, PIR3ThHs, ZhiZdlL, ODEDDOBETE, Tibb, T AROHL
B, BE D EREERBTEOR p L6 THD, p & IBEMEK) PS5 EIZL LD,



4 H# H H OH

H2RTEORLIBRTEL LTHHA, < OHRLT TARAKO b ERT %R
DHEHETH D, Tihobb, BURBBTO 2 kicl> Twd, ODEO0BRFAND LD
DEBFHCHEL L —Fr DL LRSI LICL, —HFORE, Tihbb, HLshrE
BTEoOMBEY a L LE5, T5&, BORUEEDOR I HXET L LThiE, HUoKE
T laThbH, T, MALEBC L2 L5, 1B LR 1AOHHMESEN DD, ThiD
%2, AOOHEEN I DENVEOTED L, HRREO=F1F —X le 12037,

RAAOHERE Y xie LITHBH L LTE, BOREIFAL TR, B> Brvsbunbdh
B FOBLMIEOR m NECEEFHBETO =Y F v — T KE, HREXHEO= VIR
E—ARODIDOMEME LT, ROFTEHIDO m OfEFED D,

IV. BOEOH

BORUIEBRTOI 2 BB, ETERTHIED O IHHELE X0 TE D& 1ol
DEFOBE M EZRD L5, SOBEHO 5 LTSRS THL S DL HHITHE G,
BAUEAL, B, BORLELD 55, Th@z, MEDOHEHD 5 2L Ui
BT, FOENREDOHOK miTisb

FHIZRTagnb b ag~N1HETTALSL, 2ED 1HELEDHITHIc> T, cdefg
DSEDOHRANDHANRDH D, Tibb, (p—D)EOE~NDLNS T ENTEL, £LT, EDK
ADMENE LS THHOBIT VB LBES, oI ENnbERFYLELEE, 1HriEd
HTE (p—L) HOLAS BN ERLE IR D Ebnd, Likdi-> T, [ B0
PV fEobIN-> e HoEH I BbhD, Xo T

=(p—1F (1)
THh B,

EoreEdhtetil, 1HTTARSELEDORD LHEFIRLZHFS -1, B LRTL
L, agZnb b FICEARSH E a SRS I LRI LI, BHELIXE ORI Y & &
T HENLTHE, LIAHT, FHELIHTLE0nE, vwhd3 (B EDJE (random
walk)] €, THRDVLTRELOMELSH D, T LT, $DEEHVDL57% 2 KTOMET
B, bEDRTISEAGENN, BREEDD » OB TR AMERL LT

w (r) = exp(—r*/la’)/nla’ (2)

BEZBRTCS, BHOKESAHIEE,LD r 78T PN H 5 BUNERE df NSk 3 R
2, wrdf Cika e wH T LTHB, THT, bEHEOBEMHVL Z2HRIE w0)(wa’/d)
=1/4l) THxbhBHZ LB, ZHIXHRELAEDLETAHER a OFRCK SRS HER
Thb, HVEHBERTEAOMEN a THHHD, BHNMFELE,D a2 LROEEETRH
RIEHFES S 3 —FB L THEML L U5,

BUDITE LI, FIRLEIHFI T E D, bEDREFRALU TRV, LaL, 2
Rh R DTHB, BEMK p AREF S IEERIEEES, TAT, B UDEELLE



KoHRoEEMEE 1 5

O U AR, HbEIREOEHOHCAIHRICOELVELTE, CEWHEVWILS
Fu, LT, FAIOBENS I 0B EY 330K m ik, )R M @R 1/4) »#%
Ui

m = Mf{Al) = (p—1)/(4]) (3)

THhrzbhAZ LTI D,

Tods, EOXSC UL TERTRALLES L, BHALZXTH0O/MEETH S, T TERT
NECERCSONEDRD, ThbikELDTIFEOEEEL L LT 5, ok ZWWEHN
BDEPIertc b Lich, 8DFOLEEFETEG e GBI LIDY, D EDOEELEL
Bo HBIKT, BERZXLaVEBTHED Lok, 1k, Regific L pofgicd
Xisho ke,

V. BOBOIRILF—-ELRKEBOH

HEHTAHRECH2EHTFOBRKAY N L33, ZoiimEzs, H1x0BE0RA0%
BOBRA L THDEBOBIECIELIS, THE, LEOAMBAETRT AR
NAHDT, FEHEO =2 AF —IL
P REKT B

FDBEROBFL PEZF>TBHE LT, BEOEIIWALCALREIZED 55, FOIR
BOKEY W L+iil, BOEEOLDICERDO=Y t e =3 S=kbIin W 22383, k£
/l/‘?'?'/’%?ﬁf%éo J:’Df, ﬁ%@ﬁgﬁ%ﬁ@ﬁml$/p¢_%Ok-_&hgi’

X=eL—kTIhW (5)

25, RSB ORIN L7c b Ba o oBGEOHR =3 L ¥~ L, DEXCONLI51CL
T, MW Loge LTabhbd, Lich>T, LEHWEE T L0EHThsd X,
L D% 24l Ly TADBME Xn &b TE, Xo $NRE T Sl W TRELEREO AR = F L
¥—F s, £ L THFICFES RBIEREE T, fRECERLOSROBTAN L/t
BEDRHC Lo TES R DML Bbh 5,

1. BONBEEEEBELCKIREDOHK

LyptzbhTiBEOR 2 d—E T, n A uhikfidr b 5%, EbIT, 5%
EEoHOnEHELICELTL, nfHOBEOVO LDV E2DRBDER L& £53,

L=3%1L (6)

0%%%%’\72? Zi @ﬁi (117125 """ ,ln) 7")27‘\:< g&ﬁ%—“:?%o ‘%@/’Iﬂ@ﬁ% %(L) 3.'. LJ: 5*0

* gn(l) BERM L % n BoHRKKOME LTEDLTHEORKELESBYL, 2%0 L o n 5T
bb, HEAZ6ASEOARKOME ULTEDLT & 14+1+4, 14243, 24242 L 3FO DML
Nad, 2820 (bl ELTR(1,1,4),(1,2,3),(2,2,2) 03 #MBHEZ, LiM>T ql6)=3Tdh 3,



6 % B M A

VD EDDEDMBIL, BORMNUEECRALBEDS S TOMEBRAEFREEES, L
T, COBESTFIRERTHEREHNO NEHORESFOLENETIERDII LN TE 5,
Tz, BOBA nBEBEIRILE, BOWAKEBECELTEDY 5 2REOHIX

gn(L)N™ (7)
THEzZbNn5,

n JOEDEILH L XEZLTbn5, L, TXTOEDRUSEN L oFHE
Linwwoo b LW ELTY, RUEEECRELBRWTHAS, THE, HIVEHOGRTL-
T, BOFOBTIL LD EDOHOREBORE LT

[<_1>4—L_}LL’_"] = (p—1)* (ﬁ) (8)
Bzbihsd, EI-T, DR @RERRIE GOMNBELWECHTLEDOTHORBOR L
B, Lichi»T, BONMBLBEHLICHTIEOHOREOR W, &

Wo=(p-1r Sl (5 ) (9)
ThEzbh5,

KOFEHDOEBEOED, BDAOEISFT LE1LRDET, BUSRI3ITHS, Th
Wz, R, » ofEIX 1,05 L3 omEicihie s, n=L/3 1cbif, BEOBI 1E0s5
FORKGFOEATH S, LarL, COBRTILD LI CPELEEBEAINE, 0 &DD
BORASFEE, Yl Ld, HIVEHTELLEORCET HHd KT 2BECKRE -
RERD D, THT, nOERELTE, LB CEPEENCNE 2 0FHE

L ra
v= Elnqn (L) El g (L) (10)

HEHONEUTHA I,
KO0 W, DO EMELFERTER, ThT, OROAELORT WN/MALY b n
w (10)RD n OVFHE v THEMZB, THE

W,=(p-1:(2) £ aall)

LieB A, X ga(l) i, HVCEREE LT
EBITAH, T

ThHbH, M LTW ik



KofiRoXKEHEE I 7

DHEEEHLbEND,
n OEEM v B L i, REERNS
V6L (, 6L | -\
p= AL (1S5 ) o

DRABE Y, C=0577216 1141 7 —DHERTH D, FBIRC v, Ly & L L DBEFHEYRL
7o D2, DECDBEDOEOEET, i Ltd, Ly oBECIIREL LFEsbinw
L, EE, oMrbabRb5 L5
I, Liv WHZ T RE -,

A (12) D g(L) ik L o5 EI¥T, HO
B HIR A B2, ARV L ¥ AARKD
&L TERLTHEOKTH 5,

o) = e (/%) a5)

% Hardy-Ramanujan & 2430 LTHIL R
T35,

3 (14), A5)Im X » T A3y Kop W, 115t
HLYaHEChENr2zONRD,

2. BOERAICEBZREBOK

B 1T, GO n X OFHHE v iZ
IoTk&mric, vAOED > LART J
75 ANRE~ A FATH B, BOHOR 10 10° 10" 19° L
HIZ Lo T, HROGBENE( LY $I0 SoRoRusRosi L &, L o¥ss

- - N ‘ - B oy BLU Ly t0BEK, Ly R 1ED
zd, = DHET s ) 2

Iz MBI EBTH D DED 1 b5

EAREHEL T

] LN T T T T

1

/A (16)

R ORBOBIET S,

LaL, BOS5HbDH5EKOBWEEEED OXBOBREK L ILTLI—RK Lk, X
2T, 52 DEZNTE, FBRHOBHEOALE Y, TEIEELETE R, £ZAT, IVET
BOBOFELTEB XE 2 n, JhCEFECHEDER, Ei, 52032 L1bh T\,
B Thic > TRORIRELCHIc - T, EVIRITEHEEDLD LEEDD DS
HotehrbTHd, COKEEbIEAELY ETTELEDENAY, Bk Ukor, o

¥ fed oz, RARE BRABEHIER (234, HEE) p. 39, tEkFR WERITAnBEGE (M
124 45, FHEE) pp. 89-103 B, 612 145, 244, 343, 14144, 14243, 24242, 1+1+143,
114242, 1+1+14+142, 1H1HI+14+141 & 0BV ORTHT B, £-T ql6)=10 TH 3,



8 7 M OE R

LDOELTHELENALTHD, TAT, ZOMUPBDSIODED—T% 77 ADE, MF
HRAFADEELLES, THE, BEOHOMBC L » THBOUEILEKrbLLL, B
DIEBIC L ARBOKL, FEHDO W, O7ehic, TTREDVADRATWRI &S, Lic
7o T, (6 RD Wi REE T 5 L8 e\,
3. BISAFOEHEREESFOEAICLKIKEDOH

LD L 5T, BORMUTEBICET 5 HR05 FRfEarhbicw, £t
HEEGFERAFCB b S, KOFELHOES VI, HHESFIKAFELEGOTNILL DD
T, HEAFORMCIKER TR H LB LV EnH B, 2F D, EHEAEFIZIE2A
DEBLLNT, PHELUTULERNIE, RENATHAS, ThT, HEEGFOEAC I
TIELh 2REOME LTk, %4

L

L L

(%) (5)!
BEZBLRB, UL, Kot HO 5F0 b a0 FiEA T, 1EHOMBRF LT 2
BOKREERTFHBELTWS, Z0&EM%, HHYE, 5F&ME4£°3 15, 220 Wik, &
FEUEXERL T, XkooFr» HO oxich4 HO, HO, HO, Okl ih 5 b L L& ¥
DREOBIEN BT, BAREFE, TR »FBECVRicEFORBEORE W, £F
%L

W, =

InW,=(L/2)In2 (17)

OEENS D Z XM LI, W n WIDFEFIRICE > Th, HH ik W,=2E0 L LT
A AXrzbh b,

VI. EEEHIRILF—
OB OBFS Lo & LOCEDOHOIRBEOK Wik, HifitRkd 2@ 0REOHK
W,k W, bolchzbhnsd, THbb
W=W,W,=W,W,,
=(p—DF W,

o= (40) () 2 e (=5 ) 18

_ JEZ‘( ¢6L +cﬁ

T

J

TH o, (NIKEETHLROBRENCH 2RES T p XBERTEREE Cixt15 -0
WHTHD,) Lictio THRICLD, HEREROHH=F1¥— XX



kokioRku#E I 9

X =eL—kT (In W,+1In Wy)*

LI BN,
In Wy=0alL
a=In(p—1)++1n2 1o
ThHbH, Lo TX DRk
K- <7ET-—a>L—ln W, (20)

LEEXERbINSB,

logln W,) & logL L 0BfRay 75 72 Lo B4R TH S, N oL LTiy, mE
145 01mm), lem® DXDOEEIZH 55 FOE 3X10%, 3x10%, 3X20%° ¥EAL DO TI,
2,30 3EoOWMBNRS DL, FHBRT LT, o NOEBYSHB TR L, oy, N X
DENPIERECLOSLIECTECTRHRET 2, T ECIEELN Y OERCEVWETH S, &
ZATLI, bidbe, RKELTCHL NOBEC LML 2o, LANBZI2BHI512kD
EREMBEEOMMNS E DTN le> T, FIKEAR LA L 5 MGOWEH*%5725 Th
o TNT, LELTEN LY DNIEERZEZTI WV, AR TRDS LD, LN O
BTk 3Ry, wThi, AUEROERE - T3, Thic, HEMOMEO Th
L, X0 InWeik, bax N EBEFHawmRE L, sSugs

In We = BL?, b<1 (21)

TEHLIND, b Ol 05251 Ly, B N> TEPEBHERT, N=3x10" D
£ X11100 TH B,

KA D W, & v L0ERNSG, W, Bty VLInL AT 52 Libh b,
InW, 238, ERINZ QLR TELINDEDIXIDI LILX b, ks, HANO ML T
LIEC®2DiR v IO Ly 2%, 310, BENRCOELL ABEETHD, Thbb, B
DHEHERT L0 EDVEDDEDRERIBE LN, N LHREOREIT D L& T
H 5,

* BOBRUSTFLEAFNCES SHAERCS S TFERR, T2 X¥—0E e IV T, HTHRE
BiclT 3z boE—~0DEs bbb, Likho-T, FRiCR, X=E—T)L—kT(ln We+1In Wy) &
HLRETHD, 6—Ts) *HAFHATOHMR AV F LR LT E, L2HT Ts DR
DERERO LI LTHEEINS, KORESTS | KOHHABATRSILELON5H, Kok
"AFLKORTBOHFLOBEOT Yy ba€—~DER '=(—dlldT)n, L, T BKOEFE
H, ny RIKOMMEERMC S 20 TOHTHS, cOEbD, Xkoddbikd, | FoEHNEGFK
B, B Y RDELOBERT Y ba e —-RBo0MbELEITLILTHESL), THROE 5=5 TH
3, FoRicE->TC O°CHEd Ts 25HT 2 & 2calfmol &3, chicHl, H VIIFHcoxss
X5, ¢ offiiz 5000 cal/mol &% %, HHBMAFLERATHHE L THMET L& LT HE 100
cal/mol WRMWBTHAHH, Lit-T, e €{LT Ts BEMLE, HEOFEFOxizrv¥—-LHH
THEAF—-ER, HERLBIThES, HOLTEMRE L, 24T, B0, HEEXKALT,
BMIHHEEFoz AV F - LR EFARK, Ts BERIT s Eicd 5,

!

(20002, 2FHE»S 3B HD THEE LY - CHBHaTH]
2HKRT D, KORBRERO lem?icdh 545 FOEIL 0.977X105 ¢H %,




10 HF H OB L

X

llO.ZOI '10301 lOLLO L

U IR R I I S T N S ]

BAR InW, & L oG, 3 @odhpid, KIRL
e NoRRB3IEOER, 2h®h, ¥HdT s

X (@21) & A5 & (20) KUk fiffEa e

i A Il

f%=<§f—@b4mb (22)

DT D, BE O X122 EGEMETL I /X vdb, HH=AAF~ X 2, Lk,
L3 sEDM Ly TADTAME X0 735 %, % LT Ln, Xa ik

L[ (=) |7 2

1=b /[ 1 / ¢ S Pes
XMZFE:—kT—Z—/[Zgwjﬁ:—a>] (24)
THEhHhxha, W LTENHORLD, BIUEVHOILLDHTONII L LY, &
i, F1IMCHELEMMEEC L2 > TEERRBICS 52 E0MbR 5,
VIIL. BEREBEE T.

B EIBEROBR L, 23kE Vi3S, BoR v 1452 T HREOMMIELL b,
RV LDE, Lotk kT —a RV THREWMKTD, BET L L, LOBHEAYLLE



KobRoEmrEE T 11
HOTHE, (kT)—a=0%@3TRET 2 T, 2L L5, Tihbb

To= = £ - (25)
ka k[ln (p—1)+1n 2J

Th b,

BEMIY, Ln & T LOBFHEEIL- X RABKLDIC, N=3X10"° 0iXp e ounTtE
fo, 23) REELTHE TH D, N=3x10" x0T, £LOXI=&kh b=0525 B=100 TH
b, BRTEME p 11, E2ROEHVHE->T, 6 LT, AHEGFO=FLF — e 1T,
o, T.=27316°K(=0°C) 2 ix b X 5 Tefli (25) NiC L » THEAK, TDEx ¢, & T2 &

g, ="738x10""erg=4.61eV
Tdh B, 6.0236X10% (r>va 3 v M) AHOHEEEFO=FLF - & LTRbBIX
g, = 1060 cal/mol

e B,

HOSXOMMAIRT L5, L RIRENT2D Te=27316K (283 L &I kT 5,
FTOBRIBRTH S5, L,=10" O L EORER, TT, T, Li3EAERTS R,
La=N=3X10" 0t xnfEEL i, T, &9 LIXI0*°CRW2ITTHD, Fhdz,
g -, T<T. Tt L,—0, T=T. D&
& Ly IIRICKR, B X TEID LV | L,
Fiehb, FEREOM ML, T LTORE N4
cafER Y, BES TooETsers [0
WhhseFELTIv, Wi FEFTHL, B -
HES5 R —fleT &, Nofingiod |o“ .
DT, T, 7 27316°K T/ Th, Ln X
T=T, CHIHEES YL > THATS, L
oo T, (BYyRTEDERD To 181
BTl TRNCEMRETHDL, [

Shiz mW,>0 T 5, £LTEE [0°
T T. 5258 (e/kT)—a<0 &%, |
£2T, QORELD, T>T BHEHE || g

=3 F—- X XWZAETHD, 2F O

- S
mEEO ML, BARAREC K- TOXR zél)qo 2|700 2|7|0 2?20 T 2|7:1l3
LY, BREEUECEWCTLHFET S,

BIR BABRET, 2 213.16°K=0C 1t % 2 & 5 It

ri X‘_ﬁ‘;%_] TDXfz Burton ohD & ’?:}R/uffﬂio‘éb@, WEE T & L, &0
PREG TIL, Eﬁﬁﬁfg 17 28 BffRe LKL p=6Ths, NIEETIH

FATHIIC % 2 K 5T OB
tan (7/2P) = tanh(e/22 T%) (26)



12 = B H A

THEz2bhB, PRBEME AL, FTFERMEEO T, KOoFhERC > Cit3 Th
BHe FhT, P=3 L1, e it X3 i 70, &=1060cal/mol %\ % &, (26)Xmb
T;=406'K 2’2 b5, Lz L, Burton 7ob O T V B ST CONLH B G F
DIEANER IR I, Thdz, Tl & ZORmLDEMELE T &% T 51, (25)
ZD a=ln(p—1)+(1/2)In2 % a=In(p—1) & LisFhiEabily, 1/2)n2 p2HHEEF0
EADIDCEHLNAEENS TH D, T5&, T 132K Eien, 20, ZORIOH
#iL Burton ZobDBEARE LV EVGEAREAXS 25, LrL, ThE—#ARI LN T
i, BTFRBALE T, & T, & oXPDEFRIMSEC L 5,

R & Ao o KDER A MM O Fo b i T Bk, Te 53 0°C LD {ELZ ENBET
BB, TRCL>TRDT, tEREHET T, & 0°C Lo cHlVIREEL LD 55, R(@5) Ik
e T, ke WhtitT s, XoT, Te<0C THDHIcDIIL e<e, TRITHIEIB R, &2
HIRKOKRFEBEX T T HE ST =540 ¥ —, Tidbb eid, Pauling” (p. 304) T X » T
¥% 4500 cal/mol &, KE® i X » Tix 5700 cal/mol &5 % H Ty %B, 7472 5000 cal/mol
EXRTIVWTHSS, DFED eeD5ETH B, LT, ¢ DT & IUE, Tolk 273X5=
1365°K & 7c>TLEH, Linl, KORHECIIERS FHARES T b, EHiX, LU,
BORBARACBEIN TSI G TOEXME LI E1ndb b, RERDT T THDHH,
BORMEEL, & ALER, BROBSTETEEbhT0bE W 5#ERY 20, &
DI ERKORED AHAKERBGF~NOBLGOBEEN, HEFO-FALF—HFL KT
HIERRLTD, 5HDLEZAD, bo bELTHTHAH, £ ok, el e XD
PNELTeh, Tk 0°C LRV EZAREbLNA, 2 LT, FHEHEHLE Lo 7KDOERE M
0°C LI Fo & 2RERI THVRBICH 5 & &2 2B 2 b i, KETtoNLZ &,
TR BEMT L5,

VIIL. ko#EROFEHR

— B, EROTFERL, PROSTFICES KETH I EhicSHETH D, LL,
HamBETED > THKTIE, BEND E VKL IunEh, PHEAEMNDVHELKRETH
BEWVHFRLATEY, ThEEDBIDICEICTRbR e ERYEZ LM oy, D¥DC
ERTZORPWOOEDLE L THITLN LS, o TERENDOFOFELL, BHTH 5
RENISREEL TS, LA LBEOREIER L THRBC o, BEREoNAr2<
CTHHED S BIT, X UDDOFORKEIRRELT > TL E S5, HEOATICILEEIE
BHH 55, LHL, i< Th ImZ2FEORBEOARC T E v, T BREOHMMHE
{LL BB TH B, Thdz, BEROKDOMIE, HFET LBAMREBC ST 5 EEL
bha, Lichi>T, o TELBORMIARME L TREEREWE LR LA, EERE
IR, SFEKE L TORRGBEBT L LG IhIbITTH 5,

KOFEREEAFIH TON X 5T, BaEENKOFEFEHEHOE/™mE LTREL
ey, F6XMabed #kofRleT5, Maeb MWK, fmefd 3y FHHCFES LK



KotERmoREEE 1 13

mWTHs, Eiefd g T €

bl E A b3, 1o, FE R R /r’//"/‘r/ew b
) al'_n_ _:—L.r-1_1_u_;-"‘—" '"] N

TbA BT S®WL 5 LT, #im 4 b

fd CEHELTHRD, LRI,

Ko ks, —ERROME %Y 2<%
EETe, L2 AT, DOREBOR

i, ¥ TEELCELBEORIEM {
HABELTH D, Lo TBOMEs G, b o —=y
LDTOEAM=FAF 1L, P F

. o . 6K abcd BKoOFREEEDLT, T aeb FMT
BEHLFFORBEIAE LD ¢ D H 5 MOHBEE, & cfd RAFNCES
FEIREL (T e 5 F0HMH 5 36 R B T

=FxAF—LEZ D, p. IOWHBK), oOMEoHMBIFEROAR= AL F -HHAIE
B0 F, EE ec'=dd DHEOHERIL L LIe» T, TIEHo-HAFEATFOBEHR- L
RN RS, TOHB=IAF —OWMBEO%S| AF %3 ET 5L, 4F 2 e(n/2)
XA +1 i+ 5 2 bR b, n EEBOBRORTHD, DL AFIIETH S
o, e fd ZIARETTH efd NEETH D, Lichi>T, FTHCEL EHic
i, FEREEAKOE RO FERCFEHE LTHbhS 5, L, ffER EHaeb ok
STV EEE, Ha'eb DL YIS BN Th, HOBH=FALF-TELABI B
Vo BT EL e efd i o d WAL I R AFERE o LA, OISV,
€ SEPLETIREREDORAC BT ERCNDLTHD, 2FD, EOFHOLITIIRE
BAIED 2T DEOKEBENH D 5 brbThb, M, MOHELRAE & aa'=bb
OREILE 2 THRECHBR=FAF 2RV XRE, Lo THEREI HV & &I, FPEHTH
HE0h, SKMBBSIHBRRBILEETH D, Tk b i EKEEIKO FEILCFHE & L
THb 7o,

LaL, Loz &k, B, BRI ahmc/ied s Lo & LKy
Tlow, MR-, Th EvA, @ Fd o X5 Emcio Thhinwl b b T
HB, Ll Wuft 0EEZ 222, #E TR s EATEBIA D™,

Lik, skofSisoHufEEe o tEE L, KOKGHOREPHER S, Rk, Hu
METHA S LHES NS, TOHENTE LA, Koo FPHEMCIEER b AT b #Em
LFHE & L THbRT, FERafE LTERREC S,

i coNic L 51, XOKEHEIHL edI2it, 285 FOREC L > THHARESS
FO=HAF— e METTEIRLENHD, THEBL TROEENDHTHLN B, W E FTOR
Bic kb e, —30°C THLHEERHBTHRROKO FICLEAICBITL X 5 &3 5 HHALE
dhhiews, AP, —30°C 0OBEEHCHERE lem 3 EDKORA R TR IS, RED
—WrRTEFLONIC LTI T, FIRED L SR E KT HFE0FEED B,
IRk, BEAOLDEKGTFORE LI LT, BARE T. 7 0°C Bl Lo - - fE,



14 F H W R

BTN I A REC /> o, TR TKDIRDLWEEDFHIEE E A5 5 & LickyT
HDELTHHEhZTHSL I,

O BH I o AL E R ISR B DL AT R 28 BRI Js J O 1) oK S oK 8
TBEEI D, HTLTOBRRLBLE T, ZIRELTEHOEEERDLT,

X [
1) Bﬁrton, W. K. and Cabrera, N. 1949 Crystal growth and surface structure. Crystal Growth,
Discussions of the Faraday Society, No. 5, 33-39, 40-48.
2) Burton, W. K., Cabrera, N. and Frank, F. C. 1951 The growth of crystals and the equilibrium
structure of their surfaces. Phil. Trans. Roy. Soc. London, 243, 199-358.
3) Husimi, Kodi 1938 Partitio Numerorum as occurring in a problem of nuclear physics. Proc.
Phys. Math. Soc. Japan (3), 20, 912-925.
2R H 1966 BRONK® Pauling = v v — ([EEBE WL, 24, 19-39.
Pauling, Linus 1940 The Nature of Chemical Bond. Cornell University Press, 450 pp.
AERFK 1954 EREEE EIAEFR SRR, ERAYEE ILFE. 30
Herring, Conyers 1953 The use of classical macroscopic concepts in surface-energy problems.
In Structure and Properties of Solid Surfaces (R. Gomer and C. S. Smith, ed.) University of
Chicago Press, 24-30.
8) Cabrera, N. and Coleman, R. V. 1963 Theory of crystal growth from the vapor. In The Art
and Science of Growing Crystals (J. J. Gilman, ed.) John Wiley and Sons, London, 1-8.
9) HHEHE 1954 koRicBREULEEE. EEFE, HEE, 12, 143-144.

R R e

Summary

I. Burton, Cabrera and Frank’?» showed theoretically that low index surfaces of
crystal become rough in structure when temperature rises above a certain critical tempera-
ture 7, Problems of cooperative phenomenon had been solved fairly exactly for two-
dimensional cases and the above authors developed their theory using the solutions of the
problems. As the present author was of the opinion that the equilibrium form of ice
crystal would not be polyhedral as it is generally the case but round, and was hoping
that it could be explained by rough structure of ice crystal surface, he built a simple
theory and applied it to the basal surface of ice crystal for the purpose of getting a sup-
port to his opinion.

II. In Fig. 1, rcetangle a represents a part of crystal surface. The portion (+)
enclosed by a solid curve is a flat elevation of which the profile is shown in the top
figure b. The elevation is higher than the original crystal surface by &, distance between
adjacent net planes within the crystal. The portion (—) enclosed by a broken curve is
a flat depression of depth 4. Let the elevation and depression be called plus and minus
islands respectively. In the lower half of Fig. 1a there is a group of islands lying one
upon another. Spots covered by m plus islands and z minus islands are (m—n)d high
and they give the original surface a rough structure of the profile as shown in the bottom
figure e.

A molecule located at the margin of an island has an excess energy ¢, because one
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of the bonds joining the molecule to its neighbours is cut by elevation or depression of
the island. Appearance of a group of islands brings an increase E=¢L to surface energy
of the crystal, where L is the total length, defined in the next section, of margins of all
the islands belonging to the group. On the other hand the group of islands can take an
enormous number W of states, which gives the surface an excess entropy S=kInW. If
X=E—TS (T: absolute temperature), excess free energy of the crystal surface, has
a minimum of negative value at L=L,, the surface is more stable when it is made rough
by the group of islands of total margin length L, than when it is smooth without islands.
The following sections III to V are for finding the value of W.

III. Figure 2 of the text shows two-dimensional lattice of molecules on the basal
surface of ice crystal. Triangles are molecules on the original surface, while circles
represent the molecules composing a plus island. Margin of the island indicated by chain
lines lies on the dual lattice of which a portion is shown by dotted lines in the lower left
quater of the figure. If the distance a between two adjacent lattice points of the dual
lattice is called a “pace”, and if it takes /; paces to trace around the margin of an island,
the length of the margin is equal to «l;. But, for the sake of brevity, the number /; of
paces shall be called “length” of the margin. Total margin length L referred to above is
equal to 2;/; the summation being taken all over the islands on the crystal surface.

The cut bonds at the margin are indicated by dotted lines and arrows in the figure.
Since one cut bond is attributed to every pace of the margin, an island of margin length
l; has an energy el; in excess.

As seen from Fig. 2, coordination number P of the molecular lattice is 3, while co-

ordination number p of the dual lattice is 6.

IV. Let number of states of an island, that is, number of the different shapes that
an island of margin length /; can take, be denoted by m;, and let M, be number of the
different paths which we can trace by advancing [, paces on the dual lattice. Number M;
is given by (p—1)%. Of M, paths some will come back to the starting point and those
closed paths make margins of the island.

In case of the so-called “random walk”, the probability for a path of I; paces to close
is known to be 1/(4/;) for large /;, The paths mentioned in the above paragraph and
those of random walk are not very different. So that the probability 1/(4/;) will approxi-
mately be true for the paths in the above paragraph and m; will be written as

my = M,J(4l;) = (p—1)%/(4L,) . (1)

V. Let number of molecules on the basal surface of ice crystal be N, and let there

be on the surface a group of islands of total margin length L.

1. If the group consists of 7 islands, margin length I; of each island must satisfy
L=7>1. (2)
g=1

Let number of ways in which L is divided into Z;, » in number, be denoted by ¢.(L).
Since each of the islands can take N positions on the surface, the number of states which

the group of islands can take with respect to position is given by
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gn(L) N™. (3)

Different shapes of the islands give rise to number of states IT sz, which is, by (1)

z=1

and (2), expressed as

':1:

=(p—1)~ 1/4l

4 1

If /; is replaced by L/n, mean value of /;, this formula turns into
(p—1)% (nf4L)" . (4)

Number of states with respect to position and shape of the group of islands is the pro-
duct of (3) and (4). Therefore number of states W, with respect to position, shape and
number of the group of islands is given by

W, = (p—1)" 33 gn(L) (nN/ALY" (5)

n=1

The upper limit » of the summation in (5) is the mean value of n, namely
. L L
v= LD £ aalD) (6)

For the statistics mentioned in section IV to be applicable, the margin of each island
must be sufficiently long: the value of n must be kept much less than L. That is the
reason why v is chosen as the upper limit of the summation. By substituting v for =
in (nIN/AL)® of (5), W, is transformed into

= (p—1)* (WN/4Ly éqn(L).

The sum }i}qn(L) is roughly equal to (v/L)g (L), where

9= % aa(D) (7)
The final expression for W1 is thus given by
=(p—D* wN/ALy (v/L) q(L) . (8)
Husimi® derived an approximate formula for v:
v=W6L /)| InW6L /m+C], (9)
where C is Euler’s constant. For ¢(L),
= (1/L+/ 48 )exp (a4 2L/3) (10)

is known as Hardy-Ramanujan’s formula.

2. Since volume of the crystal must not be changed by the appearance of islands, one
half of the islands must be plus and the other half minus. On account of it another
number of states

W, = v/ (v/2)1 (u/2)! . (11)

might arise. But this number need not be considered. In getting number m, of different
shapes of an island in section IV, we counted each island of the same shape twice by
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tracing its margin clockwise and counterclockwise. If the one traced clockwise is taken
as plus and the other minus, the group of islands does not give rise to any change in
the volume of crystal.

3. Molecules of ice crystal are connected to one another exclusively by hydrogen bonds.
Therefore each of the cut bonds on the margin of islands does or does not have one
hydrogen atom, that is, the cut bonds are positive or negative. But the choice of positive
or negative cannot be done quite freely, because every oxygen atom in ice crystal must
have two and only two hydrogen atoms attached to it. Suzuki® showed that each of

the molecules on margin contributes an amount a little less than
1/2)In2 (12)

to the entropy of the group of islands. Therefore number of states due to positive and
negative of the cut bonds is nearly equal to

W, =22,
VI. The group of islands of total margin length L can take different states which

are W=W,W, in total number. For the sake of convenience, W shall be divided into
two factors W, and W,:

wW=Ww,W,,
Wa = (P_l)L W3 » (13)
Wi = WN/ALY (/L) (1/L 4 48)exp (4 2L/3) .

Since energy E of the group of islands is equal to Le, free energy X of the group is
given by
X=eL—kT(ln W,+InW;),

and this can be transformed into
X/RT = [(¢/kT)—a] L—~1In W, (14)
with a=In(p—1)+01/2) a2, (15)

because In W,=aL.
In Fig. 4 of the text, In W, is plotted against L in logarithmic scales for three differ-
ent values of N indicated in the figure. One cm® of basal surface of ice crystal contains
1015 molecules. Each of the three curves rises almost straight towards the upper right
corner of the figure and suddenly falls at L~N? that is, when v and L/v both become
close to N. In view of the physical meaning of the islands, such large values of » and
L/v are not permissible. At largest L. will be equal to or a little larger than N. For
such values of L the curves in Fig. 4 are straight, parallel and positioned close to one
another, which means that they can be represented by

In W, = BL?, (16)
with b=const=0.525 for all of them. The value of B changes slightly with N; B=100

for N=3x10%.
By the use of (16), (14) can be written as
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X/kT = [(s/kT)—a |L—BL" . (17)

Since b is less than one, X has a minimum X,, of negative value at

L=Ln= [{(s/kT)—a}/bB]_ﬁ.

VIL. Let such a temperature as satisfying (¢/47)—a=0 be denoted by T., namely

T, — ¢/(ka) = s/[/e {ln(p—1)+(1/2) In 2}] (18)
In Fig. 5, L, is plotted against T for

p=6 and ¢=g;=1060 cal/mol, (19)

¢, being the value of ¢ which makes T, equal to 273.16°K=0°C. As shown i the figure,
L,, rises so quickly at 7,=273.16°K that it may be said that L, is practically zero for
T<T, and attains an extremely large value at T=7T,; the crystal surface becomes
suddenly rough at T=T,. For T>T,, X is negative because (¢/kT)—a<0 and In W,>0,
that is, the crystal surface is stable when it is in rough state. Therefore 7'. defined by
(18) is the critical temperature mentioned in section I.

For ice crystal, ¢ is known to be about 5000 cal/mol®>®, a value five times as large as
go. If that value were taken, T, would be 273x 5=1365°K, a temperature far above the
melting point of ice. The present author measured once before the amount of air mole-
cules adsorbed on snow crystals and found that they were covered by monomolecular
layer of air. This fact shows that air molecules much reduced the excess energy ¢ of the
cut bonds on ice crystal surface by being adsorbed on them. Although its exact rate
cannot be known, the reduction will be great enough to make ¢ much less than e,.
The critical temperature 7', will be below 0°C and the basal surface of ice crystal will be
rough between the two temperatures.

VIII. Surface free energy of a vicinal surface, a surface inclined at a small angle ¢
to the basal surface, changes smoothly with ¢ if the basal surface is rough. According
to Wulff’s theorem™® the basal surface does not develop in such a case in the equilibrium
form of ice crystal and it has round ends in the direction of its c-axis. If the other
surfaces of low index also have their critical temperature below 0°C as the basal surface
does, the equilibrium form of ice crystal will as a whole be round instead of polyhedral.

The small ice crystals composing snow cover are round in shape even at temperatures
as low as —30°C, which may be taken as an evidence for the round equilibrium form of
ice crystal. The present author placed at —30°C an ice ball (1 cm in diameter) in vacuum,
and found that planes shining like mirror came to appearance on the ball in a week or
s0®. In vacuum no air could be adsorbed on ice surface, with the result that the critical
temperature of its low index surfaces rose above 0°C. They were smooth in their equi-
librium state and tended to develop by changing the ice ball into a polyhedron.



