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Interface of quantum solid and liquid

A KR ERZ o 1=3R X

Equilibrium shape and oscillations of the surface of
quantum crystals

A. F. Andreev and A. Ya. Parshin

S. I Vavilov Institute of Physics Problems, Academy of Sciences USSR, Moscow
(Submitted 20 April 1978)
Zh. Eksp. Teor. Fiz. 75, 1511-1516 (October 1978)

Allowance for the quantum effects is used to explain the experimentally observed absence of faceting of
helium crystals. It is shown that weakly damped melting and crystallization waves may be propagated

along an He'-liquid interface. The temperature dependence of the surface tension is found at low
temperatures.
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Interface of quantum solid and liquid
BEEDHX

Crystallization waves in He*

K. O. Keshishev, A. Ya. Parshin, and A. B. Babkin

Institute of Physics Problems, USSR Academy of Sciences
(Submitted 16 July 1980)
Zh. Eksp. Teor. Fiz. 80, 716-728 (February 1981)

The spectrum of crystallization waves in He* and the frequency and temperature dependences of their
damping are determined. The surface energy on the liquid—crystal interface exhibits a noticeable anisotropy
and depends little on temperature in the 0.36~1 K range. It is established that below 1.2 K the equilibrium
shape of the He* crystal contains both rounded and flat parts.
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Interface of quantum solid and liquid
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PHYSICAL REVIEW B VOLUME 26, NUMBER 9

Theory of crystallization waves in *He at finite frequency

Makio Uwaha and Gordon Baym
Department of Physics and Materials Research Laboratory,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
(Received 11 May 1982)

We determine the spectrum of crystallization waves and Rayleigh waves at the interface
between superfluid and solid *He, taking into account the effect of elasticity and the finite-

growth coefficient of the crystal. For k >10° cm ™' the coupling between these two modes
significantly changes the entire spectrum.
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Flow-induced instabilities at the superfluid-solid interface of ‘He

M. Uwaha and P. Noziéres

Journal of Experimental and Theoretical Physics, Vol. 95, No. 3, 2002, pp. 455-461.

Translated from Zhurnal Eksperimental’noi i Teoreticheskoi Fru'n Vol. 122, No. 3, 2002, pp. 530-537. — /
Original Russian Text Copyright © 2002 by Maksimov, Tsymbalenko. @ 1 6 - 1

FLUIDS

The Instability of the Surface of Helium Crystal
in a Superfluid Flow
L. A. Maksimov and V. L. Tsymbalenko*

Russian Research Centre Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia
*e-mail: vit@isssph.kiae.ru
Received April 24, 2002

Abstract—The problem on crystal growth under conditions of normal incidence of fluid on the boundary is
mvestigated for stability. The threshold velocity of the emergence of mstability 1s found: at low temperatures,
thus velocity proves to be much lower than the sound velocity. The stability is examined of the shape of cylin-
drical cry stal in a fluid flow parallel to the crystal axis. The behavior of the atomically rough surface of crystal
helium 1s experimentally investigated in a jet of fluid in the temperature range from 1 to 1.4 K., where the emer-
gence 1s observed of an mstabllm of the type previously predicted by Kagan. as well as by Nozieres and Uwaha.
Observations reveal that, below the roughening transition, the (0001) basal face is stable in a jetof fluid. © 2002
MAIK “Nauka/Interperiodica .
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Change of a crystal shape viewed as moving steps
M. Uwaha, P. Nozieres (1985)

external force « supersaturation

Morphology and Growth Unit of Crystals, edited by 1. Sunagawa, pp. 17-35.
© by Terra Scientific Publishing Company (TERRAPUB), Tokyo, 1989.

ERDFEERERATYTICESIDINTURE
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CRYSTAL SHAPES VIEWED AS MECHANICAL T
EQUILIBRIUM OF STEPS
0) = cosf E(n
M. UWAHA" and P. NOZIERES surface energy 7(0) (n)
Institut Laue-Langevin, 156X, 38042 Grenoble Cedex, France Step chemical C( ) dE
. n)—=—_—
. potential dn
A crystal surface below the roughening temperature Tk tends to develop steps,
whose thickness £ diverges at Tr. For alow angle vicinal surface ((n<1, n: step . .
density), the crystal shape is viewed as “mechanical” equilibrium of these chemical pOt gradlent
steps. We study forces acting on a step and their relation to the crystal shape. 9 C on
Such an approach is extended to describe steady growth shapes under the Fr=——=— Evr(n) -
assumption that bulk processes such as diffusion can be neglected, as is the ox dx

case for ‘He. We study, particularly, the shape and melting rate near the f I
stability threshold of a facet and find different melting laws depending on the orce balance

step interaction. R equilibrium ShapeFr_I_ F=0
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Fractal aggregation in a
diffusion field (1988-2005)
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Growth from a lattice gas: velocity selection via
fractal dimension of DLA
M.Uwaha, Y. Saito (1988)

PHYSICAL REVIEW A VOLUME 40, NUMBER 8 OCTOBER 15, 1989

Aggregation growth in a gas of finite density: Velocity selection
via fractal dimension of diffusion-limited aggregation

1420

Makio Uwaha
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980, Japan

Yukio Saito
Department of Physics, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223, Japan
(Received 10 February 1989; revised manuscript received 15 June 1989)

The structure and dynamics of an aggregation have been studied when the aggregate grows from
a lattice gas with a nonzero gas density n,. At low n, and for a short length scale up to &, the struc-
ture of the aggregation is fractal and similar to the diffusion-limited aggregation (DLA). For a large
length scale it is compact and has a nonzero asymptotic density. The steady growth rate V in d-
dimensional space is inversely proportional to the characteristic length &, and depends on the densi-
ty as V~§& '~n, P with D; being the fractal dimension of DLA. Extensive Monte Carlo

simulations in two dimensions confirm the above theoretical hypothesis of the velocity selection la)

mechanism with an= 1.71. The interfacial width w is also found to be compatible with the expecta-
—1/2d 1)

tion w = n, i

1/(d—D¢)
ang/( f/
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ﬁﬁ # *( Eﬁ x) FIG. 2. Aggregations from various gas densities, n, =(a) 0.08, (b) 0.10, (¢} 0.20, (d) 0.40, () 0.80, and (0 1.0. (N Only solid atoms

are shown
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Shape relaxation of a small
faceted crystal (1988-2001)
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Relaxation of a rough surface by surface diffusion
J. Villain (1986)

EUROPHYSICS LETTERS
Europhys. Lett., 2 (T), pp. 531-537 (1986)
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1 October 1986 @

Healing of a Rough Surface at Low Temperature.

J. VILLAIN

Institut fiir Festkorperforschung, Kernforschungsanlage Jiilich
Postfach 3980, 5170 Jiilich, BRD

(received 28 April 1986; accepted 12 June 1986)

PACS. 68.20. - Solid surface structure.
PACS. 66.30. — Diffusion in solids.
PACS. 05.40. - Fluctuation phenomena, random processes, and Brownian motion.

Abstract. — The smoothening kineties of a rough surface due to surface diffusion is studied
theoretically. After a long time #, the surface is predicted to be flat on lengthscales smaller than
R ~t. At higher lengthscales the roughness is almost the same as at ¢ =0. The method is
analogous to the Lifshitz-Slyozov theory of nucleation in a supersaturated solution. Our result
R ~t* disagrees with existing theories of smoothening.
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Relaxation of crystal shapes caused by step motion
M. Uwaha (1988)

Journal of the Physical Society of Japan
Vol. 57, No. 5, May, 1988, pp. 1681-1686

Relaxation of Crystal Shapes Caused by Step Motion

Makio UwAHA

Institute for Materials Research, Tohoku University,

2-1-1 Katahira, Sendai 980 R ¢
(Received December 15, 1987) T
! R

Shape relaxation of a crystal facet and of vicinal faces is theoretically studied in
terms of step movement. When a flat vicinal surface is perturbed, the power of wave '
number dependence in the relaxation time 7 is determined by the bottleneck process, I 7= Rr? yd
step movement or diffusion, and the proportionality constant depends on the relative | 2P
angle of the wave vector and the steps. If a small crystal is quenched through a
roughening transition, a new equilibrium shape with a facet emerges when the step Fig. 2. Since the total mass is conserved, the volume
loops shrink or expand. If diffusion is fast, D,— 0, gradual flattening occurs with of the initial round shape (z=—R’/2p) and that of
7ot R? (R.: radius of the 2D critical nucleus). If the step mobility is large, #,— and the faceted shape are the same.

the transport relies on slow diffusion, a small facet appears on the top of the crystal
and the facet size expands as R;oC1

Fig. 1. Because of the outgoing diffusion flow the topmost (inmost) step loop shirinks to disappear, and the flat
top (a facet) becomes larger.

M. Uwaha, J. Phys. Soc. Jpn. 57 (1988) 1681 ’



Emergence of a facet from the high temperature

round shape

M. Uwaha, J. Phys. Soc. Jpn. 57 (1988) 1681
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Wandering of steps in a
diffusion field (1992-present)
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PHYSICAL REVIEW B VOLUME 41, NUMBER 9 15 MARCH 1990-11

Morphological instability of a terrace edge during step-flow growth

G. S. Bales and A. Zangwill
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430
(Received 15 November 1989)

We consider the possibility that monoatomic terrace edges undergo a morphological instability
during epitaxial step-flow growth. A linear stability analysis predicts that such an instability can
occur, but only when the energy barriers to adatom attachment to steps differ for adatoms that ap-
proach a step from opposite directions. The instability is diffusional in origin and manifests itself as
a distinct waviness or meandering of the terrace edges as they propagate across the crystal. Our re-
sults, presented in the form of a morphological phase diagram, show that single-crystal growth on a
vicinal surface can pass from stable step flow to unstable step flow to two-dimensional island nu-
cleation and spreading as one increases the incident flux in a molecular-beam-epitaxy experiment at
elevated temperature. The instability we predict should be readily distinguishable from simple
thermal fluctuations. 33



Reflexion electron microscope observation of

Si(111) vicinal face

C.Alfonso, J.M.Bermond, J.C.Heyraud, J.J.Metois (1992)

—
Surface Science 262 (1992) 371-381 surface science
North-Holland e _,,,,%
ik fenes i i

The meandering of steps and the terrace width distribution
on clean Si(111)

An in-situ experiment using reflection electron microscopy

C. Alfonso, J.M. Bermond ', J.C. Heyraud ? and J.J. Métois
CRMC2-CNRS *, Case 913, Campus Luminy, F-13288 Marseille Cedex 9, France

Received 22 July 1991; accepted for publication 23 September 1991

In situ reflection electron microscopy experiments have been done on steps in thermodynamic equilibrium on clean Si(111)
surfaces (900°C). Isolated steps and step trains (mean step separation from 20 to 140 nm) have been studied. From the thermal
fluctuations of isolated steps we deduce a value of (roughly) 1% 10712 Jm™~1 for the line tension of a step at 300°C. The terrace
width distribution has a standard deviation which varies linearly with the mean separation between steps up to mean step distances
of 70 nm at least. Over the whole range of step mean separation the distributions are best fitted by a Gaussian law. This is
attributed to step interactions decaying as 4x~2 (x normal distance to the step edge). The value of A is determined
(A =4.6x107% ITm at 900°C). The nature of these interactions is briefly discussed.

J.J. Metois (CMRC?2)

Marseille 1990

BB DRATYTTIHEELSENNSKGED? o



Kinetic smoothing and roughening of a step with

surface diffusion
M.Uwaha, Y. Saito (1992)

VOLUME 68, NUMBER 2 PHYSICAL REVIEW LETTERS 13 JANUARY 1992

Kinetic Smoothing and Roughening of a Step with Surface Diffusion

Makio Uwaha
Institut Laue-Langevin, BP 156X, 38042 Grenoble CEDEX, France
and Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980, Japan

Y ukio Saito

Department of Physics, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223, Japan
(Received 20 August 1991)

Fluctuation of a step of a crystal in the vapor growth condition, where surface diffusion of adsorbed
atoms is essential, is studied with a linear stochastic theory. With an asymmetry in step kinetics, the
step becomes smooth when it recedes, whereas it becomes very rough when it grows near the Mullins-
Sekerka instability point. These effects are confirmed by Monte Carlo simulations.

PACS numbers: 61.50.Cj, 05.40.+j. 68.55.—a
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Wandering instability and nonlinearity
Y.Saito, M.Uwaha (1994)

PHYSICAL REVIEW B VOLUME 49, NUMBER 15 15 APRIL 1994-1

Fluctuation and instability of steps in a diffusion field

Yukio Saito
Department of Physics, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223, Japan

Makio Uwaha*
Department of Physics, College of General Education,
Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-01, Japan
(Received 23 July 1993; revised manuscript received 10 November 1993)

Fluctuation and morphology of steps growing in a surface diffusion field are studied theoretically
and by the Monte Carlo simulation. Owing to the asymmetry in step kinetics (Schwoebel effect),
a morphological instability takes place for advancing steps at a critical impingement rate f. of
gas atoms. The fluctuation of a step is reduced for receding steps with f < f.q, and enhanced
for advancing steps with f > f.q. The width of a single step shows critical divergence at f..
Above the instability f > f., the step motion exhibits spatiotemporal chaos, in which the crystal
anisotropy influences the morphology. For a vicinal face, when the step advancement rate increases,
the motion of consecutive steps is strongly correlated and the terrace width becomes stable although
the fluctuation of each step is enhanced. When steps recede in sublimation, bunching of the steps
is observed, which is analyzed as an instability of antiphase oscillation.
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Step wandering instabilities Cu(1,1,7) during growth
| s) S '

=

- -

= Step edge diffusion barrier
= Drift of adatoms by an Sato, Uwaha:

external field J. Phys. Soc. Jpn. 65 (1996) 2146
r _Diﬁ”erenqe of terrace widths
in both sides

Maroutian, Douillard, Ernst, & - <
Phys. Rev. Lett 83 (1999) 4353 — 100 nm

= Structural difference of
terraces

Touk

.

. . L= LA b 1 : . 20 ;
Si(111) at 950°C : 1] : Si(111) at 860°C during growth
with downward DC Si(111) during growth
Degawa, Nishimura, Homma, Finnie, Uwaha: Hibino, Homma, Uwaha, Ogino,
Tanishiro, Minoda, Yagi Surf. Sci. 492 (2001) 125 Surf. Sci. 527 (2003) L2022
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Bunching of steps in a
diffusion field (1992-2008)
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Morphological instability of a vicinal face
M. Sato, M. Uwaha (1995) 0 o ®

PHYSICAL REVIEW B VOLUME 51, NUMBER 16 15 APRIL

Morphological instability caused by asymmetry in step kinetics

Masahide Sato and Makio Uwaha
Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya {64-01, Japan
(Received 25 January 1995)

We study motion of a train of linear repulsive steps in a surface diffusion field. With asymmetri
step kinetics (Schwoebel effect) and repulsive step interaction, fluctuations of step density at long
wavelengths become unstable if undersaturation exceeds a ical value. This leads to a morpho-

ation exceeds a criti
logical instability, in which the diffusion takes place along the interface in contrast to the usual
ili i ility develo st u i i

Pairing instability
l

+ Elastic repulsion

l

Instability of density waves
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Ren, Shen, Nishinaga: J. Cryst. Growth 166 (1996) 217
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Nonlinear effect and symmetry of the system

= Evolution of fluctuations: Benney equation
in terms of the surface height (p= - dz/dx)

oox o' o, o'or 1(omY
— = 0 o A
ot OX OX OX 2\ ox

= 0—0: KS equation — chaos
m 0—: KdV equation — solitons

= Can we control the symmetry of the system by
changing the parameter 6 ?
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Chirality conversion in
crystallization (2004-present)



Enantiomorph of crystals

= SiO,(quartz)
Low temperature quarts : P3,21 and P3,21

3 inches synthetic

quartz crystal for wafer K& K&
(Fine Crystal Co.) right quartz left quartz

A chiral crystal is made of achiral molecules.

M. Maruyama, K. Tsukamoto:
J. Jpn. Assoc. Cryst. Growth, 35 (2008) 52




Homochirality of NaClO, via chirality
conversion

= Left-handed(L) and right-handed(D) crystals can be
easily distinguished by a polarizer.

L crystals: blue, L crystals: white,
D crystals: white D crystals: blue

C. Viedma: Phys. Rev. Lett. 94, 065504 (2009) .,




Homochirality of NaClO; via chirality
conversion
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-
Final conditions
(100% CEE )

@ Initial conditions g
(5% CEE)

Final conditions
( 100% CEE)

Change of enantiomeric excess by continuous stirring and
abrasion of NaClO, crystalites in a saturated solution

Slight asymmetry
results in complete
asymmetry.

C. Viedma: Phys. Reuv. Lett. 94, 065504 (200524



Chirality conversion of an amino acid

derivative

The imine of 2-methyl- e ey —
benzaldehyde and Son S = A s N
phenylglycinamide racemizes Mooy | |
rapidly in solution with added 0" Nt HN" "0
organic base DBU in MeOH. (S)-1 (R)-1

M. Kellogg, B. Kaptein, E. Vlieg, D.G. Blackmond:J. Am. Chem. Soc. 130 (2008) 1138



Change of masses of the chiral crystals

= Masses of the right and left crystals: X and y

= Masses of the right and left chiral units(clusters): X, and y,

s Mass of achiral molecules: Z
= k1zx + kuxyr — A\yz,

o
dt

dy
P k1zy + kuyuy — Auy,

dx\
;U koz — kuxzuyx + Aux — A\gzu, u \ /M‘
dyu

P koz? — kuyuy + Auy — Aoyu,
dz
dt
NATNIZAE—IZE DR MPIRIFICEDNAT ) TAEBERIRT S

M. Uwaha, J. Phys. Soc. Jpn. 73 (2004) 2601 (McBride and Tully 2008)

Ku

= —kizx — k12y + Aoxu + Aoyu-
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Becker-Doering type model with direct
crystallization of clusters and grinding

= Dimer as a chiral growth unit
= Growth of crystals with monomers and dimers
= Decay of the largest clusters by grinding

Athaly AthAuR,

mnber of dusters - Change of size distribution
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0003 - " AN
U Pk et Ryt R R Ry "  aasse et Tt E10E4
Y S SRR R 1=
SN SVERIT RSBET 0 Feptl
RASVTAERIBAEC D on _assssssseetPecnnee
0 5 10t=10E6 ! 20
M. Uwaha and H. Katsuno: J. Phys. Soc. Jpn 78 (2009) 023601 57



Chirality conversion by temperature cycling

Subscnber access provided by NAGOYA UNIV

Using Programmed Heating-Cooling Cycles with Racemization in Solution

for Complete Symmetry Breaking of a Conglomerate Forming System.
Kittisak Suwannasang, Adrian Evan Flood, Celine Rougeot, and Gerard Francois Coquerel
Cryst. Growth Des., Just Accepted Manuscript » DOI: 10.1021/cg400436r « Publication Date (Web): 25 Jun 2013
Downloaded from http://pubs.acs.org on July 9, 2013
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Chirality conversion by temperature cycling

BERRDOESLNAIIVITRF—H R TiRBAREE
PHYSICAL REVIEW E 93, 013002 (2016)

Mechanism of chirality conversion by periodic change of temperature: Role of chiral clusters

Hiroyasu Katsuno'-" and Makio Uwaha®-!
! Department of Physical Science, Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu 525-8577, Japan
2Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan
(Received 29 August 2015; published 11 January 2016)

By grinding crystals in a solution, the chirality of crystal structure (and the molecular chirality for the case
of chiral molecules as well) can be converted, and the cause of the phenomenon is attributed to crystal growth
with chiral clusters. We show that the recently found chirality conversion with a periodic change of temperature
can also be explained by crystal growth with chiral clusters. With the use of a generalized Becker-Doring model,
which includes enantio-selective incorporation of small chiral clusters to large solid clusters, the change of cluster
distribution and the mass flow between clusters are studied. The chiral clusters act as a reservoir to pump out
the minority species to the majority. and the exponential amplification of the enantiomeric excess found in the
experiment is reproduced in the numerical calculation.

Low temperature High temperature

\

L monomers R monomers

t\

L monomers R monomers
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FIG. 1. Schematic mass flow at (a) low and (b) high temperatures.
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ZNHVS (G. Baym’s mail)

Baymfest @ in Tokyo

The best advice | got about getting old is from David Pines,
who said that you should never stop doing what you are doing.
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