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Reported here is the first observation of the tunneling surface diffusion of a hydrogen (H) atom on water
ice. Photostimulated desorption and resonance-enhanced multiphoton ionization methods were used to
determine the diffusion rates at 10 K on amorphous solid water and polycrystalline ice. H-atom diffusion on
polycrystalline ice was 2 orders of magnitude faster than that of deuterium atoms, indicating the occurrence
of tunneling diffusion. Whether diffusion is by tunneling or thermal hopping also depends on the diffusion
length of the atoms and the morphology of the surface. Our findings contribute to a better understanding of
elementary physicochemical processes of hydrogen on cosmic ice dust.
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The diffusion of hydrogen (H) atoms, the most abundant
element in the Universe, has attracted the interest of
researchers in various fields such as material and vacuum
sciences, geoscience, and astrochemistry. Given that H and
deuterium (D) atoms exhibit a prominent wave nature at
low temperatures, their diffusion by quantum tunneling on
solids has received significant attention. In particular, the
tunneling diffusion of H atoms on water ice has been often
investigated theoretically because of its relevance to
astronomy and astrochemistry [1–3]. In interstellar molecu-
lar clouds, where the temperatures are as low as 10 K, H2

molecules are formed on the surface of cosmic ice dust by
the barrierless recombination reaction following H-atom
diffusion: Hþ H → H2. Therefore, the diffusion process is
of key importance for our understanding of H2 formation in
space. Theoretical models often assume tunneling diffusion
of H atoms in addition to classical thermal hopping [4–11],
but have lacked supporting experimental evidence.
Many experimental attempts to observe tunneling dif-

fusion of H atoms on single crystalline metal surfaces have
been successful; they have mostly employed field emission
microscopy and scanning tunneling microscopy [12–14].
Evidence of tunneling diffusion is typically provided by the
observation of the diffusion rate being temperature inde-
pendent. Therefore, diffusion rates need to be monitored
over a wide range of temperatures that includes the
transition from classical thermal hopping (Arrhenius-type
temperature dependence) to tunneling diffusion (temper-
ature independent). Such transition temperatures for metals
have been determined to span the range of 60–140 K
[12–15]. Unlike on metallic surfaces, H atoms readily
desorb from water ice at low temperatures below 20 K [16].
Therefore, the temperature window in which diffusion
occurs is too narrow to allow measurement of its surface-
temperature dependence. Consequently, it is not easy to
monitor the migration of H atoms in situ on water ice, nor
the transition from classical thermal hopping to tunneling
diffusion.

Water ice is stable in two morphological structures at
around 10 K in a vacuum; i.e., as amorphous solid water
(ASW) and polycrystalline ice (PCI). The diffusion of H
and D atoms on ASW has been studied based on temper-
ature-programmed desorption (TPD) experiments: the
measured TPD spectra of HD or D2 reflect the diffusive
recombination of atomic H and D [17–22]. However, there
have been no reports of diffusion on PCI. The PCI surface
consists of small pieces of a single crystal, with many steps
and grain boundaries [23]. The diffusion mechanism should
depend on the migration distance, that is, tunneling
diffusion may occur for a short distance within each single
crystal, whereas it should be highly suppressed for long-
distance diffusion beyond the steps and boundaries. In
addition, TPD experiments are not appropriate to clarify the
diffusion process on ASW and PCI, because the shapes of
the TPD spectra pertaining to ASW and PCI are charac-
terized by diffusion and desorption from various potential
sites, unlike for single crystalline surfaces, which requires
analysis of multiparameter fits [16,24]. An alternative
approach to TPD is desirable for studying tunneling
diffusion on amorphous and polycrystalline surfaces.
We recently developed a novel experimental design to

study the surface diffusion of H and D atoms: the system
combines photostimulated desorption (PSD) and resonance-
enhanced multiphoton ionization (REMPI) [25,26]. We
measured the attenuation rates of the H- or D-atom signals
owing to diffusion-limited recombination, after atomic
deposition on ASWat 8 K. Only a weak isotope dependence
of the diffusion rate was found, and the results can be
explained by classical thermal hopping [26]. However, we
could not measure the attenuation of H or D atoms on the
PCI surface, because the diffusion was too rapid to be
monitored after the deposition had stopped. This fast
diffusion rate suggests that shallow potential sites dominate
the PCI surface, where tunneling diffusion may be notice-
able. The motivation of the present study is to clarify
whether tunneling diffusion is observable on ASW and
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PCI. The present experiment explores the isotope effects on
surface diffusion of atoms during atomic deposition for a
wide range of fluxes F (1012–1015 atoms cm−2 s−1) to
evaluate the possibility of quantum tunneling. By changing
the flux, we control effectively the distance between atoms
on the surface and thus the encounter rate. Here we report,
for the first time, experimental evidence of quantum-
tunneling diffusion on PCI. Surface diffusion on ASW
was predominantly found to be by thermal hopping,
although tunneling diffusion may also partly contribute to
the observed recombination rate.
The basis of the present experiment is as follows. When

H atoms are continuously deposited onto a surface, the
surface number density of H atoms [H] in steady state
should obey

psF ¼ kHþH½H�2 þ kdes½H�; ð1Þ

where F, ps, kHþH, and kdes are the atomic flux, the atomic
sticking coefficient, and the rate constants of Hþ H
recombination and of monoatomic desorption, respectively.
At sufficiently low temperatures, kdes½H� can be negligible
[27]. We have previously shown that monoatomic desorp-
tion from ASW can be neglected at 8 K because the rate of
diffusive recombination of H atoms absorbed on ASW at
8 K is much larger than the monoatomic desorption rate
during and after atomic deposition; i.e., kHþH½H�2 ≫
kdes½H� [26]. In Eq. (1), the term due to recombination
by the Eley-Rideal (ER) process where an incoming atom
from the gas phase directly hits an adsorbed atom on the
surface is not included because of the reason discussed
later. A number of molecular dynamics (MD) calculations
have reported that the sticking probability of H atoms with
low incident energy (100 K) is near unity at 10 K on both
ASW and PCI [27–29]. Another MD calculation also
showed that the difference in sticking coefficients between
H and D atoms is very small when the kinetic temperature
of H and D atoms impinging is around 100 K [30].
Therefore, it is reasonable to assume that ps;D=ps;H ≈ 1.
When the fluxes of H and D atoms are almost identical in
separate experiments, the ratio of the surface number
density of H and D atoms ½D�=½H� can be expressed
simply as

½D�
½H� ≈

ffiffiffiffiffiffiffiffiffiffi

kHþH

kDþD

s

: ð2Þ

Given that recombination is a radical-radical barrierless
reaction, the recombination rates are limited by the dif-
fusion of the adsorbed atoms. Therefore, we can derive the
ratio of the diffusion rates from that of the surface number
densities of the H and D atoms in steady state during the
continuous deposition of atoms.
The experimental apparatus was described elsewhere

[25,26] (also, see Supplemental Material [31]). Briefly, the

ASW and PCI samples were produced by H2O vapor
deposition through a capillary plate onto a mirror-polished
aluminum (Al) substrate at 15 and 145 K, respectively. The
column densities of ASW and PCI were estimated to be
approximately 2 × 1016 molecules cm−2 using the absorp-
tion coefficient reported in the literature [32]. For reference,
the coverage of unity corresponds to about 1.0 ×
1015 molecules cm−2 on the surface of hexagonal ice,
considering the relevant lattice parameters [33]. The sample
was recooled and maintained at 10 K during atomic
deposition. The H (D) atoms were produced through
dissociation of H2 (D2) gas in microwave-induced plasma
in a water-cooled Pyrex tube in a differentially pumped
atomic source chamber. The atoms were subsequently
cooled to ∼100 K by passing them through the cold Al
pipe, and continuously deposited onto the sample surfaces.
The flux of atoms was controlled to fall in the range of
4.9 × 1012–7.9 × 1014 atoms cm−2 s−1 by inserting aper-
tures with diameters of 0.5, 1, 2, and 4 mm before the
Al-pipe entrance and also removing a PTFE pipe attached
between the Pyrex tube and the Al pipe. To estimate the
atomic fluxes, we first estimated the flux of the H2

molecular gas from the atomic source without microwave
discharge by a cold cathode gauge and also simultaneously
monitored the signals of H2 (v ¼ 0; J ¼ 1) just above the
aluminum substrate at room temperature by the REMPI
technique. The base pressure in the sample chamber started
at 10−8 Pa and increased to 10−4 Pa during atomic dep-
osition. Subsequently, the decrease of H2 in the REMPI
signals during H-atom production was measured when the
microwave was switched on for the same gas-flow rate,
thus yielding the H-atom flux. In this measurement,
recombinative desorption from the aluminum substrate
was negligible. Using the REMPI method, we also con-
firmed that the fluxes of H and D atoms were identical by
directly measuring the gaseous atoms originating from the
atomic source.
The H or D atoms adsorbed on the surface were photo-

desorbed by weak PSD laser radiation at a wavelength of
532 nm with a beam diameter of approximately 1.5 mm
(0.3–0.4 mJ pulse−1 at 10 Hz). The atoms desorbed into
vacuum were selectively ionized by a 2þ 1 REMPI laser at
1 mm above the ice surface, and further analyzed by a time-
of-flight method. The REMPI employed the two-photon
2sð2S1=2Þ ← 1sð2S1=2Þ transition and also the weaker
3sð2S1=2Þ or 3dð2D3=2;5=2Þ ← 1sð2S1=2Þ transition to avoid
signal saturation for the lower and higher fluxes, respectively
[34,35]. The PSD-REMPI signals were recorded at three
different REMPI wavelengths on a resonance peak as a
function of delay time between the PSD and REMPI lasers to
detect all the atoms with various kinetic energies. We
previously confirmed that the H- and D-signal intensities
are proportional to the number densities of the H and D
atoms present on the ice surface and that the PSD laser does
not cause any undesired heating or energetic processes [25].
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Figure 1 shows the typical delay-time spectra of
PSD-REMPI signals obtained from the ASW and PCI
surfaces during continuous H or D atomic deposition.
Each data point is the sum of signals obtained at three
different REMPI wavelengths. The spectra were reproduced
by a single Maxwell-Boltzmann distribution with a transla-
tional temperature T trans of 25–50 K which corresponds to
0.4–0.8 kJmol−1, assuming a translational energy of
2kBT trans [36–39]. These low energies indicate that the
PSD laser did not induce undesired heating of the surface
[26]. We confirmed that the signal intensities increased
linearly as the power of the 532 nm photodesorption laser
increased to 0.6 mJpulse−1 (see Supplemental Material
[31]). The absorption coefficient of water ice is known to
be negligibly small for photons at 532 nm [40], and the PSD-
REMPI signal intensity decreased as the ice thickness
increased, and almost disappeared for 316 L deposition
(1 L ¼ 10−6 torr × 1 s) [26]. Hence, photodesorption may
be induced from the Al surface; propagation of phonons
from the substrate is a possible source. In Fig. 1, the PSD-
REMPI signal intensities of the D atoms are approximately
twice stronger than those of the H atoms for a low atomic
flux of 1.7 × 1013 atoms cm−2 s−1 for both ASW and PCI.
Remarkably, the D=H ratio increases with increasing atomic
flux, particularly on PCI. Figure 2 shows the ratios of the

D=H signal intensities obtained by summing the delay-time
spectra as a function of the flux of H (D) atoms. The error
bars pertaining to the x axis in Fig. 2 are dominated by the
statistical errors of the H2 intensities in the REMPI signals
used for estimating the atomic fluxes. The D=H ratio
strongly depends on the atomic fluxes, especially on the
PCI surface, and it exhibits a strong dependence on structure
(amorphous versus polycrystalline). From Eq. (2), this result
indicates that the relative diffusion efficiency of D and H
atoms followed by recombination is strongly affected by the
atomic fluxes, as well as by the ice-surface structure, and that
the isotope effect becomes significant on the PCI surface at
higher atomic fluxes.
We first consider the ½D�=½H� ratio expected when surface

diffusion of H (D) atoms is limited to thermal hopping.
Given that the recombination reaction is a radical-radical
barrierless reaction, its rate kHþH for H atoms is dominated
by H-atom diffusion and can be expressed as

kHþH ¼ sνH expð−Ediff;H=kBTÞ; ð3Þ

where s is the unit area of the surface site, ν is the frequency
factor, and Ediff is the diffusion activation energy of the
atoms [41]. Here, ν is generally proportional to the inverse
of the square root of the mass when the mass of diffusing
particle is significantly smaller than that of surface mol-
ecule [42,43]. Therefore by adopting Eq. (3), Eq. (2) can be
rewritten as

(a) (b)

(c) (d)

FIG. 1 (color online). Delay-time spectra of photodesorbed H
(gray line) and D (black line) atoms from ices at 10 K: (a) ASW,
(b) PCI for the atomic flux of 1.7 × 1013 atoms s−1, (c) ASW, (d)
PCI for the atomic flux of 7.9 × 1014 atoms s−1. The red lines are
fits to the data derived assuming Maxwell-Boltzmann distribu-
tions with translational temperatures in range 25–50 K for the
spectra of the H and D atoms.
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FIG. 2. Upper: D=H signal intensity ratio of the delay-time
spectra as a function of the flux of H (D) atoms, obtained from the
PCI (open triangles) and ASW (filled circles) surfaces. The right
Y axis is the ratio of surface diffusion rates calculated from
Eq. (2). The shaded area represents the thermal-diffusion domi-
nated region derived from Eq. (4). Lower: enlarged view in the
low flux region.
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½D�
½H� ≈

ffiffiffiffiffiffiffiffiffiffi

kHþH

kDþD

s

≈ ½
ffiffiffi

2
p

expðΔEdiff;D-H=kBTÞ�1=2; ð4Þ

where ΔEdiff;D-H ¼ Ediff;D − Ediff;H. In practice, ΔEdiff;D-H
is the zero-point energy difference for thermal hopping
between H and D atoms and causes a semiclassical kinetic
isotope effect (KIE) for thermal hopping. We previously
reported a small KIE in relation to the surface diffusion of
H and D atoms on ASW at 8 K, and activation energies of
22 and 23 meV for H- and D-atom diffusion, respectively
[26]. Substituting the difference of the activation energies
ΔEdiff;D-H ¼ 1 meV into Eq. (4) gives ½D�=½H� ≈ 2.12, and
thus kHþH=kDþD ∼ 4.5 at 10 K. As shown in Figs. 1 and 2,
the D=H ratios for both PCI and ASW in low atomic flux
conditions (<5 × 1013 cm−2 s−1) are consistent with this
value, indicating that the observed diffusion is limited
by thermal hopping. In contrast, at higher atomic fluxes
the D=H ratio—particularly for PCI—increases to ∼10.
According to Eq. (2), a ½D�=½H� of ∼10 corresponds to
kHþH=kDþD ≈ 100. This large KIE cannot be explained
by thermal hopping, and is clear evidence of quantum-
tunneling diffusion of atoms on the PCI surface. The D=H
ratios for ASW remain around 4 (i.e., kHþH=kDþD ≈ 16) for
high atomic fluxes of 1.5 × 1014–7.9 × 1014 cm−2 s−1.
These values are much smaller than those for PCI.
Although the increase of the D=H values implies the
coexistence of quantum tunneling and thermal diffusion,
thermal hopping may still be the dominant mechanism
controlling the surface diffusion of H and D atoms on the
ASW surface because of poor energy-level matching in
irregular potentials [1–3]. The observed flux dependence of
the PCI diffusion mechanism can be explained as follows
(see also Fig. 3). For lower fluxes, the average distance

between adatoms is significant and, therefore, each atom is
required to move a long distance across the steps and
boundaries to encounter a reaction partner. This limits
diffusion by thermal hopping at irregular potential sites. On
the other hand, at higher fluxes, the reaction partners would
always be located nearby within the single crystals, and
thus recombination can occur, as a result of tunneling
diffusion. The present results are consistent with the
theoretical prediction of Smoluchowski, who proposed
that diffusion by quantum tunneling is suppressed on
ASW because of the nonperiodic potential [1–3], while
on PCI surfaces H atoms would spread instantaneously to
their boundaries through quantum tunneling and become
localized there [3].
We confirmed that the ER process and the “hot-atom”

mechanism (i.e., the transient migration of incident atoms
before fully thermalized on the surface) did not affect the
recombination rate in the present experiment. When the H
atoms were deposited with the different incident kinetic
energies corresponding to 60 and 300 K controlled by
varying the temperature of the Al pipe in the atomic gas line
[44], the recombination rates were independent from the
kinetic energy (see Supplemental Material [31]). Since both
the ER and hot atom processes should depend on the
kinetic energy, we conclude that these processes are
negligible in the present experiment. MD calculations
showed that the average distance relevant to hot-atom
migration is approximately 10 and 25 Å for incident kinetic
temperatures of 60 and 300 K, respectively [27]. This
suggests that the H atoms on the PCI surface
are individually distributed across an area in excess of
πð25 ÅÞ2 ¼ 2 × 10−13 cm2 in the present study. In other
words, the H atoms diffuse over more than ð2 × 10−13Þ ×
ð1 × 1015Þ ¼ 200 sites to recombine following tunneling
diffusion. We also examined the effect of coexisting
molecules on the diffusion. Although the dissociation
fraction in our atomic source is as high as 70%–80%,
[25,26] undissociated H2 (D2) from the source and residual
H2 gas still remained in the chamber. We codeposited atoms
on ASWand PCI with additional H2 or D2 gas from another
gas line. The resulting ratios of the H and D intensities
were almost independent of the gas pressure (see
Supplemental Material [31]), indicating that the presence
of molecules barely affects the diffusion mechanism of
atoms on the ice surfaces.
In conclusion, the surface number densities of H and

D atoms on ice surfaces were monitored in the steady state,
where the deposition of incoming atoms balances their
loss through diffusive recombination at 10 K. For the PCI
surface, the ½D�=½H� number density ratios increase sig-
nificantly up to ∼10with increasing flux, indicating that the
surface diffusion of H atoms is 100 times faster than that of
D atoms, which cannot be explained by classical thermal
hopping. This is the first experimental evidence of quan-
tum-tunneling diffusion on the PCI surface. For the ASW

Rate-limiting step
(Thermal diffusion)

Rate-limiting step
(Tunneling diffusion)

(a)

(b)

Tunneling diffusion

Rate-limiting step
(Tunneling diffusion)

FIG. 3 (color online). Schematic illustration of the diffusion of
atoms on a surface for (a) low atomic coverage and (b) high
atomic coverage. For lower fluxes, the average distance between
adatoms is significant [case (a)] and, therefore, each atom is
required to migrate a long distance across the steps and
boundaries to encounter its reaction partner. For higher fluxes,
adatoms locate nearby and thus can encounter through the
tunneling diffusion.
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surface, tunneling diffusion may partly contribute to the
recombination rate, but the diffusion is predominantly
thermal hopping given the smaller KIE than that observed
on PCI.

We thank Dr. Hiroshi Hidaka and Dr. Yasuhiro Oba of
the Institute of Low Temperature Science, Hokkaido
University, Japan, for fruitful discussions. This work was
supported by JSPS KAKENHI Grant No. 24224012.

*Present address: Yokohama National University, Tokiwadai,
Hodogaya, Yokohama 240-8501 Japan.

†Corresponding author.
watanabe@lowtem.hokudai.ac.jp

[1] R. Smoluchowski, Astrophys. Space Sci. 65, 29 (1979).
[2] R. Smoluchowski, Astrophys. Space Sci. 75, 353 (1981).
[3] R. Smoluchowski, J. Phys. Chem. 87, 4229 (1983).
[4] R. J. Gould and E. E. Salpeter, Astrophys. J. 138, 393 (1963).
[5] D. Hollenbach and E. E. Salpeter, J. Chem. Phys. 53, 79

(1970).
[6] A. G. G. M. Tielens and W. Hagen, Astron. Astrophys. 114,

245 (1982).
[7] T. I. Hasegawa, E. Herbst, and C. M. Leung, Astrophys. J.

Suppl. Ser. 82, 167 (1992).
[8] S. Cazaux and A. Tielens, Astrophys. J. 604, 222 (2004).
[9] S. Cazaux and a. G. G. M. Tielens, Astrophys. J. 715, 698

(2010).
[10] W. Iqbal, K. Acharyya, and E. Herbst, Astrophys. J. 751, 58

(2012).
[11] L. Reboussin, V. Wakelam, S. Guilloteau, and F. Hersant,

Mon. Not. R. Astron. Soc. 440, 3557 (2014).
[12] A. Zangwill, Physics at Surfaces (Cambridge University

Press, New York, 1988).
[13] R. Gomer, Rep. Prog. Phys. 53, 917 (1990).
[14] L. J. Lauhon and W. Ho, Phys. Rev. Lett. 85, 4566 (2000).
[15] C. Z. Zheng, C. K. Yeung, M.M. T. Loy, and X. Xiao, Phys.

Rev. Lett. 97, 166101 (2006).
[16] T. Hama and N. Watanabe, Chem. Rev. 113, 8783 (2013).
[17] G. Manico, G. Raguni, V. Pirronello, J. E. Roser, and

G. Vidali, Astrophys. J. 548, L253 (2001).
[18] L. Hornekaer, A. Baurichter, V. V. Petrunin, D. Field, and

A. C. Luntz, Science 302, 1943 (2003).
[19] V. Pirronello, G. Manicó, J. Roser, and G. Vidali, in ASP

Conference Series 309, Astrophysics of Dust, edited by
A. N. Witt, G. C. Clayton, and B. T. Draine (ASP,
San Francisco, CA, 2004), pp. 529–544.

[20] H. B. Perets, O. Biham, G. Manico, V. Pirronello, J. Roser,
S. Swords, and G. Vidali, Astrophys. J. 627, 850 (2005).

[21] G. Vidali, J. Low Temp. Phys. 170, 1 (2013).
[22] G. Vidali, Chem. Rev. 113, 8762 (2013).
[23] K. Thürmer and N. C. Bartelt, Phys. Rev. B 77, 195425

(2008).
[24] J. He and G. Vidali, Faraday Discuss. 168, 517 (2014).
[25] N. Watanabe, Y. Kimura, A. Kouchi, T. Chigai, T. Hama,

and V. Pirronello, Astrophys. J. 714, L233 (2010).
[26] T. Hama, K. Kuwahata, N. Watanabe, A. Kouchi, Y.

Kimura, T. Chigai, and V. Pirronello, Astrophys. J. 757,
185 (2012).

[27] A. Al-Halabi and E. F. van Dishoeck, Mon. Not. R. Astron.
Soc. 382, 1648 (2007).

[28] A. Al-Halabi, A. W. Kleyn, E. F. van Dishoeck, and G. J.
Kroes, J. Phys. Chem. B 106, 6515 (2002).

[29] V. K. Veeraghattam, K. Manrodt, S. P. Lewis, and P. C.
Stancil, Astrophys. J. 790, 4 (2014).

[30] V. Buch and Q. Zhang, Astrophys. J. 379, 647 (1991).
[31] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.115.133201 for details
on the experimental apparatus and method, and additional
measurements.

[32] W. Hagen, A. G. G. M. Tielens, and J. M. Greenberg, Chem.
Phys. 56, 367 (1981).

[33] V. F. Petrenko and R.W. Whitworth, Physics of Ice (Oxford
University Press, New York, 1999).

[34] V. Zumbach, J. Schäfer, J. Tobai, M. Ridder, T. Dreier, T.
Schaich, J. Wolfrum, B. Ruf, F. Behrendt, O. Deutschman,
and J. Warnatz, J. Chem. Phys. 107, 5918 (1997).

[35] R. Quandt, X. Wang, Z. Min, H. L. Kim, and R. Bersohn,
J. Phys. Chem. A 102, 6063 (1998).

[36] F. Zimmermann andW. Ho, J. Chem. Phys. 100, 7700 (1994).
[37] F. M. Zimmermann and W. Ho, Surf. Sci. Rep. 22, 127

(1995).
[38] A. Yabushita, Y. Hashikawa, A. Ikeda, M. Kawasaki, and

H. Tachikawa, J. Chem. Phys. 120, 5463 (2004).
[39] T. Hama, A. Yabushita, M. Yokoyama, M. Kawasaki, and

S. Andersson, J. Chem. Phys. 131, 054508 (2009).
[40] T. C. Grenfell and D. K. Perovich, J. Geophys. Res. 86,

7447 (1981).
[41] O. Biham, I. Furman, V. Pirronello, and G. Vidali,

Astrophys. J. 553, 595 (2001).
[42] H. R. Glyde, Phys. Rev. 180, 722 (1969).
[43] D. M. Rockmore and R. E. Turner, Physica (Utrecht) 29,

873 (1963).
[44] A. Nagaoka, N. Watanabe, and A. Kouchi, J. Phys. Chem. A

111, 3016 (2007).

PRL 115, 133201 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

25 SEPTEMBER 2015

133201-5

http://dx.doi.org/10.1007/BF00643487
http://dx.doi.org/10.1007/BF00648648
http://dx.doi.org/10.1021/j100244a050
http://dx.doi.org/10.1086/147654
http://dx.doi.org/10.1063/1.1673836
http://dx.doi.org/10.1063/1.1673836
http://dx.doi.org/10.1086/191713
http://dx.doi.org/10.1086/191713
http://dx.doi.org/10.1086/381775
http://dx.doi.org/10.1088/0004-637X/715/1/698
http://dx.doi.org/10.1088/0004-637X/715/1/698
http://dx.doi.org/10.1088/0004-637X/751/1/58
http://dx.doi.org/10.1088/0004-637X/751/1/58
http://dx.doi.org/10.1093/mnras/stu462
http://dx.doi.org/10.1088/0034-4885/53/7/002
http://dx.doi.org/10.1103/PhysRevLett.85.4566
http://dx.doi.org/10.1103/PhysRevLett.97.166101
http://dx.doi.org/10.1103/PhysRevLett.97.166101
http://dx.doi.org/10.1021/cr4000978
http://dx.doi.org/10.1086/319116
http://dx.doi.org/10.1126/science.1090820
http://dx.doi.org/10.1086/430435
http://dx.doi.org/10.1007/s10909-012-0744-y
http://dx.doi.org/10.1021/cr400156b
http://dx.doi.org/10.1103/PhysRevB.77.195425
http://dx.doi.org/10.1103/PhysRevB.77.195425
http://dx.doi.org/10.1039/C3FD00113J
http://dx.doi.org/10.1088/2041-8205/714/2/L233
http://dx.doi.org/10.1088/0004-637X/757/2/185
http://dx.doi.org/10.1088/0004-637X/757/2/185
http://dx.doi.org/10.1111/j.1365-2966.2007.12415.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12415.x
http://dx.doi.org/10.1021/jp020007y
http://dx.doi.org/10.1088/0004-637X/790/1/4
http://dx.doi.org/10.1086/170537
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.133201
http://dx.doi.org/10.1016/0301-0104(81)80158-9
http://dx.doi.org/10.1016/0301-0104(81)80158-9
http://dx.doi.org/10.1063/1.474317
http://dx.doi.org/10.1021/jp9808779
http://dx.doi.org/10.1063/1.466864
http://dx.doi.org/10.1016/0167-5729(96)80001-X
http://dx.doi.org/10.1016/0167-5729(96)80001-X
http://dx.doi.org/10.1063/1.1619939
http://dx.doi.org/10.1063/1.3191731
http://dx.doi.org/10.1029/JC086iC08p07447
http://dx.doi.org/10.1029/JC086iC08p07447
http://dx.doi.org/10.1086/320975
http://dx.doi.org/10.1103/PhysRev.180.722
http://dx.doi.org/10.1016/S0031-8914(63)80256-6
http://dx.doi.org/10.1016/S0031-8914(63)80256-6
http://dx.doi.org/10.1021/jp068978r
http://dx.doi.org/10.1021/jp068978r

