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The Emergence Processes of two Types of Quasi-Liquid Layer Phases with
Different Morphologies on an Ice Basal Face

Gen SAZAKI, Harutoshi ASAKAWA, Ken NAGASHIMA,
Shunichi NAKATSUBO and Yoshinori FURUKAWA

Abstract

We and Olympus Engineering Co., Ltd. developed laser confocal microscopy combined with differential interference
contrast microscopy (LCM-DIM), by which elementary steps (0.37 nm in thickness) on ice crystal surfaces can be visualized
in situ at air-ice interfaces. Using LCM-DIM, we observed surface melting processes of ice crystals in situ, and found that
an ice basal face grown from water vapor exhibits two types of quasi-liquid layer (QLL) phases that have different
morphologies and dynamics. In this review, we show how these QLL phases emerge from an ice basal face. We found that
round liquid-like drops (an o-QLL phase) emerge from outcrops of screw dislocations, and that thin liquid-like layers (a -
QLL phase) appear from crystal surfaces where many microdefects are embedded. These results strongly suggest that
strain caused by lattice defects induces the appearance of both QLL phases. In addition, we also found that a B-QLL phase
spontaneously forms at the interface between an o-QLL phase and a basal face when the diameter of an a-QLL phase
becomes larger than several 10 pm. This result implies that a B-QLL phase has an intermediate structure between those of

an o-QLL phase and a basal face.
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Elementary step Thin quuid-I}<e layer (3-QLL)

Fig. 1 A photo micrograph (A) and a schematic
illustration (B) of two types of quasi-liquid
layer (QLL) phases black, white and red
arrowheads show an elementary step, a-QLL
and B-QLL phases, respectively: Reprinted with
permission from the reference? : Copyright 2013
American Chemical Society
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U R—DWEX % Fig. 2B \RT. BlEF v o —(3ar
WCIRENHIECTE 2 EHMB I OFEO 2 DO LD 72
%, REERR O T IERICIE, cEICTREICEEE L7 Agl H
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Fig. 2 A schematic illustration of our experimental
setup (A) and a cross sectional illustration of
an observation chamber (B)®
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Fig. 3 LCM-DIM images of ice basal faces

growing by the spiral growth mechanism
(A) and by the two-dimensional nucleation
growth mechanism (B)

ZDBEE L= —#l% Fig. 8312~7. Figures A B X
O B lEEhZh, EMRE#ER IO 2 WO E S
THELTVAK Th #fo~—¥ L iEizrd (Fig 3B
DRITAFE 2 (R Lz R 2 i L7=) . #5100 fH oK
FEER DX —H IV IC O W TSR FER A T2 25, K

3.1 o-QLL#DAER

a-QLL MBN_—HLEN D EDO X I ITAERT DO E
ZORBET H-0IC, KEKEZREATFIHR -T2 F £,
Bk DR E £-1.0C 22 5-0.5Clz, £ L T-0.5THh
5-1.0CIZ# VK L B FIf L7z, Figure 4A X-1.0CD
_N—P)VH RS, Figure 4A OBITFHER 2 OmEi{G L
ZMid Z & C Fig. 4B #157=. Figs. 4C-F & RO M4
SRS S AL TN D.

Figure 4B |7k L7= X 91, HRABEDOEAMN LY, i

90% D _X—Y )L IR BRSO L THRE L, £ 9%0D Tig. 4 Repetitive appearance (at -0.5°C) and
NR—YLHE Tl 2 RTEEREMEOLTRE L, # 1%0D disappearances (at -1.0°C) of a-QLLs on
. e B = e LY 6 e an ice basal face: panel A shows a raw
- ‘H“/lxﬁ’ﬂi{%ﬁﬁkﬁk\\io 2 /kjﬂ‘%ﬁ}iﬁ?)ﬁ?i@*%% image, and panels B-F present processed
MTHRE LT W ZFRIFAATH 223, Fig. 3A images: the positions from where a-QLLs
DOBERHBEDPRT L 12, BHABIOEIEAIL, #IZ appeared during the three successive
N—HPLHONEPTIERL =y PIfiE L. Kb temperature( rises are s1)1mmarized in F:
N B SLddk B e g . e o white circle (the first rise), white triangles
»o L&D &T’ jkﬁﬁikjbf\z?) " ﬁﬁﬁ%ﬁig{%%?{T (the second rise) and white squares (the
v IR 2 WL AT v T ORTERE & B4 e iRE - i third rise): blue arrowheads correspond to
FMETTHHAIL, ThbDXAFITAEHLNITD the positions from where concentric steps
FFZERN L 5 R0 FITRRE L 2o 7. appeared: other arrowheads and arrows
are the same as those in Fig. 1: Reprinted
. . . with permission from the reference?:
3. KEEMmAN—HILELTO 2 EFED QLL Copyright 2013 American Chemical
HDERBETE Society
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MIRDOBEAL AT » 7 (BREEH) SV LAERL, 2
KENFHICRE LTWorz., Z ORI, HREEEAL
WCHEABEMNANEEL TS Z EERT. KIZ, BEE-
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MEAT v FWNAERLIZZ E LY, EAIEe-QLL fHDAE
BRI & 72 B LT B, BRAEPEICERT S TEH)
NREHHZ A LX —FZHERIEL720, TDOLHRAR
LERBNORAMAENB I ~T-bDEEZOLNS.

—F, X—=HrmoFLERSsSTiE (Fig. 4F), «-QLL
LT v LRECTAER LT, ZofRIE, X—%n
I O LR B ZE MBI E —ICEA TN S Z L &R
95, Agl MR ECOKkERE~T o X XUy
VAR ST, ERETORBEASLI AT
o4 NBEALOERR DT, JKEE b T E % BRI
TEOVREREBEHEBBERFS. TOD, X—HLHEHD
FDE I B —ICEATWEL D EEZ BRD.

3.2 [B-QLLIEDAER
a-QLL HIZMZ T, B-QLL HIZOWTHED LI

R=YPIVEPDERT DD, ZOBEIZOW TR~

FT, BB RAT v T OBBFET D=V V% H
BT, KEKZBAIIRE-T-FF, REZ-15CH
5-0.1C £ TN & E7-. Figure 5 12% DBPBEHE %2R
9. Figure 5A %, HE LH IE7-%, 19.6 s BOAED
LCM-DIM #%/7R7. BWEHRTRLEZL I, ~—%

NVEDE EESICE, T2 SADAWVERPBIZ S L.

WaTWary hIAMOFREEZTH, EbbTHN
A LTHEINZZELY, 2L 0ESIFE—Y
SVl EOMMIZENT DO Tk, =P ILEE FO
WEATHD LR TED. AVESRITIRSL, =3
JVIH O R EFICH NI A SN A v 7 v —Y a3 v
X, RKM - B OBEEKRED, w1 7 aXKifaERT
LEZLND.

Figure 5A O/ % (1% 2 OB CTUELL, Fig. 5B

#15%7-. Figure 5C-F OEE & FIEROMBEN e TN D.

Figure 5BIZ/r L=k Hig, BfLAT » 7 (BEHIEE) A
MEHBICRET 2 Z &0 D, B OBEBETIIHOR—F 1
HRBEHL WD Z ERNbMND. —F, 26.1 s $RiZiE
(Fig. 5C), 72< SAD/NE 72 B-QLL FABR—H /LD
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By THER L. ARRFEIEAIE, B-QLL FHAEM LT
&) TRWEIROER 2R, ZOBRIE, K
O E L bz, N—HIVmEOLE T HH~MRAIZBE L
7= (Fig. 5D, 32.7 5). TN HDOfERLY, ~—¥LmoD
B BE TIOR3 12T B -QLL AN & v B < B
o R L2 ENDND. BV A D B-QLL FHIZA W
AL (Fig. 5E), H&MICIT B -QLL AR —H /L &
2TBWRL L= (Fig. 5F).

The appearance of B-QLLs with increasing
temperature from -1.5 to -0.1°C: panel A
shows a raw image, and panels B-F
present processed images: many white
dots marked by a dotted circle in A
indicate many microdefects that were
embedded in the Dbasal face: red
arrowheads correspond to the border of
the area in which many small B-QLLs
appeared: such a border was propagated
in the direction of the red arrow: other
arrowheads and arrows are the same as
those in Fig. 1: Reprinted with permission
from the reference?: Copyright 2013
American Chemical Society
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Figure 5 [ZRL72L 912, =AM 7 uXkffatEZ b5
WEE DR T D EAL T, % 9 TRWOLEBALIZH T,
B-QLL M HISE S BB - i Lz, 2 b ORI,
a-QLL fHOEGE ERIFEIZ, B-QLL HOBGEIZBWTY
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Fex DEBRTIE, QLL AIX-1.5CLL LR EEE T o
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T A e FIEERAN TS OERTOILTEREY  (f
Z1¥, X#k 6 @ Table S1 #£&R), -10CREEDIKIE T T
HoTH QLL AN T D Z EBHEINTND. 20D
QLL FEAAERR T 2 IR AR O K X 228 3 &2 BT %
DTHAHID. Fexr OEBRTIIANLIICER LIZKDH
ez EE e LTHOWER, KEROSENMETT 51
E CKkEREN LV EL oK RIeETIZ L), LI
T QLL fARAERKT 2 b0 EEZBND. BT, Sk
DORLFRTEND, X—HP V7V X AL O E a5

milx, LY REARREAHZXLF—52HTH2H, &
DARWRE CRE@MET 2 THA .

B-QLL HHOLAIZIE, ERRTRLEBEAICHFREIND
b O LITR DA EENTFIET D & 2T A TR L.
ZHCOWTCHEBT 572012, £ Fig. 6 lonLiz, <
— YL ETa-QLL FHRGERT 2875 ZBW &
V. ZEfIAY LCM-DIM #%, % L CAS i o=
2T, BV A o722 9D a-QLL # (Fig. 6A @ H%&H!
90 1L, SO BIREOMCEVNIAET S 2 LR hhs.

L2 L, o-QLL fHR LV K& 25 &, FEITR LS
T< %. Figure 7TA D413, Fig. 6D k¥ L7= 452 s 1%
W2, RIC_—Ym TR LD THD. ZORICa-
QLL FHIZEAE 15 ym 25 35 pym ~L k& L=, Fig. 713,
B -QLL #0725 H¥MIIZ o -QLL AH & ~—H /L1 O] TR

Fig. 7 A series of successive LCM-DIM images
. . . . (left) and their schematic cross-sectional
Fig. 6 A series of sqccesswe L.CM-DIM 1m.ages drawings (right) during the coalescence
(left) 'and tl}elr schgmatm cross-sectional of o-QLL phase: the image A was taken
drawings (right) dur.mg the 'coalescel‘lce% of 452 s after the image of Fig. 4D, on the
o-QLL phases: Reprinted with permission same basal face: Reprinted with
from . the refe?rence‘))i. Copyright 2013 permission from the reference?: Copyright
American Chemical Society 2013 American Chemical Society
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FTHRETAERT. YA -o7-2o0a-QLL 1 (Fig. 7TA
D HRHEH) NAETHICHTZ0, o-QLL HO FTERK
L7-B-QLL #H (Fig. "B OFRFKHIEE) 2%, YA S
o-QLL MO FMICERT IHETFRLND. £z, B-
QLL fA LD 2 5 o -QLL HRAEL7-t% (Fig. 7C),
Bviksni B-QLL A AFEH L (Fig. 7D), ZoO&:EMHL
72 B-QLL #2>5 o -QLL FBH7ITER Lz 2 &3
% (Fig. TE). o-QLL FADOEADE 10 pm LY H KX
<75k, a-QLL FHE_X—VVEHOM T, B-QLL AHIX
HREMICHHRER ER L.

Figure 7 1278 L7 RIE, ~N—P Vi & o -QLL #H23 B
-QLL #8%& LTl L7=0773, ~N—V /L & o -QLL AH
DEBESEMT2 L0 b3 AF—IcIiFE LV L
9. B-QLL HOFEHZRENL T v Y—E, B-QLL
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AfETixE9, LCM-DIM BAMEEE A5 &, FEHE
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