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Premelting at ice-solid interfaces studied via velocity-dependent indentation
with force microscope tips

B. Pittenger, S. C. Fain, Jr.,* M. J. Cochran, J. M. K. Donev, B. E. Robertson, A. Szuchmacher, and R. M. Overne
University of Washington, Seattle, Washington 98195-1560

~Received 29 June 2000; revised manuscript received 28 September 2000; published 2 March 2001!

We have indented the surface of ice at temperatures between21 °C and217 °C with sharp atomic force
microscope tips. For a thick viscous interfacial melt layer, a Newtonian treatment of the flow of quasiliquid
between the tip and the ice suggests that indentations at different indentation velocities should have the same
force/velocity ratio for a given pit depth. This is observed for silicon tips with and without a hydrophobic
coating at temperatures between21 °C and210 °C implying the presence of a liquid-like layer at the interface
between tip and ice. At temperatures below about210 °C the dependence of force on velocity is weaker,
suggesting that plastic flow of the ice dominates. A simple model for viscous flow that incorporates the
approximate shape of our tip is used to obtain an estimate of the layer thickness, assuming the layer has the
viscosity of supercooled water. The largest layer thicknesses inferred from this model are too thin to be
described by continuum mechanics, but the model fits the data well. This suggests that the viscosity of the
confined quasiliquid is much greater than that of bulk supercooled water. The hydrophobically coated tip has
a significantly thinner layer than the uncoated tip, but the dependence of thickness on temperature is similar.
The estimated viscous layer thickness increases with increasing temperature as expected for a quasiliquid
premelt layer.

DOI: 10.1103/PhysRevB.63.134102 PACS number~s!: 64.70.Dv, 83.50.Lh, 62.20.Qp, 83.10.Gr
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I. INTRODUCTION

Slightly below the melting point a thin liquidlike laye
exists at the interface between ice and some materials.1,2 This
interfacial premelt layer or quasiliquid layer~QLL! has been
most often studied in the case of the ice-vapor interface3–8

but premelting can also occur at ice-solid interfaces. T
properties of this layer depend on the other solid at the
terface, on the presence of impurities and on the tempera

Because ice-solid interfaces are very common on
planet, knowledge of the properties of the ice-solid QLL a
important to understand many environmental processes.
presence of a QLL can decrease the friction between so
and ice. This has been suggested as a source of lubricati
the sliding of glaciers9 and iceskates.10 Additionally, the ad-
hesion of ice to solids, such as airplane wings and wi
shields, may be influenced by the QLL.11 Finally, the QLL
can allow water to be efficiently transported at temperatu
below melting. This process can weather rock and break
roadways through frost heave.1 The relative importance o
the QLL in each of these processes depends on the prope
of the quasiliquid~such as thickness and viscosity! in the
environment of interest and on any other mechanisms
are present.

Figure 1 shows the thickness of the QLL as a function
temperature for several experiments at bo
ice-QLL-solid12–15 and ice-QLL-vapor6,16–18 interfaces. The
variation in thickness data is not surprising, since the pr
erties of the QLL are expected to depend on the chem
and physical properties of the other material at the interfa
the crystallinity and orientation of the ice, and impuriti
present in the ice and interfacial region.19–21 Additionally, it
is not clear that all measurements of the QLL thickness
really measuring the same physical property. Dynamic m
0163-1829/2001/63~13!/134102~15!/$20.00 63 1341
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surements, such as pushing ice cylinders through qu
capillaries,22–24 pulling wires through ice blocks,12 sliding
friction measurements,25 and measurements of the deform
tion of an elastic film in contact with ice in a temperatu
gradient14 are sensitive to the viscosity of the layer to var
ing extents. Ellipsometry19 and nuclear magnetic resonance15

measurements depend on other properties of the quasiliq
The viscous layer may not extend into the ice the same
tance as the other interfacial properties, such as disorder
index of refraction, so care must be used in comparing thi
nesses obtained with techniques that are sensitive to the
cosity of the quasiliquid to those that are not.

In this paper, we will discuss various mechanisms that
produce indentations in ice and present data suggesting t
viscous layer is present between the tip and the ice for h
enough temperatures and some tip materials. We will disc
a model that, given the viscosity of the layer, allows us
estimate its thickness. While the data analyzed for this pa
are taken under dynamical conditions, the QLL is expec
to be near thermal equilibrium, since the heat required
form the QLL can be rapidly provided from the environme
around the indentation.26

II. EXPERIMENT

The data described in this paper were collected with
home-built atomic force microscope~AFM!, custom de-
signed to minimize drift and stabilize the thickness of the
sample.27,28Since our last report,29 a dry box has been adde
around the cooled portions of the microscope in order
decrease temperature gradients around the sample du
convection and to stop water from condensing on the opt
Also, the electronics have been upgraded for faster respo
©2001 The American Physical Society02-1
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and to allow photodiode signal gain control. Finally, an o
tical microscope has been incorporated for observation of
ice and tip at scales greater than a few tens of microns.

A fresh, polycrystalline ice sample is prepared for ea
data run~for each tip!. With the sample chamber pumpe
down to less than 0.002 Torr, the gold-plated sample s
strate is cooled to less than220 °C. Triply distilled, deion-
ized, and degassed water vapor is then dosed into the sa
chamber until there is enough water present to cover
sample substrate with a layer of ice about 0.5 mm thick30

This process typically takes about 30 min. Because
sample substrate is the coldest point in the sample cham
the water vapor rapidly moves there. After dosing, we wai
least an hour before taking data to allow the ice to equ
brate. At that point, the ice appears smooth at the scale th
visible in our optical microscope.

The properties of the ice surface are highly dependen
any impurities that are present.21 The main potential source
of contamination of the ice include the tip, the sample s
strate, and the surrounding gases. In the experiments
scribed here there is less than 0.1 Torr of atmospheric g
present~this small amount is due to leakage of the cham
during the data run!. If the growing ice originates under th

FIG. 1. Interfacial quasiliquid layer thickness as a function
temperature below melting. The dot-dashed line is a fit of the th
nesses obtained for an ice-polymer interface from flow of the la
under the influence of a temperature gradient assuming the laye
the viscosity of supercooled water~Refs. 13 and 14!. The solid line
is a fit of the thicknesses obtained for ice-metal interfaces from w
regelation experiments assuming the layer has the viscosity o
percooled water~Ref. 12!. The dashed line is for ice-glass interfac
as measured with NMR~Ref. 15!. Circles are thicknesses obtaine
using optical reflectivity~Refs. 6 and 16!: filled circles are for the
ice ~0001!-air interface, open circles are for the~0001!-vapor inter-
face. Filled triangles are the result using ellipsometry to find
thickness at the ice~0001!-air interface~Ref. 17!. Open squares are
for the ice~0001!-vapor interface studied with glancing x-ray sca
tering ~Ref. 18!.
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layer of contaminants on the sample substrate, this la
could be pushed to the surface during growth. In order
minimize the possibility of this, we have carefully cleane
the substrate with methanol and acetone, dried it with nit
gen, and stored it under vacuum. At this time, we have
found a good way to clean our tips, so the tip may be
primary source of impurities on our ice surfaces.31

In order to keep ice from condensing on the tip and c
tilever ~where it would change the spring constant and
geometry!, the tip is kept slightly warmer than the ice. Th
is accomplished by using a Peltier cooler to control the te
perature of a thermistor located in the cantilever mou
about 1 mm from the cantilever. This temperature was k
about 0.1 °C warmer than the sample substrate. The temp
ture difference between the tip and sample depends on
contact area of the tip on the ice. If the tip is far from the i
surface, the incident laser power~kept at a constant level o
less than 25mW during each experiment!, which is con-
ducted back through the cantilever to the mount, causes
tip temperature to be about 0.3 °C warmer than the ice s
strate. If the tip is indented into the ice by 25 nm, some
the heat from the laser can be conducted into the ice, and
tip is estimated~using the method of Eastman and Zhu32! to
be only 0.1 °C warmer than the substrate. Deeper inde
tions will decrease the temperature difference by increas
the tip-ice contact area.

Once the ice has equilibrated and the tip temperatur
lowered to a temperature slightly warmer than the ice,
begin taking data. By collectingforce curveswe can study
the normal forces between the tip and sample as a functio
sample position, speed, and temperature. To collect a fo
curve, the sample is moved toward the tip~approach! and
then away from the tip~retract!, while the position of the
laser spot on the photodiode is measured~Fig. 2!. The whole
process can take as little as 34 ms for the curves collecte
the fastest sample rates or as long as 8 s for the slowest.
Initially, there is no deflection of the cantilever because
tip-sample separation is greater than the range of tip-sam
forces ~point A!. At point B, the gradient of the tip-sample
force becomes greater than the spring constant of the c
lever, and the tip suddenly jumps to the surface~jump-in or
jump-to-contact!.33 The tip then stays in contact with th
surface as the sample is moved toward the tip and the m
sured force changes from attractive to repulsive. Eventua
the maximum measured forceis reached at pointC.34 The
sample is then moved away from the tip, but the measu
force is still repulsive until pointD. The distance from the
origin to pointD is roughly the maximum indentation depth
At point E the tip-sample force gradient becomes grea
than the spring constant of the cantilever, and the tip jum
free of the surface~pull-off !.

A. Instrumental calibration

Quantitative measurement in AFM requires calibration
sample position (Zs) and cantilever deflection (Zc) as a
function of signals from the control electronics. In additio
the normal spring constant~K! of the cantilever is needed t
convert the cantilever deflection into measured force us
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PREMELTING AT ICE-SOLID INTERFACES STUDIED . . . PHYSICAL REVIEW B63 134102
F5KZc . Finally, we must know the geometry of the end
the tip in order to quantify the indentation process.

The sample position as a function of applied voltage, s
range, acquisition time, and temperature of the piezoelec
positioner~piezo! is obtained using interference fringes du
ing special calibration measurements.30 Interference between
laser light reflected from the back of a cantilever and t
reflected from a special mirrored sample results in a roug
sinusoidal signal at the photodiode, when force curves
collected without contacting the sample. This allows us
obtain a calibration of the sample position that corrects
the effects of piezo creep, hysteresis, and nonlinearity wh
are present to some extent in all piezoelectric positioner35

Using our single tube piezo additional calibrations would
required for each lateral position. Therefore, all of the ind
tation data reported here was taken with lateral offsets
zero volts. This does not mean that all of the data was
lected at precisely the same point on the sample, since
approach lands the tip at a slightly different position, but t
position probably varied less than 0.5mm.

The cantilever deflection calibration is obtained by av
aging the retract slopes of the fastest force curves at
lowest possible temperatures. Assuming creep and other
dependent processes can be neglected in these fast cu
the shape of the retract curve is determined by the ela
properties of the ice and the tip, not their plastic propertie36

Because the cantilever is much less stiff than the ice surf
the elastic deformation of the ice may be neglected in co
parison to the deflection of the cantilever, and the chang
deflection of the cantilever approximately equals the cha
in sample position (dZc /dZs'1). The calibration procedure
causes the retract curve in Fig. 2 to have a slope appr
mately equal to the spring constant. This calibration is s
sitive to the position and shape of the laser spot on the c
tilever, so if the laser spot moves over the course of
experiment the calibration must be acquired once ag

FIG. 2. A typical force curve collected at210.9 °C in pure
water vapor with a coated tip~tip C!. The upper points~filled
circles! are the approach data; the lower points~plus signs! are the
retract data. The whole curve was collected in 34 ms. The curve
been shifted so that the first deviation from zero force~the jump-in
at B! occurs at a sample position of zero. The calibration proced
described in the text causes the retract curve fromC to D to have a
slope approximately equal to the spring constant.
13410
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Slight changes in calibration were tracked by periodica
moving the photodiode a known amount and recording
change in signal recorded by the AFM, with the tip far fro
contact.37

B. Cantilever characterization

As previously stated, the spring constant of the cantile
must be known in addition to the deflection to determine
measured force. If the geometry and elastic constants of
cantilever are known, the spring constant may be roug
calculated. Typically, the largest uncertainty in this sort
calculation arises from the measurement of the thicknes
the cantilever or variation in elastic constants due to
known stoichiometry of the cantilever material~e.g., silicon
nitride!. Boron-doped silicon cantilevers, such as ours38

have well-known elastic constants and are conduc
enough to be imaged in a field emission scanning elec
microscope~SEM! for measurement of their thickness. Th
spring constants given in Table I were calculated using
analytical method of Neumeister and Ducker.39 The uncer-
tainty in the spring constants is about 30%, and is mainly d
to poor knowledge of the calibration of the SEM. Three ca
tilevers were used to obtain the data reported in this pa
~see Table I!. CantileversA and B are uncoated cantilever
with normal spring constants of 0.85 N/m and 4.1 N/m,
spectively. Some of the data collected with cantileverA was
previously reported.29 Cantilever C is hydrophobically
coated with a spring constant of 4.6 N/m. The hydropho
coating is far too thin to influence the spring constant sign
cantly.

A simple approximation of the tip profile is a cone tru
cated in a portion of a sphere. With this approximation,
radius of the truncating sphere~R! and the half-angle of the
cone~a! parameterize the radius~g! of a cross section of the
tip, where the distance from the end of the tip~z! is measured
along its axis of symmetry:

g~z!5RH A2
z

R
2S z

RD 2

if
z

R
<12sina,

seca1S z

R
21D tana otherwise.

~1!

The end radius and cone half angle of the tip are measu
using field emission SEM. This provides reasonably accu
dimensions for the silicon tips, but removes any hydropho
coating before its thickness may be measured. The thickn
of these coatings must be estimated from x-ray photoelec
spectroscopy~XPS! measurements of flat films from th

as

re

TABLE I. Properties of tips and cantilevers used in the
experiments.

Tip Batch K ~N/m! R ~nm! a ~°! Coated?

A 006–014 0.8560.30 2568 1463 No
B 017–043 4.161.4 1965 1162 No
C 017–043 4.661.6 25610 1563 Yes
2-3
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same batch. The dimensions for tipC given in Table I in-
clude the estimated coating thickness as discussed belo

The hydrophobic coating was made by reacting octa
cyltrichlorosilane with the native oxide present on the silic
cantilever.40 Water droplets on flat surfaces treated with th
technique have typical contact angles of about 105° co
pared to 55° for flat silicon surfaces with native oxide or 8
for glass surfaces stored in a manner similar to our tip31

XPS measurements of flat surfaces coated along with
cantilever indicated film thicknesses of 4–8 nm. AFM me
surements of these films on flat surfaces showed that 5
10% of the surface area had bumps 5–10 nm high. A 10
thick coating increases the tip radius from 15 nm~as mea-
sured in field emission SEM! to roughly 25 nm. The bumps
will alter the geometry of the tip slightly, but the tip profil
given by Eq.~1! will still give the approximate tip shape
Prolonged imaging of the flat films with contact AFM d
not damage the films to any noticeable extent, sugges
that the films are quite durable. There is no guarantee tha
coating on the tip will be identical to that on the flat surfac
but we have yet to find a better way to determine the pr
erties of the coating on tips as sharp as these.

III. RESULTS

To obtain information about the mechanical properties
the ice-tip interface, we collected force curves at several t
peratures and sample speeds for each tip. Once the in
ment has been calibrated, the force curves can be conve
to force versus indentation curves since the deflection of
cantilever (Zc) and the sample position (Zs) are both known.
If the arbitrary offset in the sample position is chosen so t
Zs50 at the first point during the approach whereZcÞ0 ~as
shown in Fig. 2!, then the indentation depth~z! is given by
z5Zs2(Zc2ZcuZs50). This assumes that the tip has com
into contact with the surface, but there has not yet been
indentation atZs50. In the experiments described her
ZcuZs50 is less than 5 nm, as discussed in more detail bel
so it can be neglected for larger indentation depths. The
dentations deduced are expected to be accurate within a
percent except at the smallest depths. The force can the
plotted against the indentation depth instead of the sam
position, as shown in Fig. 3. Note that the maximum inde
tation depth in Fig. 3 is approximately equal to the change
sample position fromB to D in Fig. 2.

After the jump-in, the measured force versus indentat
curve gives the force required to obtain a given indentat
depth~neglecting attractive forces such as those respons
for the jump-in!. With our experimental parameters, it is ea
to indent the ice by hundreds of nanometers. The first
points after the jump-in in Fig. 3 have positive indentati
depths, despite the negative measured force. Adhesive fo
between the tip and the sample increase the total force on
ice under the tip to the point where the ice surface can
indented. As the indentation depth increases, more extern
applied force is required to increase the indentation, and
adhesive forces between the tip and the ice become s
compared to the measured force.

At the beginning of the retraction portion of the curv
13410
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~while the measured force is positive!, there is little change
in the indentation depth. This is not surprising due to o
technique for calibrating the cantilever deflection. If there
noticeable additional indentation, it is expected to result fr
creep or viscous flow, not from instantaneous plastic flow
elastic deformation. When the measured force becom
negative, there may be some instantaneous plastic fl
creep, or viscous flow in the opposite direction. This occ
in Fig. 3 in the region near the minimum in measured for

After the tip breaks free of the surface, the depression
in after a few seconds out of contact due to vapor transpo
the region of negative curvature~from the Kelvin equation,
the depression has a lower vapor pressure than the surro
ing flat surface41!. If the pit did not fill in from one indenta-
tion to the next or the geometry of the surface changed
nificantly in any way, we would expect the force curves
change as well. In fact, we observe only small variations
repeated force curves taken with all the same parame
except the time since the last tip contact to the surface.

A. Indentations at different velocities

In order to distinguish between the different mechanis
by which a deformation can form, we have collected for
curves at different sample velocities. Although indentatio
are sometimes conducted at a constant ‘‘indentation st
rate,’’ 42 the constant sample velocity at which each appro
curve is collected in our experiments does not result in
fixed strain rate. Instead, the changing size and shape o
indentation and the bending of the cantilever cause the st
on the ice to vary as the sample is moved. This, in tu
causes the indentation velocity to change as a function
sample position. Given the indentation depth~z! and time~t!
at adjacent data points, we can find the indentation velo
(v5Dz/Dt) as a function of indentation depth.

Figure 4 gives the approach curves for several inden
tions with the coated tip~C! at 25.3 °C and various sample
velocities. The indentation velocities given are for inden

FIG. 3. Measured force versus indentation depth curve collec
at 210.9 °C in 34 ms with tipC ~data from Fig. 2 plotted versus
indentation depth instead of sample position!. The upper points
~filled circles! are the approach data; the lower points~plus signs!
are the retract data. For this data the indentation speed at 100
depth is approximately 15mm/s.
2-4
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tion depths of 100 nm. Two curves are shown at each sam
velocity ~except 1mm/s! to illustrate the consistency of th
results. To obtain similar indentation depths with an u
coated tip~B!, significantly less force is required. For bo
tips, much more force is required to get the same indenta
depth for the faster speeds than for the slower speeds. Th
especially true at temperatures above210 °C where a QLL
might play a role.

In addition to the expected smooth monotonic increase
force required to increase the indentation depth, we o
observe inflection points or dips in the force during the co
tact portion of the curve~see Fig. 4!. These dips occur a
about the same indentation depth independent of sam
speed and temperature, as opposed to the same forc
would be expected for a process that occurs at a thres
force. For example, Fig. 4 and the curve in Fig. 3 at25.3 °C
both show a dip near 60 nm indentation depth. Dips in
slower curves at25.3 °C are more evident in Fig. 5 wher
the logarithmic scales combined with dividing the smal
forces by the smaller speeds makes the dips more obvi
The presence of the dips at the same indentation dep

FIG. 4. Measured force versus indentation depth at25.3 °C and
several sample velocities collected with~coated! tip C. The approxi-
mate indentation velocity at an indentation depth of 100 nm is gi
for each curve. Only the approach portion of each curve is sho

FIG. 5. Measured force divided by indentation velocity vers
indentation depth at25.3 °C and several sample velocities collect
with tip C ~data from Fig. 4!. The line without point markers is a fi
to the data using the viscous model discussed in Sec. IV D bel
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consistent with the possibility that the dips are caused
chemical heterogeneities~due to the bumps of hydrocarbo
that formed on the tip during coating! which produce varia-
tions in total force at the same measured force. As mentio
earlier, bumps 5–10 nm high were observed on the
coated along with tipC. The changes in force responsible f
the dips seem to be roughly independent of speed, but a
highest speeds the dips in force are small compared to
measured force, making them less obvious. This implies
variations in tip surface chemistry with indentation depth a
primarily responsible for the dips, since deviations from t
simple sphere-cone tip geometry should result in lar
variations in force for the faster curves. The data collec
with the coated tip~C! have larger dips than the data co
lected with the uncoated tips~not shown here, but availabl
elsewhere30!, suggesting that the uncoated tips are smoot
and less chemically heterogeneous than the coated tip.

When an indentation is formed, water molecules a
moved from under the tip to the surface of the ice. In plas
flow, the water remains solid during this process. In the pr
ence of a viscous layer between the tip and the ice, a sec
mechanism can occur. The viscous layer can flow to
surface, transporting the water molecules and increasing
size of the indentation. If additional ice is converted to qu
siliquid in such a way as to keep the thickness of the la
constant during the indentation, then we might expect
force required to expel it from under the tip to be propo
tional to the indentation velocity. This is demonstrated
Sec. IV D below. Plotting the ratio of the force to the velo
ity against the indentation depth should, therefore, cause
of the curves in Fig. 4 to collapse onto one curve.

Figure 5 shows the ratio of the force to the velocity as
function of indentation depth at25.3 °C for data collected
with the coated tip~C!. From an indentation depth of 70 nm
to about 200 nm, the curves have about the same rati
force to velocity at a given indentation depth. Data collec
with the uncoated tip~B! ~not shown here, but availabl
elsewhere30! also has a region where all but the slowe
curves agree at25.3 °C. The region of agreement for th
uncoated tip extends from indentation depths of about
nm to about 300 nm. For both tips, the force/velocity ra
levels off at large indentation depths and the force is
longer proportional to the velocity. This occurs at smal
indentation depths for the faster curves. At small indentat
depths, there is also disagreement between the ratios of f
to velocity for different speeds. In this case, the slow
curves require larger force/velocity ratios than the fas
curves at the same indentation depth. Forces between th
and ice caused by attractive capillary forces43 or repulsive
disjoining pressure44 may cause this disagreement, since th
do not scale with indentation velocity and are not included
the measured force, but they do play a role in the indenta
process. Because the measured force is smaller for the sl
curves, these forces will be larger in comparison, caus
disagreement between the curves collected at diffe
speeds.

Similar plots at23 °C give similar results for both tips
but force/velocity data collected at215 °C ~Fig. 6! and
217 °C does not collapse onto one curve as well as the
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B. PITTENGERet al. PHYSICAL REVIEW B 63 134102
at higher temperatures. Instead, the ratio of force to velo
depends upon the sample speed as well as the indent
depth. This is because there is not as much variation in
force with indentation velocity at low temperatures as th
is at the higher temperatures where a QLL is expected
have significant thickness. As expected, significantly m
force is required to form an indentation at lower tempe
tures at a given velocity than is required near the melt
point. This is illustrated by comparing Figs. 5 and 6—t
ratio of force to velocity is about a factor of 10 larger
215 °C than it is at25 °C at a given indentation depth.

B. Cantilever instabilities

It has long been known that the competition between
sample forces and the force on the tip due to the bendin
the cantilever can cause instabilities in the tip position33

These instabilities typically occur when the force gradie
between the tip and the sample exceeds the spring con
of the cantilever on approach~jump-in! or retract~pull-off!.
They are characterized by a change in tip position~measured
force! which occurs in a time on the order of the resona
period of the cantilever, since the actual force changes m
more rapidly than this time~for most cantilevers!. The reso-
nant frequencies of our cantilevers were over 50 KHz a
our maximum sample rate is 15 000 samples/s~the band-
width of our electronics is about 20 KHz!, so instabilities
show up as abrupt steps in the force curve~such as at pointE
in Fig. 2!.

When the tip first contacts the surface during an approa
a jump-in will sometimes occur. Whether there is a jum
and the distance from the surface at which it occurs, is
termined by the spring constant of the cantilever and
force gradient that the sample exerts on the tip before the
comes into contact with a solid surface. Any attractive fo
~e.g., van der Waals, electrostatic, or capillary! can produce a
jump-in if the spring constant of the cantilever is we
enough. In particular, capillary forces often dominate in si
ations where water vapor is present~and the temperature i

FIG. 6. Measured force divided by indentation velocity vers
indentation depth at215.1 °C and several sample velocities co
lected with tipC. The approximate indentation velocity at an inde
tation depth of 100 nm is given for each curve. Only the appro
portion of each curve is shown.
13410
ty
ion
e

e
to
e
-
g

-
of

t
ant

t
ch

d

h,
,
e-
e
ip
e

-

above 0 °C!.43 For a hydrophobic tip one might expect th
the capillary force would be repulsive, excluding capilla
forces as the cause of a jump-in. Actually, the capilla
forces can pull the tip in for contact angles~for the liquid on
the tip, the liquid is assumed to wet the sample! up to a
190° for a meniscus that meets the tip in the conical reg
~wherea is the half-angle of the cone!. The capillary force
can remain attractive for even larger contact angles if
meniscus meets the tip in the hemispherical region.45

Previous authors have used the jump-in distance to e
mate the thickness of liquid layers on surfaces.26,45–48How-
ever, the thickness of this layer is not necessarily given
the jump-in distance. The jump-in may occur before the
contacts the liquid layer due to condensation in the reg
between the tip and the layer, or due to deformation of q
siliquid up to meet the tip. In addition, the tip may not sto
precisely at the solid surface when it is pulled in by t
attractive forces. Depending on the spring constant of
cantilever and the force from the meniscus, it may find m
chanical equilibrium in the liquid layer, or may significant
indent the ice before the next data point can be collected
spite of this, some investigators have claimed that
jump-in may provide a way to probe the ice-vapor interfa
instead of the ice-tip interface that is probed by most of
rest of the force curve.26,45,47,48Figure 7 gives the jump-in
distance (2ZcuZs50) averaged over many measurements a
function of temperature for tipsB and C. The jump-in dis-
tances are roughly the same for both tips and are appr
mately constant~'3 nm! with temperature. Since the
jump-in distances that we measure are roughly indepen
of temperature, it seems unlikely that the thickness of
ice-vapor QLL is directly related to the jump-in distance.

For comparison to the jump-in distance, the indentat
depth at the point where the measured force again beco
zero after the jump-in (zuZc50) is also given in Fig. 7 for the
coated tip~C!. While the jump-in distance is roughly con
stant with temperature in our measurements, there is sig
cant increase in indentation depth~at zero measured force!

s

h

FIG. 7. Average jump-in distance measured with tipB ~crosses!
and tipC ~filled squares! as a function of temperature below mel
ing. Open triangles are the average indentation depth at zero m
sured force collected with tipC. Only curves collected at acquisi
tion rates of greater than 500 samples/s were included in
averages.
2-6



iv
e
rc
T
la

io
a
e
th
en

cu

wn
d
t

ed
-

i

ea

co
is

r
is
n
t

th
in
a
b
th
il
sm
us
th

sm

e
n

g’

r

r
he

ads.
red

her

w
has

m:

ves
e.

xial
r

n
to
of

to
ke

xial

s-
ion
d

nce

ea-
the

a is
of
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due to tip-sample attractive forces. Although the attract
forces may change slightly with temperature, the increas
indentation depth is primarily due to the decrease in the fo
required to indent the ice as the temperature increases.
increase in indentation due to attractive forces may exp
the results of Do¨ppenschmidtet al.45,48 who observed much
larger jump-in distances than ours and significant variat
with temperature. The relatively compliant cantilevers th
they used may have allowed the attractive forces to ind
the ice between the collection of adjacent data points in
force curve, causing the observed temperature depend
and increased jump-in distances.

When the tip breaks free of the ice, the break may oc
at the tip-ice interface or somewhere in the ice.49 If the
spring constant is large and the ice is soft~or the tip-ice
interface is strong!, the process of separation may be dra
out over hundreds of nanometers, and there may be no
tinct pull-off. As a result, it may be difficult to interpret wha
the pull-off force means. With tipsB andC we typically saw
increasing pull-off forces for larger maximum measur
forces~larger indentations!, but the pull-off forces were usu
ally smaller than the maximum measured forces. This is
contrast to the results of our previous paper29 where the pull-
off forces were approximately equal to the maximum m
sured forces suggesting that~with tip A! the ice was breaking
instead of the ice–solid interface. The more recent data
lected with tipsB andC suggest that the ice–ice bonding
stronger than the ice-tip bonding at those interfaces.

IV. DISCUSSION

The presence of the AFM tip in contact with the ice su
face causes the ice to indent. There are several mechan
by which this indentation can occur. In elastic deformatio
the shape of the ice surface depends on the force on the
but not on the history of loading. Plastic deformation, on
other hand, involves pushing solid ice to the surface, leav
a pit that exists for a time after the tip is removed. Ice c
also be deformed by converting some of the ice to liquid
pressure melting or interfacial premelting and squeezing
viscous layer between the tip and the remaining ice unt
flows to the surface. To distinguish between the mechani
by which the ice is deformed in our experiments, we m
find the relationship between the force measured during
indentation and the indentation velocity for each mechani

A. Elastic deformation

There will be some elastic deformation of the ice und
the tip.29 The amount of elastic deformation is independe
of time and loading history, but depends on the Youn
modulus of the tip (ESi) and ice (Eice), the Poisson’s ratios
(nSi andn ice), the geometry of the tip-ice interface~approxi-
mated by the tip end-radius,R!, and the force on the tip. Fo
typical values (ESi5160 GPa and nSi50.22,50 Eice
59.4 GPa andn ice50.33,51 and R520 nm) Hertzian me-
chanics gives an elastic deformation depth of 7 nm fo
force of 1000 nN. Inclusion of attractive forces, as in t
Johnson-Kendall-Roberts theory,52 will increase the defor-
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mation depth by less than one nanometer at these high lo
The minimum deformation that we observe for measu
forces similar to this is around 90 nm at215 °C, so elastic
deformation may be neglected in comparison to the ot
deformation mechanisms.

B. Plastic flow

Uniaxial time dependent deformation of bulk ice at lo
enough strain rates and high enough temperatures
often53–55been described by empirical equations of the for

ė5snA expS 2
Q

RTD , ~2!

whereė is the strain rate,s is the stress,A is a constant,Q is
an activation energy,R is the gas constant, andT is the
temperature. This is known as power-law creep, and invol
both glide and climb of dislocations moving through the ic
For polycrystalline ice at low stresses, the exponentn is ob-
served to be about three, but it increases rapidly for unia
stresses above about 1 MPa.54 In order to compare the Meye
hardness (H5F/A, whereF is the force andA is the pro-
jected area of the indentation! obtained at a given indentatio
strain rate (ė I5v/z) from our indentation measurements
these uniaxial creep results, we will parallel the derivation
Poisl et al.56

Because our tip is sharp and the ratio of yield stress
elastic modulus of the ice is small, our indentations ta
place in the ‘‘fully plastic’’ regime.29 The hardness in this
regime is related to the uniaxial yield stress by36,52

H'3s. ~3!

The indentation strain rate can also be related to its unia
counterpart:57

ė5D ė I , ~4!

whereD is a constant. Combining Eqs.~2!–~4! and solving
for hardness we find that

H'ė I
1/nB expS Q

nRTD , ~5!

whereB53(D/A)1/n.
If the material displaced during plastic indentation is a

sumed to be carried off by vapor transport, surface diffus
or flow of the ice-vapor QLL, effects such as ‘‘pile-up’’ an
‘‘sink-in’’ that deform the ice-vapor interface36 can be ne-
glected. The contact radius at indentation depthz is then just
the radius of the cross section of the tip at the proper dista
from the end of the tip,g(z5z). To first approximation, the
Meyer hardness of the ice is then simply related to the m
sured force required to obtain a given indentation depth,
indentation strain rate, and the indentation depth:58

H~ ė I !'
F~z,ė I !

pg~z!2 . ~6!

This equation is approximate because the contact are
probably not precisely given by the cross-sectional area
2-7



nt
la

u
tio

he

h,

b
tu
it
th
lo

n
h
f

a
a

on
ta
e

t

e
e
th

e to
of
in-

he

be
eat
ised
d
uld

-
hift

tic
d for
der
(
s,
is

e
d
re-
m-
ssed

ice
se
the
nta-
or-

e
data
ext
ure
ess
e a
ess
ve

cro-
ous

r-
by

n-
-
the
re
the

s a

t
e
tem

2

B. PITTENGERet al. PHYSICAL REVIEW B 63 134102
the tip and the measured force does not include the co
bution from adhesive forces. The effect of adhesion on p
tic indentation is explored by Maugis and Pollock.49 In our
measurements, the measured force is expected to be m
greater than adhesive forces except at small indenta
depths, so Eq.~6! should be a good approximation.

Using Eqs.~5! and ~6! and recalling the definition of the
indentation strain rate, we find that, for deformation of t
ice by creep,

F'k~z!v1/n, ~7!

wherek(z) is a function of tip geometry, indentation dept
plastic properties of ice, and temperature. Sincen>3 for
polycrystalline ice, we expect that the force required to o
tain a given indentation depth at some given tempera
should be only weakly dependent on the indentation veloc
As discussed below in Sec. IV D, plastic flow seems to be
dominant indentation mechanism at temperatures be
about215 °C and at large indentation depths.

Figure 8 shows the dependence of the measured hard
on indentation depth at215 °C, a temperature low enoug
that plastic flow is expected to dominate. The hardness
several sample speeds is shown for comparison. As the
dentation gets deeper, the measured hardness incre
reaching a maximum value that depends on temperature
strain rate if the indentation is deep enough. This is in c
trast to the case where the indentation is collected at cons
indentation strain rate, where the hardness would be
pected to be constant as a function of depth.42 Because the
analysis presented in our earlier paper29 only considered the
hardness at the maximum measured force, it missed
maximum in hardness seen in this figure.

C. Viscous flow of liquid from frictional melting
or pressure melting

Frictional melting and pressure melting can both conv
solid ice to liquid at the interface while the bulk of the ic
remains at a roughly constant temperature well below

FIG. 8. Measured hardness@from Eq. ~6!# versus indentation a
215.1 °C collected with tipC at various sample velocities. Only th
approach data is shown. For bulk ice, pressure melting at this
perature is expected to occur only for hardnesses greater than
MPa.
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melting point. In frictional melting~which generally domi-
nates in skiing59 and skating60!, work done by the indenter is
converted to heat, raising the temperature of the interfac
the melting point of the ice, and providing the latent heat
melting. In our measurements, the work done during the
dentation@W' 1

2 (130 nm)(1000 nN)50.065 pJ from Fig. 3#
is less than the latent heat required to melt all of t
ice displaced during the process@W'(4.7310222m3)
3(3.33108 J/m3)50.16 pJ#. The heat available from fric-
tion for raising the temperature and melting the ice will
significantly less than the work done, since most of the h
will be conducted away before the temperature can be ra
to the melting point.26 Frictional melting can thus be rule
out as the dominant cause of the indentation, but it co
shift the local temperature slightly.

In pressure melting, the melting point of the ice is low
ered by the large pressures in the ice under the tip. The s
in melting point of the ice is determined by the hydrosta
pressure under the tip. At pressures below those neede
pressure melting, the maximum hydrostatic pressure un
the tip is about two-thirds of the measured hardnessP
' 2

3 H).52,54 The melting takes heat from its surrounding
cooling them. Because the volume of ice to be melted
small, only a little heat is required~'0.16 pJ, as shown
above!. This heat can be provided very rapidly by th
slightly warmer tip. If the indentation is done slowly an
pressure melting occurs, the pressure under the tip will
main at about the pressure required to shift the melting te
perature to the sample temperature as the sample is pre
up against the tip. If the load is increased rapidly, the
may not flow out of the way quickly enough. In this ca
pressure will build up, causing more ice to melt. Because
thickness of the melted layer can change during the inde
tion process, we should not expect the force to be prop
tional to the velocity, as in the case of QLL flow~described
below!.

The maximum hardness~see Fig. 8! observed with tipsB
andC was sufficient to initiate pressure melting only for th
fastest sample velocities at all temperatures studied. The
analyzed with the viscous flow model described in the n
section were all obtained under conditions where press
melting is not expected. Macroscopic indentation hardn
measurements on polycrystalline ice by other groups ar
factor of 2 or more softer than these maximum hardn
values.53,61,62 Our slowest measurements, in contrast, ha
much smaller maximum hardness values than the ma
scopic measurements. This is believed to be due to visc
flow of the quasiliquid, as discussed below.

D. Viscous flow of interfacial quasiliquid

When the ice-tip, tip-QLL, and QLL-ice interfacial ene
gies are right, the interfacial free energy can be lowered
forming a interfacial melt layer, and quasiliquid forms spo
taneously at the interface.1 Once again, the latent heat re
quired to cause the phase change is rapidly provided by
slightly warmer tip. In contrast to pressure melting, whe
there is a threshold pressure for melting that depends on
temperature, no pressure is required to form the QLL. A

-
34
2-8
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TABLE II. Quasiliquid properties from viscous flow model fits. Thickness~h! is calculated assuming th
quasiliquid has the viscosity~h! of supercooled water. Uncertainty is estimated from fitting.

T ~°C!

Tip B Tip C

h

A3 h
S nm

A3 Pa s
D

h ~nm!

h

A3 h
S nm

A3 Pa s
D

h ~nm!

21.01 8.9461.63 1.1060.20 5.6961.22 0.7060.15
23.28 3.4860.55 0.4460.07 1.9060.28 0.2460.04
25.36 2.6260.46 0.3460.06 1.5160.23 0.2060.03
28.28 1.9360.37 0.2660.05

210.36 1.5960.25 0.2260.04
210.85 0.9360.21 0.1360.03
213.10 1.4660.42 0.2160.06
215.10 0.7560.34 0.1160.05
217.24 1.1960.73 0.1860.11
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result, only a slight positive pressure is required to push
liquid out of the way and form an indentation. Thus flow
the quasiliquid will continue to enlarge the indentation
long as the tip is pressed into the surface, independen
whether the sample is approaching the tip or be
retracted.32

To find the relationship between the force on the tip a
the indentation depth we must consider the flow of fluid o
of the indentation. For a Newtonian fluid which is convert
from solid much more rapidly than the indentation proce
~so that the thickness of the fluid layer is not diminishe!,
force is proportional to velocity for a given indentatio
depth. As noted in the introduction, the QLL is expected
be near thermal equilibrium since the heat required to fo
the QLL can be rapidly provided from the environme
around the indentation.26 Assuming additionally that the
thickness and viscosity of the fluid are set by the tempera
and the chemical and physical properties of the interface~not
by pressure or curvature! and that the thickness is small com
pared to diameter of tip, we show in Appendix A that t
parameter that characterizes the indentation is thenh/h1/3,
whereh is the QLL thickness andh is its viscosity. In par-
ticular, Eq.~A4! shows that at a given indentation depth,

F'F~z!S h

h1/3D 23

v, ~8!

where F(z) is a function of tip geometry and indentatio
depth. Comparing Eq.~7! to ~8!, it is easy to see that th
force is much more strongly dependent on the indenta
velocity (v) in the case of viscous flow than it is in the ca
of plastic flow. Because of this, viscous flow of the QLL
most likely to dominate at small indentation velocities whe
the force required to move solid ice to the surface is m
than the force required for viscous flow. Likewise, visco
flow of the quasiliquid will be most important at temper
tures close to the melting point where the QLL will be thic
est.

At temperatures above about211 °C the ratio of force to
indentation velocity (F/v) seems to become a univers
function of indentation depth that can be fit by our visco
13410
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flow model ~for at least part of each curve!. Below 215 °C
the F/v curves at different indentation rates do not collap
onto one curve as well as they do at the higher temperatu
implying that viscous flow is not the dominant indentatio
mechanism. Using the tip geometry measured for each
and Eq.~A2!, we can findF(z). The universal portion of the
F/v curves can then be fit using Eq.~8! with h/h1/3 as the
single fit parameter. The solid line without point markers
Fig. 5 is the resulting fit for the25.3 °C data collected with
~coated! tip C. Table II summarizes the results of fitting th
F/v curves at each temperature and for each tip.

Assuming that the QLL has the viscosity of supercoo
water, the inferred QLL thickness ranges from 1.1 nm
21.0 °C to 0.22 nm at210.4 °C with tip B. The same as-
sumption gives us smaller inferred layer thicknesses for
C. In that case, the thickness ranges from 0.70 nm at21.0 °C
to 0.13 nm at210.9 °C. These values for the thickness are
small that continuum mechanics should not be valid, but
model fits the data quite well. This suggests that the visco
of the quasiliquid confined between the tip and ice may
greater than that of bulk supercooled water. The uncerta
in the tip geometry results in some uncertainty in the
parameter. For example, if the end radius of tipC were ac-
tually 15 nm~as it would be if there were no coating on th
end of the tip! the fit of the data collected at25.3 °C would
give h/h1/3'1.24 nm/~Pa s!1/3. This is significantly smaller
than the resulth/h1/3'1.51 nm/~Pa s!1/3 inferred from a 25
nm end radius. Additionally, the table gives the variation
parameters that fit data from at least two force curves
different acquisition times for a small portion of the curv
Figure 9 gives the viscous layer thickness obtained~with tips
B and C! by assuming that the layer has the viscosity
supercooled water at the appropriate temperature and c
pares it to other similar studies.

While there is a region of agreement between curves
lected at different sample velocities at the higher tempe
tures, this agreement does not typically occur for the wh
curve ~see Sec. III A!. At small indentations and at larg
indentations, the force is no longer proportional to the vel
ity. At small indentations, the precise geometry of the tip e
2-9
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B. PITTENGERet al. PHYSICAL REVIEW B 63 134102
becomes important and the attractive forces between th
and sample are not negligible. This causes the force/velo
ratio to vary slightly for curves collected at different samp
velocities. Since our model assumes a relatively simple
geometry~a smooth cone with a hemisphere at the end! and
does not include internal forces that are not directly m
sured, it cannot fit the dips that occur because the tip
neither completely smooth nor chemically homogeneo
The F/v data collected with~uncoated! tip B ~not shown
here, but available elsewhere30! collapses onto one curve a
small indentations and is fit by the simple model much be
than that collected with tipC. It seems likely that nonunifor-
mities in the coating on tipC that produce change in the tot
force are causing most of the disagreement.

At large indentations, another indentation mechani
seems to become appreciable, decreasing the exponent o
velocity in the force-velocity relation and causing the chan
in force/velocity ratio with indentation depth to level of
The hardness in many of the curves that exhibit this beha
never reaches values large enough for pressure meltin
begin. Plastic flow seems the most likely candidate for t
mechanism, but because some viscous flow is still occur
at these indentation depths, the velocity dependence of
indentations is not as simple as in the case of pure pla
flow.

V. CONCLUSIONS

We have measured the indentation behavior of ice at t
peratures between21 °C and217 °C. Previous macroscopi
hardness measurements of plastic flow in polycrystalline

FIG. 9. Interfacial quasiliquid layer thickness as a function
temperature below melting assuming the layer has the viscosit
supercooled water. The upper data points~filled squares! are our
measurements for an uncoated silicon tip~B! while the lower data
points~crosses! are for a hydrophobically coated tip~C!. Solid line
is a fit to the data collected with the uncoated tip@h'1.1 nm(Tm

2T)20.68, whereT is given in Kelvin#. Dashed line is a fit of the
thicknesses obtained for ice-metal interfaces from wire regela
experiments~Ref. 12!. Dot-dashed line is an extrapolation of resu
for an ice-polymer interface from flow of the quasiliquid under t
influence of a temperature gradient~Ref. 13!.
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found that the hardness was weakly dependent on the loa
time, with the hardness proportional to about the one-fou
power of the loading time.53 Additionally, the macroscopic
experiments found that, except at temperatures above a
23 °C, plastic flow of ice under the indenter increased
contact area so that pressure melting did not occur.53 In our
experiments, the curves collected with the largest indenta
velocities at temperatures as low as217 °C had maximum
hardness values sufficient to initiate pressure melting. O
large measured hardness might be due to a grain size la
than the tip contact area for our ice samples.

If the grains are large enough and the bonding betw
grains is sufficiently strong, our measurements are eff
tively measurements on single crystals of unknown orien
tion. Indentation hardness measurements on single cry
often result in hardness values that are much larger t
similar measurements on polycrystalline samples.63 This is
partially because, in a polycrystalline sample, the grains
slip against one another, and also partially because som
the grains are oriented so that much of the shear stres
them is in a direction of easy slip, making them easy
deform. In a single crystal indentation experiment the ha
ness is determined by the stress resolved in the direction
easy slip and is, therefore, sensitive to the orientation of
crystal.64

Our hardness measurements at temperatures near
melting point are strongly dependent on indentation veloc
suggesting that plastic flow is not the dominant indentat
mechanism in our experiments at those temperatures.
cous flow of a quasiliquid layer between the tip and ice i
mechanism for indentation that provides the observed~pro-
portional! dependence of force on indentation velocity. U
ing the measured tip shape and a model of this viscous fl
we can estimate the thickness of the QLL if we assume
the viscosity of the layer is that of supercooled bulk wat
Layer thicknesses inferred in this way lie between those
previous workers that have studied the QLL at ice solid
terfaces using the viscous flow of the quasiliquid~Fig. 9!.

It is not surprising that our measurements of the quasi
uid layer thickness do not agree with the previous exp
ments in Fig. 9. One reason for this is that the~other! solid at
the interface in our measurements is different from tho
used in the other measurements. The QLL thickness is se
the excess interfacial energy which is, in turn, determined
the physical and chemical properties of the materials at
interface~such as the dielectric constant and solubility!.1 Our
coated tip~C! is probably more similar in chemistry to th
polymer film used in the thermally induced flow experimen
of Wilen et al.14 than to the metal surfaces of the wires th
Gilpin used.12 The thicknesses inferred from our indentatio
measurements with both tips have about the same power
dependence on temperature as the thickness deduced
the thermally induced flow experiments,13 but the results
with tip C are about a factor of 5 larger than extrapolat
thicknesses from these experiments while those for tipB are
about a factor of 8 larger. It is important to note that there
no reason that the thickness of the layer deduced from
thermally induced flow experiments must follow our simp
extrapolation to thicknesses as small as these, so it is
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sible that there is more or less disagreement than we h
estimated.

There are several differences between the experim
other than the different solid at the interface that could infl
ence the thickness of the layer. Impurities on the surface
our tip could change the thickness of the QLL in our me
surements, by adding electrostatic double-layer forces to
van der Waals forces that are always present. Dependin
type and amount of impurities, the thickness of the la
could be enhanced or decreased.21 Another difference be-
tween our experiments and those of Wilenet al.14 is the pres-
sure. The pressures exerted on the ice in our experimen
significantly larger than those in the thermally induced flo
experiments. While we have included in our viscous fits o
the data where the velocity dependence of the indenta
indicates that viscous flow dominates, some plastic fl
probably occurs concurrently with the viscous flow. An
plastic flow that occurs concurrently with the viscous flo
will reduce the force required to make the indentation, a
thereby cause the thickness of the layer that we infer to
overestimated. Additionally, some damage assisted inte
cial melting may occur under our tips. This is a nonequil
rium process in which damaged ice is converted to liqu
temporarily enhancing the thickness of the interfacial m
layer.65 The pressures in our experiments are more com
rable to those in the wire regelation experiments, but
thicknesses are at least a factor of 3 less than those of G
and the power-law dependence of his thicknesses on
perature is weaker than ours. This suggests that the diffe
solids and different impurities present in the various exp
ments could be just as important as the differences in p
sure.

The pressure can also shift the melting point of the
under the tip. Even if there is not enough pressure to ca
pressure melting, this can enhance the thickness of the Q
since the thickness is a function of the temperature be
melting. Because the pressure near the surface of the i
near the vapor pressure, this does not affect the ice th
Instead, the thickness of the QLL varies with position alo
the tip. The curvature of the ice surface also shifts the m
ing temperature; but because the ice under the tip has n
tive curvature, the melting point is raised instead of lower
In our indentation experiments, this effect is small excep
very small indentation depths.30 Neither of the other experi
ments has enough macroscopic curvature to shift the me
point significantly, but the roughness of the surfaces co
cause some local changes in melting point.

The thicknesses given in Fig. 9 were all inferred by a
suming that the quasiliquid layer has the viscosity of b
supercooled water. We will discuss below why we belie
that the viscosity of the quasiliquid under our tip is actua
significantly greater than that of bulk supercooled water
this is the case, the actual layer thicknesses in our exp
ments were larger than those inferred, but we do not kn
how much larger. The viscosity of the confined QLL vari
with temperature, so the power-law relationship between
inferred thicknesses and temperature will not remain
same unless the QLL viscosity is proportional to the visc
ity of supercooled bulk water. Assuming that this proportio
13410
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ality occurs,~nonretarded! van der Waals acting alone cann
give us the observed temperature dependence, even in
presence of a shift in melting point due to pressure or cur
ture. Inclusion of electrostatic double layer forces, as in
DLVO theory, may give the proper temperatu
dependence.

30

A. Limitations of viscous model

Our continuum viscous model predicts that the force
quired to obtain an indentation of a given depth should
proportional to the indentation velocity at which it was co
lected. In order to simplify our model, we made several
sumptions which should be quite reasonable if the quas
uid layer is thick enough. The assumption that the interfac
melt layer has an abrupt boundary with the solid ice sho
be valid as long as the QLL is many monolayers thick, sin
the boundary is expected to be only a few monolay
thick.66 Recent simulations of the hydrodynamics of ve
thin layers of Lennard-Jones fluids by Vergeleset al.67 sug-
gest that Stokes’s law remains valid even for layers as thin
5–10 molecular diameters, but the assumption of no slip
the interface may be violated to some extent. Surprising
the force in our experiments is observed to be proportiona
the velocity for temperatures as low as about211 °C, where
the indentations imply QLL thicknesses of only a sing
monolayer and our continuum model should fail.

A closer look at the model assumptions shows that m
effects that we have left out of the model will decrease
QLL thickness inferred and, therefore, do not help us und
stand why our model works so well for very small inferre
thicknesses. For example, we assumed that the thicknes
the QLL is uniform along the tip and is not a function o
pressure of the tip. The effect of the variation of QLL thic
ness with pressure is only important for large indentat
velocities and large indentation depths, and will decrease
force required to push the tip into the ice.30 Decreased force
required to obtain an indentation depth at a given indenta
velocity in the model results in decreased inferred thickne

Violation of the no-slip boundary condition at the QLL
ice or QLL-tip boundaries will also decrease the force
quired to squeeze the quasiliquid from between the tip
the ice. Simulations similar to those of Vergeleset al. have
shown that there is more slippage at nonwetting fluid-so
interfaces than there is at wetting interfaces.68 The effect of
violation of the no slip boundary condition is that less for
is required to obtain an indentation at a given velocity, b
we observe the opposite for our hydrophobic tips. Therefo
we do not believe that slippage has a strong influence on
observations.

As mentioned above, plastic flow may act in parallel
the viscous flow to decrease the force required to indent
ice. While plastic flow may be appreciable at the high
speed indentations, it should be negligible at low spee
Plastic flow, and any other mechanism that acts in paralle
the viscous flow to reduce the force required to indent the
predicted by the model will decrease the thickness of qu
liquid needed to match our observations.

This leaves two possibilities that can explain ability of o
model to fit the observations so well. The first possibility
2-11
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that the viscosity of the layer is much greater than the v
cosity of supercooled water~so that the layer is thicker tha
our estimate and Stokes’s law remains valid for our data!. In
order to increase the thickness of the QLL to the level wh
continuum mechanics should be valid, the viscosity of
quasiliquid would have to increase by at least a factor
three hundred sinceh}h1/3. This increased viscosity may b
due to confinement of the quasiliquid between the tip and
ice, or due to a property of the quasiliquid itself. Significa
enhancement of the viscosity of confined liquids has b
observed for polymers69 and, more recently, in water.70 A
second possibility is that there is no significant viscous la
at these interfaces below21 °C. In this case some other e
fect must be causing the force to be proportional to the
dentation velocity and increasing the (F/v) ratio with inden-
tation depth in such a way our model fits it well using on
one parameter. This second possibility seems unlikely,
we cannot rule it out.

B. Effect of tip properties on QLL thickness

Although measurements with both tips result in about
same power-law dependence of thickness on tempera
thickness of the layer at the interface with the coated tip~C!
is observed to be thinner than that at the interface with
uncoated tip~B!. This was initially surprising to us since w
expected the binding between the water molecules and
tip to be weaker at the interface with the hydrophobic co
ing ~tip C!, allowing them to be more mobile. A possib
explanation for the thicker layer is given by considering t
water in the vicinity of a hydrophobic surface above t
melting point. In this case, the water molecules reori
themselves so that they can hydrogen-bond to one ano
increasing the ordering of the water near the surface over
where hydrogen bonding with the surface is possible.71 If the
QLL behaves this way, some hydrogen bonding with the
may enhance its thickness.

The van der Waals and electrostatic double-layer inte
tions may be more important than the hydrophobic effec
determining the layer thickness in our measurements.
Hamaker constant for the silicon-water-ice interface has b
calculated by Wilenet al. to be about21.66 zJ,20 but the
Hamaker constant for the coated tip is unknown to us.72 Ad-
ditionally, the electrostatic double-layer forces are unkno
for both tips since the amount of impurity and surface cha
has yet to be quantified. In any case, a quantitative comp
son requires knowledge of the viscosity of the quasiliquid

C. Instabilities

Unlike the measurements of Do¨ppenschmidtet al.,45,48

our results in Fig. 7 show little or no variation in jump-i
distance with temperature. There are several possible ex
nations for our observation.~1! There is no QLL at the ice-
vapor interface~since its thickness should have changed w
temperature!. ~2! There is some other force causing t
jump-in that has a longer range than the thickness of
layer at the temperatures studied.~3! The sample rate of ou
instrument is not fast enough to observe the thickness of
layer before the ice under the tip has responded to the p
13410
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ence of the new interface.~4! The tip jumps into the QLL,
but comes into mechanical equilibrium in the quasiliquid a
does not initially reach the ice surface. Case~4! can be elimi-
nated because we observe the same jump in distances
both tips, and the larger capillary forces from the QL
should give us a larger constant value for the uncoated ti
this were true. Additionally, other experiments3–8 have
shown that there is a QLL at the ice-vapor interface so c
~2! or ~3! seems most likely.

Our acquisition rates are at least as fast as those of D¨p-
penschmidtet al.45,48 and they measure larger jump-in di
tances than we do, suggesting that the adhesive forces
tween their tip and sample pull the tip through any QLL in
the ice and begin to deform the ice before they can colle
second data point. This effect is dependent on tempera
because the ice is easier to indent at higher temperatures
observed increase in indentation depth at zero meas
force with temperature given in Fig. 7 shows that the attr
tive forces between the tip and the sample are large eno
to cause indentation even with relatively stiff cantileve
The main difference between our measurements and thos
Döppenschmidtet al.45,48 is that our cantilevers are about
factor of 10 stiffer than theirs. Stiffer cantilevers decrease
force exerted on the sample by the tip-sample adhe
forces immediately following jump-in. Interpretation o
jump-in distances as a measure of the thickness of the Q
should be done with caution.

D. Comparison to recent work by Butt et al.

After submission of this manuscript, Buttet al.73 pub-
lished velocity dependent indentation data for ice samp
grown from liquid water rapidly frozen on mica and mai
tained in air at 80% relative humidity. They used silico
nitride cantilevers of approximately two times larger end
dius of curvature and 40 times smaller spring constant t
the silicon cantilevers used for our tipsB andC. Butt et al.
assumed that a linear slope for the cantilever deflection
sus sample position observed at their highest forces co
sponded to the lack of additional tip penetration into the i
Such an assumption is definitely not satisfied for our da
For example, the data presented in our Fig. 2 indicate lin
deflection versus sample position, while the indentation
shown in our Fig. 3 to be increasing throughout the appro
curve. Because Buttet al. deduced much smaller indenta
tions at their much smaller applied forces, they fit the m
sured profile of their tips to a parabolic shape. They a
assumed a constant attractive capillary force of 30 nN
their data fitting.

Butt et al.analyzed their data with a hydrodynamic mod
similar to that presented by us here and previously,74 as well
as with an extended plastic deformation model that assu
that tip penetration was limited by a ‘‘melting’’ rate linearl
proportional to the difference between the actual press
and the yield pressure.~Unfortunately, they were unable t
relate the constant of proportionality for the ‘‘melting’’ rat
of the extended plastic deformation model to any kno
material property.! By adjusting parameters in their model
they were able to obtain approximate fits to their indentat
data at different sample velocities with either model.
2-12
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Butt et al. rejected the hydrodynamic model because
viscosity needed to fit their data was at least 100 tim
greater than that of supercooled liquid water if an interfac
thickness of one monolayer was assumed. Their values
the mobility parameterh3/12h are appreciably smaller tha
those deduced from our data. For example, for our tipB near
210 °C, our Table II impliesh3/12h53.3310228m4s/kg, a
factor of 36 greater than the value given by Buttet al. for
their Fig. 10@assuming their numbers are in m4s/kg instead
of their stated unit of m4/kg-s#. This difference in mobility
parameter could be due to the different nature of the silic
nitride-ice interface and/or to assumptions made in interp
ing their measurements.
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APPENDIX A

As the indentation is formed beneath the tip, some of
ice is displaced to the surface in the form of quasiliqu
Assuming that pressure and curvature at the interface u
the tip do not cause the thickness of the layer to vary sign
cantly, and that the ice is converted to quasiliquid mu
more rapidly than the indentation process, the thicknes
the interfacial melt layer between the tip and the ice will
approximately uniform along the tip.30 Conservation of vol-
ume and mass then gives us the average flow velocity in
quasiliquid some distance from the end of the tip. Using t
average flow velocity and assuming Newtonian flow with
no-slip condition at the melt-ice and melt-tip boundaries,
Navier-Stokes equation gives the pressure in the liquid a
function of position. The pressure and the flow velocity c
then be related to normal and tangential forces on the tip

The axial symmetry of the problem causes the total fo
on the tip to cancel except in thez direction ~parallel to the
.

,
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axis of the tip!. Integrating thez component of the force pe
unit area (f z) from the end of the tip to the region where th
ice, vapor, and tip meet, we can obtain the total force on
tip:

F5E
0

2pE
0

z

f z~z!g~z!Ag8211dzdu

52pE
0

zF2
h

2

]P~z!

] l
1

h

h
v1g8~z!P~z!Gg~z!dz,

~A1!

where h is the thickness of the quasiliquid layer:h is its
viscosity; g(z) is the tip profile given by Eq.~1!, g8(z)
[]g(z)/]z; l is the distance from the end of the tip alon
the surface of the tip;z is the indentation depth;v is the
indentation velocity; andP(z) is the pressure. This can b
broken into a contribution from the drag force on the
(Fz

d) and from the pressure (Fz
P):75

Fz
P5212p

rs

r l

h

h3 vE
0

z

dzg~z!g8~z!

3E
z

z

dz8g~z8!Ag8~z8!211 ~A2!

and

Fz
d52p

h

h
vE

0

z

dzS 3

h

rs

r l
g~z!21g~z! D . ~A3!

In our experiments, the conditions are such thatFz
d is much

less thanFz
P , so a good approximation to Eq.~A1! is given

by

F

v
'

Fz
P

v
5S h

h3DF~z!, ~A4!

where F(z) is a function of tip geometry and indentatio
depth@see Eq.~A2!#.
*Electronic address: fain@phys.washington.edu
1J. G. Dash, H. Y. Fu, and J. S. Wettlaufer, Rep. Prog. Phys.58,

115 ~1995!.
2V. F. Petrenko and R. W. Whitworth,Physics of Ice~Oxford

University Press, New York, 1999!.
3I. Golecki and C. Jaccard, Phys. Lett. A63, 374 ~1977!.
4D. Beaglehole and D. Nason, Surf. Sci.96, 357 ~1980!.
5Y. Furukawa, M. Yamamoto, and T. Kuroda, J. Cryst. Growth82,

665 ~1987!.
6M. Elbaum, S. G. Lipson, and J. G. Dash, J. Cryst. Growth129,

491 ~1993!.
7H. Dosch, A. Lied, and J. H. Bilgram, Surf. Sci.327, 145~1995!.
8H. Dosch, A. Lied, and J. H. Bilgram, Surf. Sci.366, 43 ~1996!.
9K. M. Cuffey, H. Conway, B. Hallet, A. M. Gades, and C. F

Raymond, Geophys. Res. Lett.26, 751 ~1999!.
10J. J. de Koning, G. de Groot, and G. J. van Ingen Schenau

Biomech.25, 565 ~1992!.

J.

11I. A. Ryzhkin and V. F. Petrenko, J. Phys. Chem. B101, 6267
~1997!.

12R. R. Gilpin, J. Colloid Interface Sci.77, 435 ~1980!.
13J. S. Wettlaufer, M. G. Worster, L. A. Wilen, and J. G. Dash,

Phys. Rev. Lett.76, 3602~1996!.
14L. A. Wilen and J. G. Dash, Phys. Rev. Lett.74, 5076~1995!.
15T. Ishizaki, M. Maruyama, Y. Furukawa, and J. G. Dash, J. Cryst.

Growth 163, 455 ~1996!.
16M. Elbaum, Ph.D. thesis, University of Washington, 1991.
17Y. Furukawa~private communication with S. C. Fain, Jr.!, data

initially presented@as presented in Ref. 5# in 1987.
18H. Dosch~private communication with S. C. Fain, Jr.!, data ini-

tially presented@as presented in Ref. 7# in 1995.
19D. Beaglehole and P. Wilson, J. Phys. Chem.98, 8096~1994!.
20L. A. Wilen, J. S. Wettlaufer, M. Elbaum, and M. Schick, Phys.

Rev. B52, 12 426~1995!.
21J. S. Wettlaufer, Phys. Rev. Lett.82, 2516~1999!.
2-13



.

nd

ds

. C
ol

on

J

ff

ob
a

ft
ur
in
to
ta

nt

R

.
o

. B

,

on,

e
,

-

of
las-

ts
-

e

6

es.

the
ree

ys.

ed
a
ctro-
and

ro-
ption

uld
the

B. PITTENGERet al. PHYSICAL REVIEW B 63 134102
22S. S. Barer, V. I. Kvlividze, A. B. Kurzaev, V. D. Sobolev, and N
V. Churaev, Dokl. Akad. Nauk SSSR235, 701 ~1977!.

23S. S. Barer, N. V. Churaev, B. V. Derjaguin, O. A. Kiseleva, a
V. D. Sobolev, J. Colloid Interface Sci.74, 173 ~1980!.

24N. V. Churaev, S. A. Bardasov, and V. D. Sobolev, Colloi
Surf., A 79, 11 ~1993!.

25P. Barnes, Ph.D. thesis, University of Cambridge, 1968.
26V. F. Petrenko, J. Phys. Chem. B101, 6276~1997!.
27C. R. Slaughterbeck, E. W. Kukes, B. Pittenger, D. J. Cook, P

Williams, V. L. Eden, and S. C. Fain, Jr., J. Vac. Sci. Techn
A 14, 1213~1996!.

28C. R. Slaughterbeck, Ph.D. thesis, University of Washingt
1996.

29B. Pittenger, D. J. Cook, C. R. Slaughterbeck, and S. C. Fain,
J. Vac. Sci. Technol. A16, 1832~1998!.

30B. Pittenger, Ph.D. thesis, University of Washington, 2000.
31Y.-S. Lo, N. D. Huefner, W. S. Chan, P. Dryden, B. Hagenho

and T. P. Beebe, Jr., Langmuir15, 6522~1999!.
32T. Eastman and D.-M. Zhu, J. Colloid Interface Sci.172, 297

~1995!.
33D. Sarid,Scanning Force Microscopy~Oxford University Press,

New York, 1991!.
34The dip in measured force at the beginning of the retract is pr

ably due to frictional forces on the tip which cause a torque
the end of the cantilever. This torque changes sign shortly a
the direction of sample motion is changed, causing the meas
force to increase slightly. Additionally, there is a slight shift
sample position due to the inability of a quadratic function
perfectly describe the response of the piezo to an applied vol
~Ref. 30!.

35M. Jaschke and H.-J. Butt, Rev. Sci. Instrum.66, 1258~1995!.
36D. Tabor,The Hardness of Metals~Oxford University Press, Lon-

don, 1951!.
37N. P. D’Costa and J. H. Hoh, Rev. Sci. Instrum.66, 5096~1995!.
38Ultralever batch 006-014 or 017-043. Park Scientific Instrume

1171 Borregas Ave., Sunnyvale, CA 94089.
39J. M. Neumeister and W. A. Ducker, Rev. Sci. Instrum.65, 2527

~1994!.
40R. Luginbuehl, A. Szuchmacher, M. D. Garrison, J.-B. Lhoest,

M. Overney, and B. D. Ratner, Ultramicroscopy82, 314~2000!.
41A. W. Adamson,Physical Chemistry of Surfaces~Interscience,

New York, 1964!.
42B. N. Lucas, W. C. Oliver, G. M. Pharr, and J.-L. Loubet, inThin

films: Stresses and Mechanical Properties VI, edited by W. W.
Gerberic, H. Gao, J.-E. Sundgren, and S. P. Baker~Mater. Res.
Soc. Symp. Proc. 1997!, Vol. 436, pp. 233–238.

43A. de Lazeer, M. Dreter, and H. J. Rath, Langmuir15, 4551
~1999!.

44A. W. Rempel~private communication!.
45A. Döppenschmidt and H.-J. Butt, Langmuir16, 6709~2000!.
46C. M. Mate, M. R. Lorenz, and V. J. Novotny, J. Chem. Phys.90,

7550 ~1989!.
47O. Nickolayev and V. F. Petrenko, inEvolution of Thin Film and

Surface Structure and Morphology, edited by B. G. Demczyk, E
Garfunkel, B. M. Clemens, E. D. Williams, and J. J. Cuom
~Mater. Res. Soc. Symp. Proc. 1995!, Vol. 355, pp. 221–226.
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