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ABSTRACT 

In nature, a large proportion of ice is present in a polycrystalline state. Thus, understanding 

the formation of quasi-liquid layers (QLLs) on/in polycrystalline ice is indispensable for 

understanding a wide variety of natural phenomena. In this study, we observed surfaces of 

polycrystalline ice thin films using our advanced optical microscope. We focused our attention 

on the macroscopic fluidity of objects observed on polycrystalline ice surfaces as evidence for 

the presence of QLLs. Systematic observations under various temperatures and water vapor 

pressures showed that, with increasing temperature, QLLs first appeared preferentially in 

grooves of grain boundaries and continued to exist at −1.9±0.4 °C, irrespective of the water 

vapor pressure (even in immediate vicinities of the vapor–ice equilibrium curve). From this 

result, we concluded that the QLLs were formed by melting of grain boundaries to relax lattice 

mismatches. With a further increase of temperature, droplet-type QLLs appeared on grain 

surfaces at −0.7±0.2 °C. However, as time elapsed, the droplet-type QLLs on the grain surfaces 

spontaneously disappeared within 5±3 min even though temperature and water vapor pressure 

were kept constant. Such appearance and subsequent disappearance of the droplet-type QLLs 

on the grain surfaces were observed even under relatively-highly supersaturated and 

undersaturated conditions.  
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1. INTRODUCTION 

A vast amount of ice exists on the earth, and surface melting of ice forms thin liquid water 

layers, so-called quasi-liquid layers (QLLs), on ice surfaces even below the melting point of 

ice (0°C).1-3 Because QLLs govern properties of ice surfaces just below the melting point, 

surface melting of ice plays critically important roles in a wide range of phenomena, including 

the preparation of a snow ball,4 frost heave,1, 5 slipperiness of ice,1, 2 regelation,1, 6 conservation 

of tissues and foods,7, 8 and electrification of thunderclouds.1 Therefore, unraveling the surface 

melting of ice is indispensable for understanding these phenomena.  

In nature, a large proportion of ice is present in a polycrystalline state. Hence, understanding 

the behavior of QLLs in grain boundaries and on grain surfaces of polycrystalline ice is 

important. Although numerous researchers have studied the formation of QLLs on single ice 

crystals (see reviews1-3, 9, 10 and references therein), experimental studies on the formation of 

QLLs on/in polycrystalline ice have been limited. Marder observed the geometries of veins and 

nodes in polycrystalline ice,11 and studied the effects of impurities on the vein width.12 In 

addition, two groups have studied the behavior of grain boundaries experimentally. Lu et al. 

investigated the diffusion of D2O in polycrystalline H2O ice by thermal desorption spectroscopy 

and concluded that grain-boundary premelting is implausible at temperatures as high as 

−2 °C.13 Thomson et al. optically measured thin water layers in grain boundaries using 

bicrystals, and investigated the effects of impurities on the thickness of the water layers.14, 15 

They found that the thickness of grain boundaries increased in the range 1–10 nm with 

increasing impurity concentration at ~1.5 K undercooling. The relatively small thickness (<10 

nm) of grain boundaries indirectly supported the results of Lu et al.13 However, agreement with 

theoretical predictions was not attained.15 Furthermore, the abrupt grain-boundary melting 

predicted theoretically16, 17 has not yet been observed experimentally. Therefore, to obtain a 
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unified understanding, further experimental studies on the behavior of QLLs on/in 

polycrystalline ice are highly required.  

Recently, we observed surfaces of polycrystalline ice thin films using a Michelson 

interferometer (2.5´ magnification) attached to a laser confocal microscope (LCM).18  From 

the optical isotropy observed under a crossed-nicols condition, we determined that QLLs 

appeared on the polycrystalline ice surfaces.18 However, after this paper was published,18 we 

combined a Linnik interferometer (20´ magnification) with the LCM and found that we lost 

the experimental evidence from which we deduced the presence of QLLs in the previous 

paper;18 for details, see our correction.19 Therefore, further studies based on more reliable 

evidence are necessary to reveal the behavior of QLLs on polycrystalline ice surfaces. 

In the present study, we directly observed the macroscopic fluidity of QLLs using an LCM 

combined with a differential interference contrast microscope20, 21 (LCM-DIM) and used this 

fluidity as much more direct and reliable evidence for the presence of QLLs. We systematically 

observed surfaces of polycrystalline ice thin films under various pressure–temperature 

conditions. We found two temperature ranges in which QLLs, showing macroscopic fluidity, 

were formed in grooves of grain boundaries (−1.9 ± 0.4 °C) and on grain surfaces (−0.7 ± 

0.2 °C). We first describe typical polycrystalline ice grains and their grain growth behavior 

(section 3.1), and then show the appearance of QLLs in grooves of grain boundaries (section 

3.2) and on grain surfaces (section 3.3). We also discuss the stability of QLLs on polycrystalline 

ice surfaces.  

2. EXPERIMENTAL PROCEDURES 

2.1. Preparation of Polycrystalline Ice Thin Film. A round cover glass (12 mm in diameter) 

was placed on an aluminum block cooled at −196 °C with liquid N2. Approximately 5 μL of 
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ultra-pure water (resistivity: 18 MΩ·cm) was dropped onto the cover glass from 1.2 m above. 

A polycrystalline ice thin film 7–9 mm in diameter and 70–80 µm in thickness formed on the 

cover glass. The polycrystalline ice thin film was cut into a small piece (approximately 0.6 × 

0.6 mm2), and the remaining part of the film was removed from the cover glass to reduce the 

amount of water vapor necessary for the growth of the ice thin film and to reduce the depletion 

of water vapor in the vicinity of the growing ice thin film, as described in our previous paper.22 

The ice thin film on the cover glass was placed in an observation chamber. After the pure water 

was dropped onto the cover glass, all processes were carried out in a cold room at −10 °C. For 

details, see our previous report.18  

2.2. Observation System. Our custom-made observation chamber is schematized in Fig. 1. 

The observation chamber was made of two Cu plates. The temperatures of the upper and lower 

Cu plates, T and Tsource, were separately controlled using Peltier elements. The polycrystalline 

ice thin film formed on the cover glass was placed at the center of the upper Cu plate. On the 

lower Cu plate, ice crystals were also grown to supply water vapor to the polycrystalline ice 

thin film for the observation. The total pressure in the observation chamber was kept at 

atmospheric pressure by filling the chamber with pure nitrogen gas (see the section 2.3). The 

volume of the ice crystals for supplying water vapor was substantially larger than that of the 

polycrystalline ice thin film. Hence, the partial pressure of water vapor P in the observation 

chamber was determined by Tsource. In addition, the equilibrium partial vapor pressure Pe for the 

polycrystalline ice thin film was determined by T. The supersaturation of the water vapor, s = 

P/Pe, was adjusted by changing Tsource and T. The parameters P and Pe had errors of ±2 Pa. 

Hence, s had an error of ±0.004. Details of the chamber and its operation are explained 

elsewhere.21, 22 



 

 

6 

Fig. 1  

As shown in Fig. 1, through a glass window at the center of the lower Cu plate, the 

polycrystalline ice thin film was observed using a laser confocal microscope combined with a 

differential interference contrast microscope (LCM-DIM):20, 21 a laser confocal system 

(Olympus Corp., model FV300) was combined with an inverted optical microscope (Olympus 

Corp., model IX70). An objective with 20´ magnification (Olympus Corp., model LMPlanFL 

N 20×) was used with the LCM-DIM. A super luminescent diode (Amonics Ltd., model 

ASLD68-050-B-FA), whose wavelength and coherent length were 680 nm and 10 µm, 

respectively, was used as a light source. The LCM-DIM can provide three-dimensional contrast 

to subnanometer-height steps on flat crystal surfaces.21 In addition, a Nomarski prism could be 

easily replaced with a Linnik interferometer (Optical Design Maki: 20´ magnification) (Fig. 

1). The Linnik interferometer was used to monitor the growth and sublimation of 

polycrystalline ice surfaces.  

2.3. Injection of Pure N2 Gas. After the observation chamber was placed on the observation 

system, the temperature of the polycrystalline ice thin film and the water vapor pressure in the 

chamber were set at T = −9.0 °C and P = 288 Pa (Pe = 284 Pa), respectively. Pure N2 gas was 

then injected into the observation chamber at a flow rate of 0.4 L/min for 10 min. During the 

injection of the N2 gas, the top 3–4 µm of the polycrystalline ice surface was sublimated 

(monitored using the Linnik interferometer combined with the LCM) to obtain a fresh 
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(uncontaminated) surface. With the injection of the N2 gas, the air in the observation chamber 

(inner volume: ~5 mL) was fully replaced with pure N2 gas at atmospheric pressure to avoid 

possible bias caused by atmospheric reactive gasses. After the injection of the N2 gas, the 

observation chamber was kept airtight and then used for further observation. 

3. RESULTS AND DISCUSSION 

3.1. Polycrystalline Ice Thin Films and Their Grain Growth Behavior. Figure 2 shows a 

polycrystalline ice thin film at T = −2.1 °C and P = 534 Pa (Pe = 514 Pa). Figures 2B1–2B4 

show the time course of the LCM-DIM images of the area marked by the dotted rectangle in 

Fig. 2A. As indicated by black arrows, some grains exhibited relatively fast grain growth on a 

time scale of approximately 30 min. A comparison between Figs. 2A and 2C shows that some 

other grains (marked by black arrowheads in Fig. 2C) exhibited relatively slow grain growth. 

Such substantial variation in the speed of grain growth is likely due to variation in the 

characteristics of the grain boundaries. The relation between the characteristics of grain 

boundaries and the misorientation of grains has long been well understood in metallurgy,23-25 

and pioneering works on grain boundaries in ice crystals have also been reported.26-28   
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  Fig. 2 
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 We performed similar observations at various Ts and Ps. The average lateral size of grains 

was 170 ± 75 µm. To eliminate the effects of grain growth, we excluded grains that exhibited 

relatively fast grain growth (within ~30 min) from further examinations of the appearance of 

QLLs.  

3.2. QLLs in Grooves of Grain Boundaries. To reveal the behavior of QLLs on the 

polycrystalline ice thin films, we further observed the thin film by LCM-DIM. Figure 3 shows 

the pressure–temperature (P–T) regions (shown in blue and red colors in the supersaturated and 

undersaturated conditions, respectively) in which QLLs exist kinetically (and also continuously) 

on the surfaces of ice single crystals.29, 30 In the vicinity of the vapor–ice and vapor–liquid water 

equilibrium curves (solid and dotted curves), QLLs cannot exist kinetically on ice single 

crystals. In this study, we observed polycrystalline ice thin films systematically under various 

P–T conditions and found two temperature ranges in which specific events occurred in grooves 

of grain boundaries (−2.6 to −1.1 °C) and on grain surfaces (−1.2 to −0.4 °C). Black and red 

arrows show temperature changes (at constant pressures) that we induced; the results are 

explained later in the discussion of Figs. 4 and 7, respectively.  

Fig. 3 
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Figure 4 shows LCM-DIM images of a surface of a polycrystalline ice thin film. To monitor 

the appearance of QLLs in grooves of grain boundaries, we added polystyrene particles to pure 

water (653 nm in diameter and 0.02% in volume fraction) when we prepared the polycrystalline 

ice thin films. In Fig. 4A, white arrowheads indicate polystyrene particles located in a groove 

of a grain boundary and on a grain surface; we observed a mixture of differential interference 

contrast and part of the light scattered from the particles (for the former, see the first paragraph 

in section 3.3). Figure 4B shows the time course of LCM-DIM images in the area marked by 

the dotted rectangle in Fig. 4A at −2.6 °C.  

In the following, the P–T conditions correspond to points 4B–4F in Fig. 3. In Fig. 4B, we 

observed no movement of the particle in the groove. By contrast, when the temperature was 

increased to −2.3 °C (at constant P), the particle moved in one direction along the groove, as 

shown in Fig. 4C and Video S1 in the supporting information. After we recorded the images in 

Fig. 4C, we lowered the temperature to −2.6 °C again (at constant P) and recorded additional 

images. Figure 4B′ indicates that the particle position was fixed, as observed in Fig. 4B. The 

temperature change from −2.6 to −2.3 °C (and also that from −2.3 to −2.6 °C) was completed 

within 1 min. In these images, a time of 0 s corresponds to the moment when the temperature 

became constant after the temperature change. We repeated similar observations while 

changing the temperature and found that the starting and stopping temperatures for particle 

movement in the same groove were highly reproducible.  
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Fig. 4 

We performed similar observations by increasing the temperature from −2.6 to −2.3 °C under 

different water vapor pressures, as indicated by points 4D, 4E, and 4F in Fig. 3. Figures 4D–

4F clearly demonstrate that, irrespective of the water vapor pressure, the particle moved along 

the grooves at −2.3 °C. In addition, the particles continued to move for more than 5 h when P 

and T were constant. Notably, the particle located on the grain surface (Fig. 4A) never changed 

its position during the observation in Fig. 4 because of the absence of QLLs on the grain surface 

(data not shown).  

What do the movements of the particles mean? In this temperature range, grain growth and 

thermal roughening occurred. Hence, the deformation of grains during such processes could 

also change the positions of the polystyrene particles in the grooves. However, as shown in Fig. 

2, even the relatively fast grain growth at −2.1 °C proceeded on the time scale of 30 min. In 

this temperature range, thermal roughening occurred over 15 min to 7 h.31 By contrast, we could 

observe substantial movements of the particles within 100 s (Figs. 4C–4F). Hence, on the basis 

of the dramatic difference in time scales, we concluded that the movements of the particles 
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indicated the appearance of a volume of liquid water sufficient to move them. That is, the 

immobile particles in the grooves (Figs. 4B and 4B′) demonstrated that no liquid water existed 

in the grooves of the grain boundaries or that the volume of liquid water was insufficient to 

move the particles. Here, we note that the absence of movement of the particles at −2.6 °C was 

not due to an increase in the viscosity of the liquid water because the viscosity of supercooled 

water at 0 and −2.6 °C is 1.8 and 2.0 (mPa·s),32 respectively; thus, the increase in viscosity was 

moderate.  

Can the liquid water that appeared in the grooves be considered a QLL? The movement of the 

653-nm-diameter polystyrene particles shows that the thickness of the liquid water in the 

grooves was comparable to the size of the particles. However, in our previous studies, the 

thickness of droplet-type QLLs that appeared on basal faces ranged from several tens of 

nanometers to 1 µm.30, 33 Nevertheless, the droplet-type QLLs exhibited a viscosity 20 times 

higher than that of bulk water.34 Hence, the thickness of the liquid water in the grooves was 

also comparable with that of the QLLs on basal faces. In addition, if “real bulk water” exists 

on ice crystal surfaces, the bulk water can exist only for very short time period because the 

normal growth of ice crystals in a bulk melt is extremely fast (10−2 to 10−7 m/s).35-38 Hence, we 

concluded that the liquid water that appeared in the grooves was a QLL.  

In Figs. 4C–4F, the particles did not exhibit random (Brownian) motion but rather 

unidirectional motion. On basal and prism faces of ice single crystals, such unidirectional 

motion of droplet-type and thin-layer-type QLLs is often observed33 (readers can view the 

unidirectional motion of droplet-type and thin-layer-type QLLs on grain surfaces in Videos S3 

and S4). The unidirectional motion is likely due to nonuniformity in temperature and water 

vapor pressure,39 although the actual reason is still unclear.  
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As shown in Fig. 4, at −2.3 °C, QLLs, whose volumes were sufficient to move the particles, 

appeared in the grooves of grain boundaries, irrespective of the water vapor pressure, i.e., even 

in the immediate vicinity of the vapor–ice equilibrium curve (points 4D and 4E in Fig. 3). This 

result clearly indicates that the QLLs in the grooves were supplied by the grain boundaries. 

Figure 5 shows the relation between the free energy of ice crystals (Ice), the grain boundaries 

(G.B.), QLLs in the grain boundaries (QLLs in G.B.), and QLLs in the groove of grain 

boundaries (QLLs in G.G.). In general, grain boundaries are substantially more unstable than 

a crystal because lattice mismatches, which are caused by the contacts of adjacent ice grains 

with different crystallographic orientations,23-25 generate strain energy. In Fig. 5, because a 

grain boundary (a two-dimensional object) is not a phase, a dry grain boundary (Dry G.B. in 

Figs. 5A-1 and 5B-1) here indicates a grain boundary and adjacent ice thin layers (slabs) in 

which the strain energy of the grain boundary is distributed. After a dry grain boundary is 

melted with increasing temperature, QLLs that form in the grain boundary (QLLs in G.B. in 

Figs. 5A-2 and 5B-2) substantially relax the lattice mismatches. Hence, the QLLs in the grain 

boundary are as stable as the ice crystal. In such a case, the QLLs formed in the grooves of the 

grain boundary (QLLs in G.G.) can be reasonably assumed to also be as stable as the QLLs in 

the grain boundaries because the QLLs in the grain boundary and the QLLs in the groove are 

formed even in the equilibrium condition. Hence, after the dry grain boundary is melted, the 

QLLs in the grain boundary and the QLLs in the groove become thermodynamically stable. 

Although the QLLs in the grain boundary supply the QLLs in the groove, we distinguished 

these QLLs because two phases (the QLLs and the ice crystal) coexist in the QLLs in the grain 

boundary, whereas three phases (the QLLs, the ice crystal, and the water vapor) coexist in the 

QLLs in the groove.  



 

 

14 

Fig. 5 

We speculated that such grain-boundary melting occurred continuously with increasing 

temperature; i.e., if we use particles with a smaller diameter, we should detect the movement 

of particles at a temperature lower than −2.3 °C, although we have no experimental evidence 

to support this claim. In the present study, the amount of QLLs in the grooves of the grain 

boundaries was not large for the water level of the QLLs in the grooves to be determined using 

the LCM-DIM and the Linnik interferometer. Spillover of the QLLs from the grooves of the 

grain boundaries did not occur.  

We similarly observed different grain boundaries in different samples and found that, in rare 

cases, we could not observe unidirectional motion of the particles but could observe their 

Brownian motion along the groove (see Video S2 in the supporting information). This result 

clearly demonstrates that QLLs existed in the grooves, even when we could not observe the 

macroscopic flow. Notably, in the case of the particles located on the grain surfaces, we 

observed no Brownian motion. Hence, we concluded that no macroscopically fluidic QLLs that 

could move the particles were present on the grain surfaces.  

After similar observations, we also found that the temperature above which particles in 

grooves of grain boundaries started to move exhibited substantial variation (−1.9 ± 0.4 °C), as 

shown in Fig. 6A. This variation in temperature likely corresponds to the variation in the 
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characteristics of grain boundaries. This issue is an important topic that is left to future studies. 

Note that all polystyrene particles that we observed in the grooves of grain boundaries showed 

movement with increasing temperature. This result demonstrates that all particles were located 

not inside the grain boundaries but on the surfaces of the grooves; the particles were rejected 

by the growing ice–water interfaces40 and then segregated on the groove surfaces during 

preparation of the sample. Hence, we observed particles located on the groove surfaces, 

although the focus depth of the LCM-DIM (7.5 µm)19 was not sufficient to distinguish whether 

the particles were on the groove surfaces or inside the grain boundaries. However, we cannot 

exclude the possibility that the particles were partly trapped on the groove surfaces, which 

could also cause the substantial variation observed in Fig. 6A.  

Fig. 6 

Two experimental studies on the behavior of QLLs in grain boundaries in polycrystalline ice 

have been reported. Lu et al. concluded that the grain-boundary width was on the order of a 

few nanometers at −2 °C and that grain-boundary premelting was implausible at this 

temperature.13 In addition, Thomson et al. also reported that the thickness of grain boundaries 

was in the range 1–10 nm for an undercooling of ~1.5 K.15 However, Fig. 4 indicates that, to 
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observe the movements of particles in the grooves of grain boundaries, openings wider than 

the diameter of the particles (653 nm) needed to be filled with the QLLs. Hence, the possibility 

existed that the thickness of the grain boundaries was much larger than those reported by Lu et 

al.13 and Thomson et al.15 The optical microscope system used in the present study is a 

reflection-type microscope. Hence, we could not obtain any information related to the interior 

of the grain boundaries. To further study the interior of the grain boundaries, we are planning 

to develop a transmission-type optical system combined with the present setup.  

3.3. QLLs on Grain Surfaces. We further increased the temperature and observed the ice 

grain surfaces again. A typical example is shown in Fig. 7, where we raised the temperature 

from −0.9 to −0.6 °C under various water vapor pressures. Figure 7A presents the time course 

of LCM-DIM images under supersaturated water vapor (P = 602 Pa and Pe = 582 Pa at point 

7A in Fig. 3); P was on the border of the blue P–T region in which droplet-type QLLs exist 

kinetically and continuously on ice single crystals. After we raised the temperature from −0.9 

to −0.6 °C, droplet-type QLLs appeared on the grain surface within a couple of minutes, as on 

the basal faces of ice single crystals.33 In the present study, the differential interference contrast 

was adjusted as if the sample surface was illuminated by a light beam slanted from the lower-

left to the upper-right direction. Hence, the lower-left and upper-right halves of the droplet-

type QLLs appeared bright and dark, respectively. The white lines shown in the lower-left 

corners of the fields of view in Fig. 7 indicate a groove of a grain boundary between adjacent 

grains. 
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Fig. 7 

Figure 7A′ shows the time course of LCM-DIM images in the area marked by the dotted 

rectangle in Fig. 7A (at 185 s). As time elapsed, adjacent droplet-type QLLs coalesced with 

each other at the positions marked by black arrows. This result clearly demonstrates that the 

droplet-type QLLs appearing on the grain surface exhibited macroscopic fluidity and that they 

were not a solid but a liquid formed on the grain surface at temperatures below 0 °C. Hence, 

they are appropriately referred to as QLLs.  

In Fig. 7A, however, the droplet-type QLLs reached their maximum size (after 185 s) and 

then spontaneously disappeared (after 736 s) even though the temperature and water vapor 

pressure were kept constant. A video corresponding to Fig. 7A is available as Video S3 in the 

supporting information. Video S3 shows the spontaneous appearance and disappearance of the 

droplet-type QLLs and also their unidirectional motion from the upper-right to lower-left 
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direction. We did not observe such spontaneous disappearance of the droplet-type QLLs on 

surfaces of ice single crystals in the blue and red P–T regions in Fig. 3.  

In addition, we performed similar observations to study the effects of water vapor pressure. 

Figures 7B and 7C also show the time course of LCM-DIM images taken in the immediate 

vicinity of the vapor–ice equilibrium curve (P = 578 Pa and Pe = 582 Pa, point 7B in Fig. 3) 

and under a highly undersaturated water vapor condition (P = 556 Pa and Pe = 582 Pa, point 

7C in Fig. 3), respectively. As shown in Figs. 7B and 7C, even under these water vapor 

pressures, after we raised the temperature from −0.9 to −0.6 °C, drop-type QLLs appeared on 

the grain surface within a couple of minutes and then spontaneously disappeared within 10 min.  

Using different samples, we performed similar observations under a wide range of water 

vapor pressures. Points 7X and 7Y in Fig. 3 show examples of such observations under a much 

higher water vapor pressure. Irrespective of the water vapor pressure, we confirmed the 

appearance and subsequent disappearance of droplet-type QLLs in a similar manner, although 

the temperature was slightly different. Figure 6B shows a summary of 17 runs. The temperature 

above which the droplet-type QLLs appeared on the grain surfaces but soon disappeared also 

substantially varied (−0.7 ± 0.2 °C). This variation in temperature is probably due to the 

variation in face indices of grain surfaces.  

We previously reported that, on basal faces of ice single crystals, droplet-type and thin-layer-

type QLLs exist kinetically in the blue and red P–T ranges in Fig. 3.29, 30 In the present study, 

we apply the same concept, which is why, in the free energy diagram (Fig. 5), the QLLs on the 

grain surface (QLLs on G.S.) are thermodynamically more unstable (stable) than the ice crystal 

in supersaturated (undersaturated) conditions. Hence, in the pressure range marked by the 

double-headed green arrow in Fig. 3, the disappearance of the droplet-type QLLs on the grain 

surfaces does not conflict with the results obtained for basal faces of ice single crystals. Because 
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the droplet-type QLLs (a metastable phase) are more unstable than the ice crystal (the most 

stable phase), the ice grains grew, consuming the QLLs on the grain surfaces. However, on the 

grain surfaces of the polycrystalline ice thin film, as shown in Fig. 7, the droplet-type QLLs 

also disappeared even in the blue and red P–T ranges in Fig. 3 (demonstrated by points 7A–

7Y). At present, the reason for this discrepancy is unclear. However, we propose two possible 

causes.  

One possible cause is grain surfaces whose crystallographic orientations were random. 

Because such grain surfaces have a substantially higher kink density than basal faces of ice 

single crystals, the grain surfaces should grow via the adhesive-growth mechanism, which is 

usually substantially faster than the layer-by-layer growth.41 Hence, the grain surfaces in 

contact with the droplet-type QLLs likely exhibited melt growth with markedly faster speed 

than the basal faces, resulting in the disappearance of the droplet-type QLLs on the grain 

surfaces. That is, the supersaturation and undersaturation of water vapor likely needed to be 

much higher to keep the droplet-type QLLs on the grain surfaces kinetically. To demonstrate 

this scenario, we attempted to observe the grain surfaces under much higher supersaturation. 

However, as the supersaturation was increased further, the number and size of the droplet-type 

QLLs on the grain surfaces increased and decreased dramatically, resulting in our inability to 

distinguish any events on the grain surfaces because of the limited spatial and temporal 

resolutions of our optical microscopy system. 

The other possible cause is the appearance of the QLLs at T ³ −1.9 ± 0.4 °C in the grooves of 

the grain boundaries (Figs. 4–6). Hence, at T = −0.6 °C, the droplet-type QLLs that formed on 

the grain surfaces coexisted with the QLLs located in the grooves of the grain boundaries. As 

shown in the free-energy diagram (Figs. 5A-2 and 5B-2), in a supersaturated (undersaturated) 

condition, the free energy of the QLLs on the grain surface (QLLs on G.S.) is higher (lower) 
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than that of the ice crystal because the QLLs on the grain surface are a metastable phase.29, 30 If 

the amount of QLLs in the grooves is much larger than the amount of droplet-type QLLs on 

the grain surfaces, the QLLs in the grooves can dominate the P distribution on the 

polycrystalline ice surface. Under a supersaturated (undersaturated) condition, the growth 

(evaporation) of the QLLs in the grooves can deplete (enrich) P in the vicinities of the grooves, 

and can eventually decrease (increase) P on the grain surfaces (see the free energy levels 

Vapor* (thick dotted lines) in Fig. 5), resulting in a decrease in the driving force for the growth 

of the droplet-type QLLs on the grain surfaces. To investigate this scenario, we need to further 

study the P distribution on the polycrystalline ice surfaces experimentally. 

In addition to explaining the disappearance of the QLLs on the grain surfaces, we also need 

to explain their appearance, i.e., nucleation. As shown in Fig. 7B, we observed the appearance 

of droplet-type QLLs even in the vicinity of the vapor–ice equilibrium curve. This result 

implies that the nucleation of QLLs on the grain surfaces was enhanced compared with that on 

the basal faces. As already explained, the grain surfaces had a much higher kink density than 

the basal faces. Hence, such high-kink-density surfaces are reasonably assumed to be more 

liquid-like than basal faces and to thus have a smaller solid–liquid interfacial free energy. To 

investigate this scenario, we need to perform precise nucleation experiments in the future.  

The disappearance of the droplet-type QLLs on the grain surfaces (Fig. 7) clearly 

demonstrates that our previous interpretation based on optical isotropy was incorrect,18 as 

explained in our correction,19 and that, after the disappearance of the droplet-type QLLs, the 

grain surfaces were dry even in the blue and red P–T ranges in Fig. 3. The results in the present 

study clearly demonstrate that grain boundaries play a primary role in the formation of QLLs 

on/in polycrystalline ice thin films.  
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One other issue warrants attention. On the surfaces of ice single crystals, 9-nm-thick thin-

layer-type QLLs appear in addition to the droplet-type QLLs.33, 34 However, on the grain 

surfaces of the polycrystalline ice thin films, the emergence of thin-layer-type QLLs was 

difficult to observe. Among all of the observations shown in Fig. 6, we observed thin-layer-

type QLLs just three times and for limited durations, mainly because the grain surfaces of the 

polycrystalline ice thin films were substantially rougher than the basal and prism faces of ice 

single crystals. Figure 8 shows only one observation that enabled us to prepare relatively clear 

still images of thin-layer-type QLLs on the grain surfaces. In Fig. 8A1, a thin-layer-type QLL 

(red arrowhead) appeared on a grain surface and moved in the direction marked by the red 

arrow. As time elapsed, this QLL moved to the right side of the field of view and two thin-

layer-type QLLs newly appeared at the left side (Fig. 8A2). The half-black/white arrowhead in 

Figs. 8A1 and 8A2 shows a hole formed just above a polystyrene particle buried inside the 

grain surface during growth; this hole can serve as a reference point. As shown in Fig. 8B, we 

also observed the coalescence of adjacent thin-layer-type QLLs at the point marked by the 

black arrow (this event is more easily observed in Video S4 in the supporting information). In 

the three observations, the temperatures at which the thin-layer-type QLLs appeared were −0.9, 

−0.9, and −0.3 °C (−0.7 ± 0.3 °C). Because of the experimental difficulty in visualizing the 

thin-layer-type QLLs on the grain surfaces, we lack experimental data concerning the 

disappearance and water-vapor-pressure dependence for the droplet-type QLLs.  
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Fig. 8 

4. CONCLUSIONS 

In the present study, we observed polycrystalline ice thin films using the LCM-DIM. On the 

basis of the observed macroscopic fluidity, we determined the presence of QLLs. Our key 

results are summarized as follows.  

1) With increasing temperature, the QLLs, which had sufficient volume to move the 

polystyrene particles, preferentially appeared in the grooves of grain boundaries at −1.9 ± 

0.4 °C. The appearance of such QLLs was observed irrespective of the water vapor pressure 

(even at the vapor–ice equilibrium condition), indicating that these QLLs were formed by 

melting of the grain boundaries to eliminate the lattice mismatch between grains. After the 

QLLs appeared in the grooves, the QLLs continued to exist.  

2) With increasing temperature, the droplet-type QLLs appeared kinetically on the grain 

surfaces at −0.7 ± 0.2 °C. However, they could not continuously exist on the grain surfaces and 

disappeared within 5 ± 3 min even though the temperature and water vapor pressure were kept 

constant. Hence, after the disappearance of the droplet-type QLLs, the grain surfaces were dry. 

These results suggest that the droplet-type QLLs on the grain surfaces were a metastable phase, 

like those on ice single-crystal surfaces.  
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3) With increasing temperature, thin-layer-type QLLs also appeared on the grain surfaces at 

temperatures higher than −0.7 ± 0.3 °C. However, because of the difficulty in visualizing these 

QLLs on rough grain surfaces, we have no data concerning their disappearance or water-vapor-

pressure dependence.  
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Figure Captions 

Fig. 1. Schematic of the custom-made observation chamber, a part of a laser confocal 

microscope combined with a differential interference contrast microscope (LCM-DIM), and a 

Linnik interferometer installed on the LCM-DIM. The observation chamber was made of upper 

and lower Cu plates whose temperatures T and Tsource were separately controlled using Peltier 

elements. At the center of the upper Cu plate, a polycrystalline ice thin film prepared on a cover 

glass was attached using heat grease. Ice crystals for supplying water vapor to the 

polycrystalline ice thin film were grown on the lower Cu plate. A Nomarski prism for 

producing differential interference contrast could be easily substituted for the Linnik 

interferometer.  

Fig. 2. A polycrystalline ice thin film and its grain growth behavior at T = −2.1 °C and P = 534 

Pa (Pe = 514 Pa). (A) An LCM-DIM image of the polycrystalline ice thin film. (B) Time course 

of LCM-DIM images in the area marked by the dotted rectangle in image A. Image B1 

corresponds to part of image A. The time indicated in images B2–B4 represent the elapsed time 

after image B1 was taken. Black arrows indicate grain boundaries exhibiting relatively fast 

grain growth and their direction of movement. (C) An LCM-DIM image showing all of image 

B4. Black arrowheads indicate grains that exhibit relatively slow grain growth.  
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Fig. 3. Pressure–temperature (P–T) phase diagram for water and the P–T regions in which 

QLLs exist kinetically and continuously on ice single crystals.29, 30 On surfaces of ice single 

crystals, open squares (triangles) indicate critical water vapor pressures (temperatures) above 

which droplet-type QLLs exist kinetically; solid squares (triangles) indicate critical water vapor 

pressures (temperatures) above which thin-layer-type QLLs exist kinetically. Solid and dotted 

curves represent the vapor–ice and vapor–liquid water equilibrium curves, respectively. The 

rightmost and uppermost portions of the blue- and red-colored regions are shown by gradations 

in colors, indicating a lack of experimental datum; hence, the existence of QLLs is not indicated 

in these regions. Black and red arrows indicate the temperature changes (at constant pressures) 

induced in Figs. 4 and 7, respectively. Number–letter combinations beside the arrows 

correspond to figure numbers in Figs. 4 and 7. Red arrows 7X and 7Y are explained in the main 

text.  

Fig. 4. The emergence of QLLs in a groove of a grain boundary of a polycrystalline ice thin 

film. (A) An LCM-DIM image of the polycrystalline ice thin film (T = −2.6 °C, P = 506 Pa 

and Pe = 492 Pa). White arrowheads show polystyrene particles (653 nm in diameter and 0.02% 

in volume fraction) located in the groove of the grain boundary and on the grain surface. (B to 

F) Time course of LCM-DIM images in the area marked by the dotted rectangle in image A:  

(B and B′) T = −2.6 °C, P = 602 Pa, and Pe = 492 Pa; (C) T = −2.3 °C, P = 602 Pa, and Pe = 

505 Pa; (D) T = −2.3 °C, P = 506 Pa, and Pe = 505 Pa; (E) T = −2.3 °C, P = 501 Pa, and Pe = 

505 Pa; and (F) T = −2.3 °C, P = 482 Pa, and Pe = 505 Pa. These P–T conditions correspond to 

points 4B–4F in Fig. 3. The temperature change from −2.6 to −2.3 °C (and also from −2.3 to 

−2.6 °C) occurred in less than 1 min. In images B−F, a time of 0 s corresponds to the moment 

at which the temperature became constant after the temperature change. In images B and B′, 

the polystyrene particles in the groove were fixed. By contrast, in images C, D, E and F, the 
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polystyrene particles moved along the groove as time elapsed. A movie of the process shown 

in C is available as Video S1.  

Fig. 5. Free-energy diagrams for individual phases in (A) supersaturated and (B) undersaturated 

conditions, when QLLs (1) do not exist and (2) exist. The abbreviations G.B., G.G., and G.S. 

denote a grain boundary, a groove of a grain boundary, and a grain surface, respectively. (A-

1) and (B-1) Because a grain boundary (a two-dimensional object) is not a phase, a dry grain 

boundary (Dry G.B.) here indicates a grain boundary and adjacent ice thin layers (slabs) in 

which the strain energy of the grain boundary is distributed. (A-2) and (B-2) With increasing 

temperature, the dry grain boundary is melted and QLLs are formed in the grain boundary. 

QLLs in G.B. show QLLs formed by the melting of the ice thin layers adjacent to the dry grain 

boundary. QLLs in G.G. present QLLs that appeared in a groove of a grain boundary. The 

QLLs formed on a grain surface (QLLs on G.S.) and the free energy level named Vapor* (thick 

dotted line) are discussed after Fig. 7.  

Fig. 6. Two temperature ranges at which specific events occurred in grooves of grain 

boundaries (A: −1.9 ± 0.4 °C) and on grain surfaces (B: −0.7 ± 0.2 °C), respectively. (A) The 

variation of the temperature above which QLLs whose volume was sufficient to move the 

particles appeared in grooves of grain boundaries. (B) The variation of the temperature above 

which droplet-type QLLs appeared on grain surfaces but soon disappeared. The latter is 

discussed after Fig. 7.  

Fig. 7. The emergence and subsequent disappearance of droplet-type QLLs on surfaces of ice 

grains at −0.6 °C (Pe = 582 Pa). Time course of LCM-DIM images of the grain surfaces were 

taken at (A) P = 602 Pa, (B) P = 578 Pa, and (C) P = 556 Pa. These P–T conditions correspond 

to points 7A–7C in Fig. 3. After the temperature was increased from −0.9 °C to −0.6 °C, the 

droplet-type QLLs appeared on the grain surface within a couple of minutes but subsequently 
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disappeared gradually from the grain surface as additional time elapsed. The temperature 

increase from −0.9 to −0.6 °C occurred in less than 1 min. In images A–C, a time of 0 s 

corresponds to the moment at which the temperature started to increase. Images A′ also show 

a detailed time course of enlarged LCM-DIM images in the area marked by the dotted rectangle 

in image A (at 185 s) during process A. Adjacent droplet-type QLLs coalesced with each other 

at the positions marked by black arrows, clearly demonstrating macroscopic fluidity of the 

droplet-type QLLs. All scale bars correspond to 20 µm. A movie of the process shown in A is 

available as Video S3.  

Fig. 8. The emergence of thin-layer-type QLLs on grain surfaces at T = −0.9 °C and P = 593 

Pa (Pe = 568 Pa). (A) A thin-layer-type QLL (red arrowhead) appeared on a grain surface 

(image A1) and moved in the red-arrow direction. In image A2, the thin-layer-type QLL shown 

in image A1 moved to the right side of the field of view and two thin-layer-type QLLs newly 

appeared in the left side. The half-black/white arrowhead represents a hole formed just above 

a polystyrene particle buried inside the grain surface during growth. (B) Two adjacent thin-

layer-type QLLs (read arrowheads) coalesced with each other at the point marked by the black 

arrow. In these images, a time of 0 s only indicates the moments at which images A1 and B1 

were taken and therefore does not correspond to the duration after the temperature change. 

Because all panels show magnified images, no grain boundary is shown. A movie of the process 

shown in B is available as Video S4, where the movement event is easily observed.  
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Synopsis (60 words ≤ 60 words)  

We observed surfaces of polycrystalline ice thin films using our advanced optical microscope 

and found that, with increasing temperature, QLLs first appeared preferentially in grooves of 

grain boundaries at −1.9±0.4 °C. With an increasing temperature, droplet-type QLLs appeared 

on grain surfaces at −0.7±0.2 °C but spontaneously disappeared within 5±3 min even though 

the temperature and water vapor pressure were constant.  

 


