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ABSTRACT

The structure of the water layer between the ice interface and the hydroxylated
amorphous/crystalline silica surfaces was investigated using molecular dynamics simulations. The
results indicate that the density profile in the direction perpendicular to the surface has two density
peaks in the water layer at the ice-silica interface, which are affected by the silanol group density
on the wall and the degree of supercooling in the system. In the two density peaks, the one facing
the ice interface side has the same structure as the ice crystal while the other density peak facing
the silica surface has an ice-like structure. In the solidification process, the ice and ice-like
structuring in the layer progresses more on the amorphous silica surface where the density of the
silanol groups is low. The relationship between the ice crystallization and thickness of the layer
has been studied in detail; the lower the temperature, the more the ice crystallization progresses

and the thinner the layer becomes.



INTRODUCTION

Ice crystal surfaces covered by a layer of premelted ice, which is formed by the disordering of
water molecules, are generally known as a quasi-liquid layer (QLL). Gaining an understanding of
the QLL is crucial to obtaining insights on various physical phenomena (1, 2), such as reduction
ofice friction (3), control of adhesion (4), and climate change (5). In recent years, ice phase change
phenomenon has found applications in semiconductor manufacturing processes as a new cleaning
method for semiconductor structures with sizes of a few nanometers (6-9).

Previous studies have carried out several experimental investigations (10,11) to characterize the
properties and thickness of the QLL. To reveal the thickness and the structure of the QLL at the
substrate-ice interface, several experimental methods have been applied, such as ellipsometry (12),
X-ray diffraction (13-15), reflectivity (16), atomic force microscopy (AFM) (17,18), in-situ
transmission electron microscopy (TEM) observation (19,20), optical microscopy (21), and
neutron diffraction (22). In particular, numerous experimental data have been collected for ice-
silica interfaces, viz., the thickness (16) and interfacial water structure (23, 24) of a QLL on
hydroxylated silica film, mesoporous silica (25), and nanoporous MCM-41 (26). These studies
have confirmed that the QLL thickness on the silica surface is approximately 1 nm at 10 K degree
of supercooling, and that the QLL has an ice-like structure depending on the temperature and
humidity. These studies also suggested that an ice-like structure was created by hydrogen bonds
formed between water molecules and silanol groups on the hydroxylated silica surface. However,
it is still difficult to experimentally observe the detailed structure of the QLL with a thickness of
few nanometers on the molecular scale.

Several simulations have been conducted on the dynamics of water molecules during the

solidification process. Molecular dynamics simulations could provide details on the microscopic



behavior of molecules, which would allow us to observe the details of the solidification process
(27, 28), such as the QLL thickness of the ice—vapor interface (29), crystallization in nanochannels
(30-32), and ice nucleation on nanostructure (33). In addition, numerous computational studies
have been conducted on the dynamics of water on the silica wall surface, such as diffusivity (34)
and tessellation (35), the effects of silanol groups on water molecules (36), contact angles (37-39),
and adsorption in nanopores (40). The effect of the hydrogen bonds on the dynamics of water
molecules near the wall surface was confirmed on hard (41) and soft (42) surfaces and it has been
studied in addition to the hydrogen bonds between the silica wall surface and water (43,44). These
studies have confirmed that the density profile and diffusivity of the vapor—ice interface change
according to the degree of supercooling and suggested that the hydrogen bonds formed between
water molecules affect these phenomena. However, few studies have investigated the detailed
structure of the QLL at the silica-ice interface on the nanometer scale.

From the experimental and computational perspectives, the molecular scale structure of water
molecules in the layer between ice and silica surfaces is still not clear.

The purpose of this study is to provide the molecular details of the structure of the water layer
between the silica surface and the ice solidification interface using non-equilibrium molecular
dynamics simulations. Simulations were conducted for a coexistence system of water and ice on
hydroxylated crystalline and amorphous silica surfaces. We investigated the density profile and
structure of water molecules in the vicinity of the two types of walls, before and after the
solidification interface connected. Furthermore, we examined the effect of temperature on the

density and orientation of the water molecules in the layer at the ice-silica interface.



COMPUTATIONAL METHOD

Model Silica Surfaces.

Silica is an extremely common material in nature, and semiconductor industry wafers are generally
made from single-crystal silicon: the surfaces of which are covered with native oxide grown in air
and water (45). It is also well known that the surface of the silicon oxide film with a thickness of
a few nanometers is terminated with silanol groups by hydroxylation (46).

In this study, silica slabs with dimensions of 2.33 X 2.2 X 2.2 nm and two different surfaces
were prepared from a quartz system consisting of 300 Si atoms and 600 O atoms. A surface was
formed after cutting the initial crystal structure parallel to the (1 0 0) face, and it had dangling
bonds of Si atoms. The amorphous slab was prepared using the following procedure with a quartz
system (47); detailed information is provided in the Supporting Information. As an initial condition,
the quartz slab was packed into the simulation box with periodic boundary conditions in the x, y,
and z directions. First, the Nosé—Hoover thermostat, a deterministic algorithm for constant-
temperature molecular dynamics simulations, was applied to increase the system temperature from
1 to 5000 K for 200 ps, and the system was equilibrated for 800 ps at constant temperature to
obtain a liquid structure. The liquid SiO2 was then quenched from 5000 to 240 K at a cooling rate
of 10" K/s, which is known as a cooling rate sufficient to create an amorphous structure (48).
Second, the simulation box was expanded in the z-direction, and a vacuum region of 2 nm in the
z-direction was set above the surface. The boundary condition of the z-direction changed from
periodic to mirror surface. Third, the system was annealed at 800 K for 1 ns and quenched to 240
K for 1 ns to relieve the surface structure. The simulations to build the amorphous state were
performed using the Tersoff potential prepared for the SiO system (49), and the time-step width

was 0.1 fs. Finally, silanol groups were created by attaching H or OH atoms to O and Si atoms



with dangling bonds. In the case of the surface with silanol groups, the Tersoff potential was also
adapted to H atoms (50, 51). Figure 1 shows configurations of the silanol groups of the original

crystalline silica and amorphous silica.
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Figure 1. Top view of silicon atoms (gray circle), oxygen atoms (red), and hydrogen atoms

(orange) in the silanol group on the silica wall surface for crystalline (a) and amorphous (b).

Water Model.

The water-ice coexistence system was prepared from crystallized ice-block 0f2.33 X 2.2 X 7.8 nm
size, with 1224 water molecules filling the box imposing periodic boundary condition in the x, y,
and z directions. First, the system temperature was controlled at 220 K and 1 atm pressure using a
Nosé—Hoover thermostat and barostat for 1 ns. Subsequently, in order to create a liquid region, the
simulation box was divided into two slabs in the z-direction; each region’s temperature was

controlled at 300 K on the lower side (wall side) and 1 K on the upper side using the velocity



scaling method for 1 ns. Subsequently, the temperature of the entire system was controlled by the
Nosé—Hoover thermostat at 220 K for 1 ns. Here, pressure control was not applied because of the
need to fit the ice-water box to the silica slab. The ice region has a hexagonal ice known as In
structure, and the plane orientation of the ice-water interface is {1120}. The TIP4P/2005 model
was adopted for the water molecules because the relationship between the temperature and density

around the melting point, agrees well with the experimental values (52).

Simulation Conditions.

The ice-water and silica system described above were combined by positioning copies of the ice-
water system normal to the z-axis and adjacent to the silica system, as shown in Fig. 2. The overall
size of the calculation system was Lx x Ly X L;=2.33 x 2.2 x 12.3 nm. The x and y directions had
periodic boundary conditions, and a mirror surface boundary condition was applied to the upper
side in the z-direction. A vacuum region of approximately 2 nm in the z-direction was set above
the ice region as the initial condition.

The wall shown in Fig. 2 was used with a fixed layer at the bottom wall with 0.5 nm as width.
The Langevin method (53) was applied for temperature control, with a region of 0.5 nm width
above the fixed layer used as a phantom layer.

For the interaction between water molecules and the SiO2 wall, the 12-6 Lennard-Jones (LJ)
potential for van der Waals interactions and the Coulomb potential for electrostatic interactions

were applied.
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where i and j are the numbers of atoms, and r; is the distance between the two atoms. ¢;; and g;;
are the Lennard-Jones parameters, while q; and q; are the partial charges of the atoms. The
interactions of the LJ parameters between different types of atoms were computed using the
Lorentz-Berthelot mixing rules. The velocity Verlet method was used for the numerical integration.
The time step integrations for all the systems were performed by the multiple time step integration
technique RESPA (54) and the outer time step was set to 2 fs for the LJ potential and the inner

time step was set to 0.1 fs for the Tersoff potential. The LAMMPS (55) molecular dynamics

simulation software package was used for the calculations.
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Figure 2. Snapshots of the solidification process at # = 0 and 50 ns. (a) Crystalline silica. (b)

Amorphous silica.



Simulation Procedure.

The solidification process was simulated using the following procedure. After increasing the
temperature of the entire system from 1 K to the target temperature in 1 ns using the Nosé—Hoover
method, we ran the simulation without temperature control for 1 ns for relaxation. Subsequently,
the temperature of the water molecules in the cooling area (the region above the ice phase: 7 <z <
8 nm) was controlled using the velocity scaling method as a technique to partially control the
temperature of the simulation box. During the entire calculation period, the temperature of the wall
phantom layer located above the fixed layer was maintained equivalent to the system temperature
using the Langevin method. We determined the melting points of water on the crystalline and
amorphous silica models to be 241 K and 244 K, respectively, using the time evaluation of the
total energy (Fig. S4 of Supporting Information) (56, 57). Additionally, three system sizes were
used to assess the effects of the simulation box size. The solidification process near the wall were
performed using the larger simulation cell, which had four and nine times the cross-sectional
surface area of the small system shown in Fig. 2 for both crystalline and amorphous silica. And
the silanol groups on the amorphous silica surface were randomly configurated in the three
calculation systems. At the solidification process in three systems of the simulation box sizes, the
density profile and structure of the water molecules near the wall have been confirmed to indicate
the consistent trends. And this ensured that the simulation box size and the randomness of the

silanol configurations on the amorphous silica did not affect the analysis.

10



RESULTS AND DISCUSSION

Solidification Process.

First, we discuss the ice solidification on crystalline silica and amorphous silica under the same

degree of supercooling with crystalline silica at 238 K and amorphous silica at 241 K as the cooling
temperatures. In this study, the degree of supercooling was defined as Tdegree of supercooling = Tmelting
point — 7 cooling temperature.
. Figure 2 shows the initial configurations and snapshots at # = 50 ns when the ice interface was in
contact with the silica surface. Figures 3 (a) and 3 (b) show the time evolution of the minimum
position of bulk ice crystals determined by the hydrogen bond (58) lifetime (tjife = 2 ns) and in
this study, the minimum position is defined as the tip of the solidification interface. Here, we
adopted three geometrical criteria (59) to distinguish the hydrogen bonds; (i) distance of less than
0.35 nm between donor O atom and acceptor O atom, (ii) distance of less than 0.25 nm between
donor H atom and acceptor O atom, and (iii) angle of less than 30° between the direction of donor
O-acceptor O vector and the OH-bond vector of the donor.

In Fig. 3 (a) and 3 (b) the gradient of the plot until 30 ns indicates the growth rate of the
solidification interface, which is approximately 10 cm/s for both models. Previous computational
studies (60) have reported that the growth rate of the ice interface is 10 cm/s under supercooling
of 15 K that of the molecular dynamics simulation using the TIP4P/2005 water model without a
wall. The ice interface reaches the wall surface at approximately ¢ = 35-40 ns for crystalline silica
and at approximately 7 = 25-35 ns in the case of amorphous silica. After reaching the wall surface
the position of the ice interface fluctuates on the wall surface, and it can be seen that the distance

between the wall surface and the ice interface is approximately 1 nm in both the cases.
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Figure 3 (c) shows the relationship between the thickness of the layer at the ice-silica interface,
commonly known as the QLL, and the temperature. Experimental measurements have confirmed
that the thickness of the QLL is about 1.0 nm at a supercooling of 10 K, and the temperature
dependence of the QLL thickness is estimated to be 0.03 nm/K (16). The results of these
simulations are consistent with the experiments on the amorphous silica surface in terms of the
layer thickness and temperature dependence. In these simulations the layer thickness is slightly

thinner on the amorphous surface; the details are discussed below.

12
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Figure 3. Time evolution of minimum z position of an ice crystal at each temperature; (a)
Crystalline silica, and (b) Amorphous silica. (c) indicates the relationship between the layer
thickness at ice-silica interface and the degree of supercooling. The thickness was averaged after

the solidification interface contacts the wall surface.
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Density Profile in the z-direction.

To investigate the details of the layer at the ice-silica interface, the density profiles of the silica
wall (i.e., Si, O, and H atoms) and water molecules are shown in Fig. 4. These results were obtained
for crystalline silica at 238 K and amorphous silica at 241 K. The distribution of water molecules
demonstrates liquid water and solid ice states in relation to the z position near the wall surface,
which were calculated as the time-average values during 10 ns; the liquid water state was between
0 ns and 10 ns, the solid ice state was between 40 and 50 ns, and were computed for each condition

by averaging the histogram of densities along z over the set of 1000 configurations.
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Figure 4. Density profile of silica walls (gray plot) and water molecules in the z-direction. The
distribution of water molecules is in the liquid water state (red plot) and the solid ice state (blue
plot) for the crystalline silica (a) and amorphous silica (b). The close up panels show the region
in the vicinity of the wall surface, where the regions are defined; (I) 0 <z <0.52 nm, (II) 0.52 <

z<0.75 nm, and (IIT) z > 0.75 nm.
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In Fig. 4 (a) and 4 (b), the first density peak near the silica wall is affected by the silanol groups,
especially in the liquid state (red line), and the peak in the case of the crystalline silica is higher
than that in the case of the amorphous silica. The intensity of the density peak of the adsorption
layer correlates with the density of the silanol groups, and crystalline silica has a larger density
peak of the adsorption layer.

Focusing on the ice state, the region of the ice bulk area shows periodic peaks because the water
molecules are structured in the form of ice crystals. The intensity of the density peak gradually
decreases in the vicinity of the wall surface. This implies that the ice interface is not permanently
maintained and fluctuates in this area.

In the region at z < 0.75 nm, two density peaks of the adsorption layer appear after the ice
interface contacts the silica surface. The density bilayer was confirmed on the ice surface in contact
with air and water molecules were disordered in the bilayer (29): Fig. 4 shows that the bilayer
appears in the layer at the ice-silica interface. To investigate the details of this bilayer surface, we
have divided the z-direction region into (I) the area of the first density peak, (II) the area of the
second density peak, and (III) the bulk area, and have discussed the density distribution,
orientations of water molecules in each region, and the effect of temperature on them in the

following section.
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Density and Structure of Water Molecules in Bulk Area.

Figure 5 shows the two-dimensional density distribution of the bulk region (1.5 <z <2.0 nm) in
the xy plane parallel to the wall surface. The profiles are the average values for the duration of 1
ns, and water (liquid) and ice (solid) states are the data at # = 1 ns and ¢ = 50 ns, respectively. The
density distribution is uneven in the water (liquid) state shown in Fig. 5 (a), which is presumed to
be due to the supercooled state before solidification. Similar to the z-direction distribution, the
water density distribution becomes periodic as the area solidifies, and there is almost no difference

in the distribution tendency between crystalline and amorphous silica cases.
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Figure 5. Two-dimensional density maps of water molecules in the area of 1.5 <z <2.0 nm on

the amorphous silica; (a) liquid state at = 1 ns, and (b) ice state at = 50 ns.
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To investigate the structure of water, adjacent to the silica surface, we parameterized the
orientation of water molecules in terms of Euler angles to the z-axis as illustrated in Fig. 6 (a). The
polar angle of a molecule is defined using each vector; the dipole angle is between the water
symmetry axis and z-direction, and the OH angle is between the OH vector and z-direction (61).
Figures 6 (b) and 6 (c) show the two-dimensional angular probability (P) map of water molecules
in the bulk region (1.5 <z < 2.0 nm), and Fig. 7 (d) illustrates the typical orientation of water
molecules in the map. The distribution map of the ice state indicates that water molecules have six
orientations in the ice crystal. In addition, in the angular distributions shown in Fig. 6 (b) and 6 (c),
the ratios of the six orientations that form the ice crystals are shown in Fig. 6 (e). This result

indicates that the ice crystals contain a similar proportion of the six orientations.
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and the numbers in (c) represent the corresponding areas in the two-dimensional angular

probability mapping. (e) Ratio of orientations in the angular probability map.
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Density and Structure of Water Molecules near the Wall.

To investigate the density map of water molecules near the wall area, i.e., (I) first peak and (II)
second peak as defined in Fig. 4, the density maps of the xy plane are shown in Fig. 7 for areas (I)
and (I1). The distributions of the density maps of area (I) shown in Fig. 7(a)-7(d) correspond to the
position of silanol groups in Fig. 1, and it indicates an abundance of water molecules between the
silanol groups. It is known that this configuration of water molecules bridges different silanol
groups by forming hydrogen bonds, which lowers the adsorption energy (62). On the contrary, the
density map of area (II) does not have a characteristic distribution, indicating that the water
molecules in this region are not affected by the silanol groups. In the ice state, density maps in Fig.
7 (f) and 7 (h) show that water molecules are unevenly distributed on both the silica wall surfaces,
and this tendency was more remarkable on the amorphous wall surface. This uneven density
distribution is due to ice crystallization, indicating that the water molecules in area (II) were more

affected by the ice interface than the silanol groups.
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Figure 7. Density maps of water molecules, (a)-(d) in the area (I) and (e)-(h) in the area (II).
Areas (I) and (II) represent the density of water molecules present in the 0 <z < 0.52 nm and

0.52 <z <0.75 nm regions, respectively.

Figure 8 shows the angular probability ratio of each region before and after the ice interface
reached the silica wall surface. In both crystalline and amorphous cases in area (I), the orientation
of State No. 1 in Fig. 6 (d) increases compared to the bulk liquid state. The increase in State No. 1
near the wall surface is remarkable on the crystalline silica surface owing to the increase of
hydrogen bonds between water and silanol groups; this indicates that the higher the silanol group
density on the surface, the stronger the directionality of the water orientation. These trends of the
water orientation are consistent with previous experimental (23) and computational (63) studies.

In region (II), the angular distributions in the liquid state are not significantly different from the

bulk region because of the weaker interactions with the silanol groups.
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After the ice surface approached the wall surface, the total ratio of the six orientations increased
in area (II), which implies that the water molecules tend to have an ice structure. From Fig. 3 (a)
and 3 (b) it is evident that ice crystals are not permanently maintained in this region; however, the
ratio increment of the six orientations implies that the approach of the ice interface led to temporary
ice crystal formation. Furthermore, Fig. 8 shows that the ratio increments caused by ice
crystallization contributed to the increase in State No. 2—6 orientation. This ratio increment is
related to the intensity of the density peak in Fig. 4, and a stronger density peak appears on the
amorphous wall surface where the orientation change is remarkable.

In contrast, State No. 2—6 orientation increases slightly in area (I), indicating that area (I) is less
susceptible to the approach of the ice interface and the frequency of the temporal ice crystallization
is low. This result suggests that the water molecules in this region have a structure which is
different from an ice structure.

When comparing crystalline and amorphous silica in the ice state, the total ratio of State No. 2—
6 orientation of water molecules is higher on the amorphous surface in both areas (I) and (II). This
indicates that water molecules on the amorphous silica surface are more likely to crystallize than
those on the crystalline silica surface, which is consistent with Fig. 3 (c) where the thickness of

the layer at the ice-silica interface is thinner on the amorphous surface.
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Effects of Temperature on the Layer at Ice-silica Interface.

Figure 9 shows the ratio of the orientations of water molecules in areas (I) and (II) when the cooling
temperature is changed on each of the crystalline (238 K, 233 K, and 230 K) and amorphous (241
K, 238 K, and 230 K) silica walls.

In area (II), the ice crystallization progresses on the crystalline and amorphous silica surfaces
according to the low temperature level and crystallization occurs more frequently on the

amorphous silica surface. This tendency is consistent with the relationship between the
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temperature and thickness of the layer at the ice-silica interface as shown in Fig. 3 (¢). In contrast,

such a characteristic temperature dependent behavior could not be observed in area (I).
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Figure 9. The degree of crystallization in area (I) and (II) at each degree of supercooling on

crystalline and amorphous silica.

To interpret the change in orientation affected by the temperature, the difference in angular
probability distribution before and after the solidification, the z-direction distribution of the density,
and the potential energy are shown in Fig. 10. The difference maps were calculated using angular
probability (P) as Ppitference = Pice — Pwater(liquid) » and the potential energy (Epotential) is
computed as the per-atom potential energy for each atom. In the region of the ice crystals,
periodicity appears in the z-direction profile as ice crystallizes and the potential energy becomes

lower in the high-density region.
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In area (II), the intensity of the density peak increases with decreasing temperature on the
crystalline silica surface, as shown in Fig. 10 (i). This behavior agrees well with the crystallinity
of water molecules (total value of the contribution of each orientation) on the crystalline silica
surface shown in Fig. 9 (¢). On the other hand, the crystallinity of the water molecules increases
with decreasing temperature on the amorphous surface shown in Fig. 9 (d), as in the case of the
crystalline silica surface. However, the peak intensities of area (II) in the density profiles shown
in Fig. 10 (ii1) do not change with temperature, and it implies that the area (II) of the amorphous
silica surface is sufficiently ice-crystallized compared to that of the crystalline silica surface at the
same supercooling degree of 3 K (crystalline:238 K and amorphous:240 K). Furthermore, the
difference maps of the angular probability indicate that the orientation has changed from State No.
1 to No. 2—6 as shown in Fig. 6 (d). The lower the temperature, the stronger the orientation shifts,
suggesting that this is due to ice crystallization. Regarding the result of area (II), the orientation
shift in the difference map seems to be consistent with the orientation ratio in Fig. 9, which means
that the water molecules in area (II) have an ice structure.

In area (I), the profiles of density and potential energy are unlikely to change with temperature,
matching the orientation ratio pattern in Fig. 9. In contrast, the difference maps of the angle
distribution show a remarkable change corresponding to the temperature, indicating that the
number of water molecules with State No. 1 consistently decreases and water molecules with the
orientation around State No. 1 increase. The sites of increased orientations are slightly shifted from
the orientation sites of State No. 2—6 indicating that the water molecules in this area have a different
orientation than that of the ice crystals. Such a structure is considered to be the ice-like structure
and the orientation ratio in Fig. 9 did not show temperature dependence because the water

molecules had orientation sites except for the site defined in Fig. 6. However, the difference maps
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show that orientations are unevenly distributed depending on the temperature, and it was found
that the water molecules in area (I) were also affected by temperature. Ice crystallization in area
() could not be confirmed in the temperature range of these simulations; however it is revealed
that the water molecules have an ice-like structure and temperature dependence.

Studies in the past have documented that water molecules in the bilayer region of the density
profile solidify at lower temperatures (64). It implies that the structure of the water molecules in
area (I) may change from the ice-like to the ice structure depending on the temperature. The

structure of the layer at the ice-silica interface needs further investigation.
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Figure 10. (i)-(iv) z-direction distribution of density and the per-atom potential energy for each

atom at each controlled temperature. (a)-(1) the difference of angular probability before and after

the solidification interface contacts to the wall surface.
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CONCLUSION

We examined the structure of water molecules at the ice-silica interface on two types of silica
surfaces at various temperatures and calculated the density and molecular orientations using
molecular dynamics simulations. The results showed that the water molecules near the wall surface
have a density distribution and an orientation influenced by the silanol groups in the water (liquid)
and ice (solid) states; the effect was evident particularly on crystalline silica with high silanol
group density. In the layer at the ice-silica interface, water molecules undergo temporary
crystallization and melting and permanent ice crystallization does not occur. The thickness of this
non-freezing layer is consistent with the experimental QLL thickness and temperature dependence.
Two density peaks appeared in the layer, and the intensities of the peaks and their profiles were
affected by the density of the silanol groups and the degree of supercooling.

Water molecules crystalize and melt repeatedly in the bilayer and this temporary ice
crystallization occurs more frequently on the ice interface side of the density bilayer and on the
amorphous silica surface. The density and orientation distribution of water molecules revealed that
the density of the silanol groups on the wall surface and the distance from the silanol groups
affected ice crystallization. It was also confirmed that lower the temperature, the more ice
crystallization progressed in the layer and the tendency was remarkable on the amorphous wall
surface. Furthermore, it was clarified that the structure of the bilayer on the ice interface side was
the same as that of ice crystals and that the wall surface side had a structure close to that of ice
crystals.

Our simulations would contribute to further the understanding of the layer properties at the ice-
silica interface and interpret the interaction between the state of wall surface and the solidification

phenomena in the vicinity of the wall. Studies in the past have documented that the surface
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crystallizes completely at the vapor—ice interface at a deeper degree of supercooling (64) and

verification is also necessary at the ice-substrate interface.
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