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Behavior and growth Kinetics of elementary spiral steps
on ice crystal surfaces

Gen Sazaki', Masahiro Inomata', Genki Miyamotol, Ken-ichiro Murata', Ken Nagashima1

Due to the abundance of ice on the Earth’s surface, the growth of ice plays a crucially important role in various
natural phenomena. Hence, numerous studies have been conducted to elucidate the growth kinetics of ice crystals.
However, only the time course of the size of ice crystals could be measured so far, and it has remained unclear which
elementary processes govern the growth kinetics. To address this issue, we improved a laser confocal microscope
combined with a differential interference microscope (LCM-DIM), which was developed by us and Olympus
Engineering Co., Ltd. By using this LCM-DIM, we succeeded in directly visualizing elementary steps (the growing
ends of ubiquitous molecular layers with the minimum height) of ice crystals and their dynamic behavior at air-ice
interfaces. In this review, we explain how the behavior and growth kinetics of spiral growth steps (elementary steps
induced by screw dislocations) differ between the two facets (basal faces and prism faces: see Fig. 1) of ice crystals
growing in supersaturated water vapor.

F—TU—F B, SMHNE, BVRESZAT YT, BFEEORBIE, WEAA AT AT A
snow crystals, vapor growth, elementary spiral steps, in-situ optical observation, growth kinetics

%G 1) dbifsE K AR A 7E T
g T Institute of Low Temperature Science, Hokkaido University,
A il R AR A SET MR 5 A F I AR N —T Sapporo, Japan

T 060-0819 ALBEHLX L 19 475 8 TH
Tel: 011-706-6880, Fax: 011-706-6880
Email: sazaki@lowtem.hokudai.ac.jp



58 g o, RN, EARE, FHE- RIS f)

1. [FL&IC
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AXTATZARHONMILE) ET5EF SF RW5ED
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Figure 1: An ice I, crystal grown in supersaturated water vapor
consists of two kinds of flat faces (facets) known as basal faces and
prism faces.
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Figure 2: A schematic illustration of our observation chamber
(Inomata et al., 2018). On a center of an upper Cu plate, a substrate
crystal (Agl for basal faces and CdSe for prism faces) were attached.
On a lower Cu plate, ice crystals were grown to supply water vapor to
ice crystals for the observation.
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Figure 3: LCM-DIM images of elementary spiral steps on an ice
basal face at 7=-15.0 °C and 6=0.18 (Inomata et al., 2018). Black and
white arrowheads respectively show an outcrop of a screw dislocation
and an identical elementary spiral step. Outcrops of screw dislocations
are always located at edges of basal faces. A distance L between
adjacent spiral steps exhibits large variations.
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Figure 4: LCM-DIM images of elementary spiral steps on
an ice prism face at 7=-6.3 °C and ¢=0.02 (Miyamoto et al.,
2022). Black and white arrowheads respectively show an
outcrop of a screw dislocation and an identical elementary
spiral step. Outcrops of screw dislocations are always
located in the interiors of prism faces. A distance L between
adjacent spiral steps is uniform.
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Figure 5: Changes in the velocity ¥, of elementary spiral steps on ice basal faces (Inomata et al., 2018). (A) In a
temperature range of -2.7>7>-9.2 °C. (B) In a temperature range of -13.0>7>-26.0 °C. Curves and lines respectively
show the results of the curve fittings using a hyperbolic tangent function and a linear function through the origine.
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etal., 2022).

0(.}00 0.02 0.04 0.06 0.08 0.10

o= (P*—P.)/P

(A) IREESIN-2.62T>-10.3 °C. (B) JREEFHIN-13.127>-25.0 °C. O IFIENA 28K Y v 7 &

YV v PEBECEPRRE, €U CHEBHNIE N Z # S B E W B R AR T T 2 R

LAEARYALS!

. MBI X o CO2ODRIIRENT WS,

Figure 6: Changes in the velocity V., of elementary spiral steps on ice prism faces (Miyamoto et al., 2022). (A) In a
temperature range of -2.6>7>-10.3 °C. (B) In a temperature range of -13.1>7>-25.0 °C. Curves and lines respectively
show the results of the curve fittings using a hyperbolic tangent function and a linear function through the origine.
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Figure 7: Temperature dependences of step kinetic coefficients f on basal and prism faces of ice crystals (Inomata et

al., 2018; Miyamoto et al., 2022).

D EIFNEEo=(P"-P )P AT 50 /N S WIRFIZIE, oM En$
IO TV S ERBIM L 72, £ 72, ohE 5128
MT5E, Vi vs.o7 0y MIEMRER S TRAIL,
FioMoRRER Lz I, V0Kt wEE0
KBELZWAT Y 7 EOF V271D AEND 20, KR
L T\ 2 oK bl R UL B TR ZELA MG 5 2 & &R
. T bbb, PP, KAELKAIKK FEE AR
YRS 2 WL DB S 2 72 5 728 Td 5 (Chernov, 1984;
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Figure 8: An example of changes in V,, as a function of ¢ on a
prism face at "= -25.0°C (Miyamoto et al., 2022). The solid straight
line presents V,,, when there was no depletion of water vapor in the
vicinity of the prism face. The broken curve shows the result of the
curve fitting using a hyperbolic tangent function. For the deviation of
P, see the main text.
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72, W7 (A) \ORL72EHIC, X=%VHE LTI
T=-15°Cili B CBAMEZFFO L 9 ICZ 5. 2 hig, FEB
MAETMRIDEHEHETHLLIICRZIDLN, DL
GRS DR EAHTH L. 72720, KHLIE
KGN =YV ETHFEARREZTV, -90<T<
-16°COMPBEFIR TIE R —F VI DO FHAV 1 53T T h3 ke
L3 %25, -16 < T<-0°COIMEHEIBL TlE N = IV DR
W2 TS 5 2 L 2 L Cw5b (Nagata et
al., 2015; Smitetal., 2017). X7 (A) DS, Zo®wsb1
ST E 25T OB ALICHE D X—H OV o
MR 2 EEBR L TW AR H 5. —T5, 7Y
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_kﬁf§5.~ﬁu,2777ﬁ4m7472%ﬁﬁ
RDEI BT L=y ZAMOKXTHEENS : (Chernov, 1984;
Markov, 1995)
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BRRDILERTY, TOEKIIOVWTIEIBEO L Z
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3.2 AFyFLyIBHEIRIVF—kDEH
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Figure 9: Changes in average values L,," of distances L of adjacent spiral steps on ice basal faces as a function of the
inverse of the driving force Au,,,at ice crystal surfaces (Inomata et al., 2018). (A) In a temperature range of -3.2> 7>
-13.0 °C, all data can be approximately expressed by the solid straight line through the origine, irrespective of 7. (B) In
contrast, in a temperature range of -15.0 > 7> -26.0 °C, all data cannot be expressed by the solid straights line through

the origine, irrespective of 7.
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Figure 10: Changes in distances L of adjacent spiral steps on ice prism faces as a function of the inverse of the driving
force Au,,, at ice crystal surfaces (Miyamoto et al., 2022). (A) In a temperature range of -2.6>7>-10.3 °C. (B) In a
temperature range of -13.1>7>-25.0 °C. Irrespective of 7, all data can be expressed by the solid straight lines through

the origine.
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Figure 11: Temperature dependences of step ledge free energies « of
spiral steps on basal and prism faces (Inomata et al., 2018; Miyamoto
et al., 2022). At 7>-2 °C, « on prism faces becomes zero (Elbaum et
al., 1993).
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