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I. PREPARATION OF THE MATERIAL

Metal crystals were encapsulated in graphitic shells by evaporation of metal and carbon in

an electric arc discharge [1–4]. Holes were drilled into the graphite cathodes and filled with

a powder consisting of a mixture of graphite and a metal. Gold, platinum, molybdenum,

or tungsten powders were used, respectively. An arc (40 V, 55 A) was operated for 5-

10 seconds in a helium atmosphere (330 mbar). The deposit was scraped from on the

cathodes and dispersed under sonication in ethanol and collected on Cu or Mo grids for

TEM applications.

The most relevant physical properties of the metals used in our experiments are listed in

Table I, including stacking fault (SF) formation energy. The data are taken from Refs [5–7].

We stress that we observe fcc-Mo and W crystals in our experiment, but in Table I we refer

to the theoretical shear stress in the bcc phase as given in the handbooks. We used these

data because we are not aware of any experimental data for fcc-W or Mo. Although the

numbers for fcc and bcc may not be exactly the same, we expect that the bcc data should

nevertheless be relevant for qualitative estimates.

TABLE I: Physical properties of the metals used in the experiments

metal bulk/nano Young (GPa) shear (GPa) bulk (GPa) SF formation
structure modulus modulus modulus energy mJ/m2

Au fcc/fcc 78 27 220 35-45
Pt fcc/fcc 168 61 230 322
Mo bcc/fcc 329 126 230 500
W bcc/fcc 411 161 310 300



FIG. 1: Extrusion of a platinum crystal at 380◦C. A twin boundary in the initial crystal disappears.

During the extrusion, new twins appear (arrowed). Irradiation times: (a): 0 s, (b): 180 s, (c): 540

s. Beam current density: 100 A/cm2.

II. ELECTRON IRRADIATION IN THE TRANSMISSION ELECTRON MICRO-

SCOPE

A TEM with field emission gun and an acceleration voltage of 300 kV (FEI Tecnai F-30)

was used. The specimens were held at high temperature (300-1000◦C) during inspection and

electron irradiation in the TEM by using heating stages (Philips, Gatan). The opening of the

hole in the carbon shells was achieved by fully focusing the electron beam (diameter 2 nm,

current density order of 104 A/cm2) onto the periphery of the shells. After approximately

10-20 seconds (depending upon the number of graphitic layers) the hole was open and the

material could be extruded. Successive irradiation of the whole particle was carried out by

uniform irradiation with a beam diameter of 20-50 nm and a beam current density of approx.

100-300 A/cm2. Still images were recorded with a slow-scan CCD camera. The exposure

time of each image was 0.3 seconds.

III. ADDITIONAL EXPERIMENTAL TEM IMAGES OF DEFORMED PT AND

W NANOCRYSTALS

Fig. 1 shows the extrusion of a platinum crystal at 380◦C. A twin boundary in the pristine

crystals (a) vanishes due to shear stress exerted onto the crystal during the irradiation of

the onion. During the extrusion through the hole, new stacking faults and twin boundaries

appear (c) and are aligned in the direction of shear (through the hole).

Fig. 2 shows the extrusion of a platinum crystal at 600◦C. A grain boundary appears
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FIG. 2: Extrusion of a platinum crystal at 600◦C. Irradiation times: (a): 0 s, (b): 180 s, (c): 600

s, (d):660 s. Beam current density: 100 A/cm2.

at the bottleneck, but the crystal inside and outside the shell does not show visible defects.

The behavior is similar to that of Au at 300◦C (see fig. 2 in the paper).

Fig. 3 shows the behavior of a tungsten crystal (fcc) at 600◦C. Although a big hole

has been opened, the crystal is not extruded from the compressing graphitic shells. Under

sustained irradiation, the carbon shells disintegrate due to sputtering but the W crystal does

not considerably change its shape. Deformation twinning appears in (b) due to shear stress

from the non-isotropic compression of the shells.
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FIG. 3: Response to irradiation of a fcc-tungsten crystal encapsulated inside a compressing punc-

tured graphite shell. Temperature: 600◦C. Irradiation times: (a): 0 s, (b): 660 s, (c): 1200 s, (d):

1440 s. Beam current density: 100 A/cm2.

IV. CALCULATION OF MASS TRANSFER DUE TO VACANCY DIFFUSION

A. Basic formalism

The equilibrium vacancy concentration cv at temperature T is determined by

cv = e
SF
k e−

HF
kT (1)

where SF is the vacancy formation entropy (not including the configurational entropy), k

the Boltzmann constant, and HF is the formation enthalpy, which can be further written as

HF = EF + PVF (2)

where EF is the formation energy, P the pressure and VF the vacancy formation volume.

The diffusion coefficient of vacancies is defined as

DV = D0e
−ED

kT (3)
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FIG. 4: Schematic representation of a metal crystal partially extruded from the carbon onion

where D0 is the pre-exponential factor for diffusion and the total diffusion barrier

ED = EM + PVM (4)

where EM is the vacancy migration energy and VM the migration volume.

In the presence of pressure gradient the flux of vacancies [Vac./(m2s)] can be evaluated

as:

FV = −DV (
dCv

dx
− CvVF/(kT )

dP (x)

dx
) (5)

where DV is the diffusion coefficient, x is the coordinate along the pressure gradient and Cv

is the vacancy concentration [Vac./m3].

The second term in the above equation can be associated with diffusion due to the pressure

gradient, and all other processes (e.g., diffusion along the gradient in vacancy concentration

due to different vacancy formation energies in different parts of the sample, irradiation, etc.)

are described by the first term. In the next Section we first evaluate the second term, and

then address the first term in Section IV.E.

B. Application to nanocrystals encapsulated inside contracting carbon onions

A schematic representation of a metal crystal encapsulated inside a carbon onion and

partially extruded from the onion is presented in Fig. 4. For the sake of simplicity, we can
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treat pressure-gradient-mediated diffusion as one dimensional and consider mass transfer

inside the cylinder of length L indicated by the dotted line in Fig. 4. Such a simulation

setup can be used for estimates of diffusion-mediated mass transfer for various geometries.

As in the experiments R is close to L (onions are nearly spherical), and because we assume

that pressure is zero outside the onion (that is in the extruded material), we set L = R,

which would make our analysis simpler.

Our goal is to estimate the flux through the orifice of radius Rap. We can further assume

that the pressure increases linearly from zero to to maximum pressure Pmax as

P = X
Pmax

L
. (6)

Eq. (5) can be rewritten as

FV = −D0e
−EM

kT e−
PVM

kT
d

dx

[
Ne

SF
k e−

EF
kT e−

PVF
kT

]
= D0Ne

SF
k e−

EM +EF
kT

PmaxVF

LkT
e−

XPmax
LkT

(VM+VF ) (7)

By collecting the pressure independent terms as

F0 = D0Ne
SF
k e−

EM +EF
kT

VF

LkT

V0 =
X

LkT
(VM + VF ) (8)

vacancy flux becomes:

FV = F0Pmaxe
−PmaxV0 (9)

As follows from eq. (9), there is a maximum flux at ”optimal” pressure Popt.

∂FV

∂Pmax

= F0

[
e−PmaxV0 + Pmaxe

−PmaxV0(−V0)
]

= F0e
−PmaxV0 [1− PmaxV0]

⇒ Popt =
1

V0

=
LkT

X(VM + VF )
(10)

The physical origin for the existence of the ”optimum” pressure is that the vacancy flux is

proportional to the pressure gradient (that is Pmax) and thus increases with Pmax, while the

self-diffusion coefficient drops exponentially in metals with pressure, as both concentration

of vacancies and their diffusivity decrease [8].
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C. Mass transfer under the assumption that the vacancy formation energy is the

same as in bulk materials

The material transfer due to vacancy diffusion was estimated by solving the diffusion

equations at different temperatures and pressures assuming that the vacancy formation

energy in small metal particles is the same as in the bulk materials. The parameters used

are listed in table II.

TABLE II: Most important parameters used in calculations

Au (fcc) Pt (fcc) W(bcc)
Atomic volume, Ω [Ȧ 3] 16.98 15.06 15.85
Formation energy, EF [eV] 1.0 1.6 3.16
Formation volume, VF [Ω] 0.85 0.8 0.68
Migration volume, VM [Ω] 0.15 ≈0.2 ≈0

Equilibrium fraction 40×10−4 100×10−4 340×10−4

of vacancies
at melting point Cmp 1338 2045 3680

⇒ e
SF
k , in Eq. (1) 23 88 723

⇒ Equilibrium frac.
of vacancies at 600 ◦C 3.9×10−5 5.1×10−8 3.2×10−19

Migration energy (eV) 0.78 1.3 2.34
Pre-exponential factor for 5.7×10−6 1.1×10−4 4.0×10−6

vac. diff. D0, [m2/s]
⇒ Self Diff. Coeff. [m2/s] at 600 ◦C 3×10−16 2×10−21 3×10−37

Data taken from References: [9], [10], [11], [12]

Now we estimate the time tm required to move a certain number of atoms from a metal

particle encapsulated in the onion, so that the particle radius R (we take the typical radius of

2.5 nm) changes to ≈ 0.9R (2.25 nm). This should result in a considerable drop in pressure.

The number of atoms to move is

Nat =
∆V olume

Ω
≈ 4πR3

3Ω
[1− 0.7] ≈ 0.3 · 4π(25 A)3

3 · 15A3
≈ 1300 atoms (11)

The time tm to move 1300 atoms, corresponding to about 30% of the number of atoms

inside the onion by vacancy flux through the aperture with radius Rap (1 nm) is

tm ≈
Nat

FV πR2
ap

(12)
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We found that tm weakly depends on the distance L between the centers of the extruded

material and the material encapsulated in the onion (L = 2.6 nm, tm = 4.3 s; L = 3.5 nm,

tm = 5.8, so we set L = 3.5 nm in the rest of the calculations.

Table III shows tm at 400, 600, 800 and 900 ◦C in Au, Pt and W, respectively. The

parameters used are: R = 2.5 nm, L = 3.5 nm, Rap = 1.0 nm and X = 1.0 nm.

TABLE III: Time (s) to move about 1300 atoms (30% of the total number of atoms in the typical
particle) from the high pressure region inside carbon onion trough the onion aperture.

Material Pressurea Pmax = POpt
max Pmax Pmax Pmax

POpt
max(GPa) 1 GPa 5 GPa 10 GPa

400 ◦C
Au 1.9 3.7 4.3 7.0 48
Pt 2.2 1.1×107 1.4×107 1.8×107 9.3×107

W 3.0 1.7×1026 2.6×1026 2.0×1026 5.2×1026

600 ◦C
Au 2.5 3.2×10−3 4.4×10−3 4.4×10−3 1.7×10−2

Pt 2.8 121 179 149 444
W 3.9 9.2×1016 1.7×1017 9.5×1016 1.7×1017

800 ◦C
Au 3.2 3.9×10−5 6.1×10−5 4.5×10−5 1.2×10−4

Pt 3.4 9.2×10−2 1.6×10−1 1.0×10−1 2.1×10−1

W 4.8 1.4×1011 3.1×1011 1.4×1011 2.0×1011

900 ◦C
Au 3.3 7.6×10−6 1.3×10−5 8.3×10−6 1.9×10−5

Pt 3.8 6.3×10−3 1.1×10−2 6.6×10−3 1.3×10−2

W 5.3 9.8×108 2.3×109 9.8×108 1.3×109

a Pressure where the vacancy flux between the protrusion and onion is maximum

It is obvious that under the assumption that the vacancy formation energy in a small

particle is the same as in the bulk (this assumption is not correct as we show below), the

diffusion in Au is fast enough already at 400 ◦C to provide a substantial mass transfer, which

is not consistent with the experimental observation of high pressure in the encapsulated part.

For Pt no pressure build-up should be possible at 600 ◦C and higher temperatures.

D. Vacancy concentration in small metal particles

As pointed out in a recent theoretical paper [13], the vacancy concentration in small

metal particles may be lower than that in the corresponding bulk system, as the vacancy
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FIG. 5: Schematic illustration of why the vacancy formation energy may be larger in nanoparticles

than in the bulk. The original system without vacancies (a). Vacancies appear in the extruded

part of the particle with low pressure, then migrate to the high-pressure part (b), (c). The vacancy

formation energy is the same as in the bulk. When all energetically favorable surface vacant sites

are filled (d), it costs more energy to create a vacancy-adatom pair (e), which should result in a

drop in vacancy concentration.

formation energy Ef is larger than in the bulk. Such a behavior originates from the fact

that it may cost more energy in a small particle with a finite surface to move an atom from

the interior to the surface than in the bulk system.

The basic idea is illustrated in Fig. 5. When there are low-energy vacant lattice sites

being able to accommodate adatoms which appeared due to vacancy-adatom pair creation,

stages (b)-(c), one can assume that the vacancy formation energy is approximately the same

as in the bulk system:

E
(b)
f = E(N − 1) + E(N)/N − E(N), (13)

where E(N) is the total potential energy of the system composed from N atoms, E(N)/N

corresponds to the cohesive energy Ecoh (which can be associated with the chemical potential

if we leave out the pressure and entropy terms).
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When the free surface does not have any vacant sites, the vacancy formation energy is

Ef = E(N − 1) + Eadatom − E(N), (14)

where Eadatom is the adatom adsorption energy. Obviously, as Eadatom > Ecoh (the values

are negative), Ef > E
(b)
f .

Our atomistic calculations (the computational details are given in Section V.A) showed

that for the perfect Pt (111) surface Ef −E(b)
f is about 1.5 eV. As a test, we calculated E

(b)
f

and found that E
(b)
f = 1.3 eV, which is in a reasonable agreement with the experimental

data (1.6 eV) [9]. The actual difference Ef − E(b)
f may vary during the experiment, but an

energy difference of 1 eV would decrease the vacancy concentration at 600 ◦C by six orders

of magnitude. The time for diffusion-mediated mass transfer will increase accordingly. Thus

no substantial mass transfer in metal particles being extruded from onions is expected due

to vacancy diffusion.

E. Calculations of the energy required to create a vacancy-adatom pair on a free

surface and at the metal-graphite interface

An additional contribution to diffusion may in principle come from adatoms. In order

to mediate the mass transfer, adatoms should appear in the stressed area and migrate

towards the free surface of the already extruded material. It is known that the adatom

migration energy on a free surface in metals is quite small, in the range of 0.2 - 0.5 eV

[14]. However, adatoms at the metal-graphite interface cannot considered to be on a free

surface: the separation between the innermost graphitic shell and the metal even in the

uncompressed case is quite small (2 - 2.7?), as both simulations and experiments indicate

[15]. The separation should be even smaller under pressure. Thus a metal atom can hardly

fit in, especially at high pressures, and the concentration of adatoms should be very small.

Loosely bound atoms can quickly migrate away, but the rest should not be very mobile.

To estimate the adatom concentration we calculated the energy of adatom-vacancy pair

formation at the metal-graphite interface. The Brenner potential was used to describe the

carbon-carbon interaction, and the platinum-carbon interactions was modeled by a Tersoff-

like potential [16]. The separation between graphite and the Pt (111) surface was chosen

to be 2.5?, and the border graphite atoms were fixed. The periodical boundary conditions
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were used. After the initial energy minimization of the system, a vacancy-adatom pair was

created, and the system was relaxed again. We found that it costs about 0.5 eV more to

create a pair at the interface than on the free metal surface. The difference should be much

larger at high pressures and correspondingly smaller separations, which should make the

adatom concentration negligible.

Besides this, graphitic layers are frequently covalently attached to the steps on the metal

surface near the orifice, which should suppress the migration. Finally, the existence of high

pressure in the non-extruded material is also a strong argument against considerable mass

transfer due to surface diffusion.

F. Contribution to diffusion originating from the vacancy formation energy gra-

dient

We address now the first term in Eq. (5). Using Eqs. (1) and (2), the vacancy-mediated

flux can be written as

FV = DVCv/(kT )

(
dEF (x)

dx
+ VF

dP (x)

dx

)
(15)

To compare the contributions of the first and the second term, we should estimate the

typical difference ∆EF between the vacancy formation energy in the free and encapsulated

parts of the metal particle. As discussed above, when no energetically favorable vacant

surface site is present in the free part of the particle, EF is higher than in the bulk metal.

Likewise, EF is higher in the encapsulated part due to the interface and pressure. The

actual difference between ∆EF may vary for a particular system, but based on our previous

estimates, one can assume that ∆EF is 0.1-0.3 eV. This value is of the same order of

magnitude as the pressure difference VF ∆P assuming that ∆P ∼ 10 GPa.

Thus the contribution of the first term in Eq. (5) to mass transfer may be comparable

to that from pressure-stimulated diffusion. However, when the vacancy formation energy

is larger by 1 eV than that in the bulk material, the contribution from both mechanisms

to mass transfer is very small, as explained in Section IV.D. This is consistent with the

observation of high pressure in the non-extruded part of the metal particle.
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V. SIMULATIONS OF DISLOCATION-ASSISTED PLASTIC DEFORMATION

A. Computational details

In our molecular dynamics simulations we concentrated on Pt as the typical fcc metal. To

realistically describe interactions between atoms we used an analytical bond order potential

[17, 18]. As shown below, unlike embedded atom potentials widely used for simulations of

fcc metals, this potential reproduces correctly the experimental stacking fault energy, which

is very important in simulations of plastic behavior of metals.

The effects of contracting carbon shells on metal particles was modeled as an external

repulsive potential acting on surface metal atoms. The potential slowly changed with time.

This is a widely used approach in nano-indentation and similar simulations, as the details

of interaction of the metal with an external object (nanointender or carbon shells) are not

important for the analysis of plastic deformation. The contraction rate in the simulations

was about 1 cm per second. This is a relatively slow rate (much slower than the typical

time of the response of the system to the external forces). However, the rate was many

orders of magnitude higher than the experimental ones (less than 1 nm per second). We

repeated simulations with various contraction rates and found no qualitative difference in the

results. Berendsen pressure control [19] was used to model the system behavior at constant

temperatures (note that a contracting external potential will heat up the system).

In order to identify the defects which may appear in the crystal under pressure, we adopted

a technique [20, 21] which is based on calculations of the centrosymmetry parameter (CSP)

for all the atoms in the system. CSP makes it possible to distinguish between atoms in the

hcp/fcc lattice, as well as atoms in stacking faults and partial dislocations.

B. Calculations of the intrinsic stacking fault energy and the theoretical shear

stress

We started our simulations by calculating the energies of stable and unstable intrinsic

stacking faults (ISF). A Pt slab was created with the [111] direction coinciding with the

z-axis. The atomic coordinates were fully relaxed without any constraints with the periodic

boundary conditions in the x-y plane and open boundary conditions in the z-direction. As a

stacking-fault can be created by displacing the upper half of the slab parallel to a {111}-plane
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FIG. 6: Simulation setup for the calculations of stacking fault energies and theoretical shear stress.

(a) The top view of the fcc lattice with the atoms colored according to their positions in the {111}

planes, see also panel (c) which shows the side view of the crystallite. (b) The upper part of the

slab is being moved periodically.

in [1-21]-direction, we moved the upper part of the slab (also using the periodic boundary

conditions and relaxing the coordinates of the atoms) as shown in Fig. 6. The motion of

atoms in the two planes nearest to the glide plane (shown by the dashed line in Fig. 6) was

constrained: the atoms were allowed to move in the z-direction only. All other atoms were

free to move during the relaxation. The shear stress was calculated as the derivative of the

total energy with respect to the displacement normalized to the interface area.

The energy along the AB path is presented in Fig. 7(a), the red curve. The local

minimum, corresponding to the ISF (stacking sequence ABCABCBCABCA) gives the energy

value of 307 mJ/m2. This is in a very good agreement with the experimental value of 322

mJ/m2 [22]. The maximum along the curve corresponds to 587 mJ/m2. This value gives

the energy of the unstable stacking fault.

The maximum stress along the AB path gives the theoretical shear stress σT , which

proved to be equal to 13.2 GPa. As the shear modulus (to be precise, the elastic constant

C44) is 81 GPa for the potential we used, the ratio of these quantities is 6.14, very close to

the theoretical value of 2π.

We also calculated the energy and shear stress using the setup when the upper part of the
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FIG. 7: Stacking fault energy of fcc Pt (a) and shear stress (b) as calculated by displacing the

upper part of the Pt slab in [1-21] and [10-1] directions.

slab was periodically moved in the [10-1] direction, the AA’ path in Fig. 6(a). The results

are also presented in Fig. 7, the black curve. The stress proved to be higher than in the

[1-21] direction. However, in reality the slip would occur in [10-1] direction, as slip in this

direction can be represented as a sum of two slips in directions equivalent to [1-21], path

AA′ is equivalent to path AB′A′.

14



Cluster I: R=3 nm
(6927 atoms)

Cluster III: R=4nm
(15769 atoms)

Cluster IV: R=2nm
(2245 atoms)

0 2 4 6 8 10
time (ns)

0

1

2

3

P
/�

T

transverse
cl III; R=4 nm
cl V; R=3.5 nm
cl I; R=3 nm
cl IV; R=2 nm

T = 0 K

0 2 4 6 8 10
time (ns)

0

0.5

1

1.5

2

2.5

3

P
/�

T

along the axis
cl III; R=4 nm
Cl V; R=3.5 nm
cl I; R=3 nm
cl IV; R=2 nm

T = 0 K

� �

FIG. 8: Molecular dynamics simulations of material extrusion from onions encapsulating metal

particles of different sizes. The upper panel shows the atomic structure of several particles (clus-

ters). The lower panels present pressure projected on the symmetry (extrusion) axis and the

transverse pressure for several system with different sizes. Pressure is normalized with respect to

the theoretical shear stress which is 13.2 GPa in our model.

C. Simulations of nearly spherical particles

A number of Pt particles (clusters) of nearly spherical geometry with typical diameters

of about 2-4 nm (the same as in the experiments) were carved from the bulk fcc lattice. We

studied several orientations of the crystallographic axes with respect to the symmetry axis.

The particles were slowly heated up to 1000 K, annealed for 1 nanosecond, then quenched to

zero or other temperatures used in the simulations. We did not look for particularly stable
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clusters (this can be done by removing weakly bound surface atoms), as plastic deformation

in the atomically polished systems was recently shown to differ by less than 5 % as compared

to the as-carved structures [23]. The typical structures contained 2000-16000 atoms. The

radius Rap of the orifice was kept fixed during the simulations (normally 2 nm).

In agreement with the assumption that the shearing stress is proportional to (Rap/R)2,

where R is the particle radius, the pressure corresponding to the onset of plastic deformation

was found to depend on the system size (for the same orientation of the glide planes), Fig.

8. The diameter of the orifice was the same for all the particles (2 nm). These simulations

were carried out at zero temperature, but based on the comparison of our simulations at

zero and finite temperatures, one can conclude that the same trend should also be observed

at finite temperatures but at lower values of the pressure. As evident from Fig. 8, pressure

(at zero T) inside large particles (when Rap << R) can be higher than σT , so that the

resolved shear stress can be of the same order of magnitude or exceed σT . However, at finite

temperatures the transverse and axial pressures were always lower than σT . Thus, as the

resolved shear stress on slip planes is always smaller than pressure, one can conclude that

at finite temperatures the resolved shear stress is lower than the theoretical stress.

We found that the orientation of crystallographic planes affected the results, but quali-

tatively the picture was the same. The difference in the pressure corresponding to the onset

of plastic deformation originated from different orientations of the slip (111) planes with

respect to the symmetry (extrusion) axis and thus different cross section areas. We studied

the dependence of the results on the orientation of the symmetry axes in more detail for the

limiting case of cylinders, as described in the next subsection.

The extruded material forms a faceted cluster by surface diffusion of metal atoms (this

minimizes the system energy), but this process is beyond the time scale of molecular dy-

namics simulations.

D. The role of glide plane orientation during the extrusion

In order to better understand the dependence of the results on the orientation of the glide

planes with respect to the symmetry axis, we also studied plastic deformation of cylindrical

nanorods due to compressing (in the radial direction) external forces, Fig. 9(a). This

simulation setup can be viewed as the limiting case of extrusion from onions, when the
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FIG. 9: Extrusion of material from contracting cylinders, which can be viewed as the limiting

case of extrusion from onions, when the diameter of the orifice is comparable to the diameter of

the metal particle. (a) Schematic representation of the simulation setup. (b) Illustration of the

extrusion mechanism due to glide along slip planes resulting in the formation of atomic steps and

elongation of the metal rod. (c) Snapshot showing the atoms in the HCP configuration forming

a nearly perfect ISF for a particular moment. (d) Transverse pressure at zero temperature. (e)

Transverse pressure at 873K. Note that high temperatures give rise to lower pressures when plastic

deformation occurs.

diameter of the orifice is comparable to the diameter of the metal particle.

Similar to the case of nearly spherical metal particles, the compressing forces exerted

on the metal rod by contracting graphitic shells were modeled by an external repulsive

potential changing with time. The potential profile is schematically shown in Fig. 9(a).

The contracting range was 14 nm long. Beyond this range the cylindrical potential was

time-independent. Rods with typical diameters of about 5 nm and 22 nm long were carved

from bulk fcc Pt, then the systems were annealed and, similar to spherical metal particles,
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quenched to the temperature used in the simulations.

The detailed analysis of the response of the system to the external pressure at different

temperatures showed that the response is qualitatively similar to those of spherical metal

particles (encapsulated inside onions). At finite temperatures the plastic deformation was as-

sociated with dislocation activity resulting in the formation/disapperance of stacking faults,

as described in the main paper for metal particles and schematically shown in Fig. 9(b).

The atoms in the HCP configuration forming a nearly perfect ISF are shown in Fig. 9(c). At

finite temperatures (873 K) the slip occurred at lower pressures, as in the case of particles.

Fig. 9(d,e) shows the dependence of the transverse pressure at zero temperature and at

873 K for three different orientations of the crystallographic axes. The indices show the

direction of the symmetry axis. It is evident that the pressure corresponding to the onset

of plastic deformation depends on the orientations. If we assume that, similar to Schmid’s

law (describing plastic deformation of cylindrical single crystal subject to a tensile force)

the pressure is governed by the areas of the two non-equivalent (111) slip planes (that is the

cross section divided by the cosine of the angle between the tube axis and (111) directions,

then the pressure corresponding to the plastic deformation should be governed by an inverse

of the product of two cosine functions (the minimal values should be chosen among four

non-equivalent (111) planes), as

Pext ∼
1

cos(α1) cos(α2)
. (16)

where α1 and α2 are the angles between the tube axis and two non-equivalent (111) direc-

tions.

In particular, the products of two cosine functions cos(α1) cos(α2) are for the following

orientations of the cylinder axis:

——————————-

<100> 0.3333

<111> 0.3333

<1-21> 0.4444

<122> 0.5555

<110> 0.6666

The lower the product, the larger is one of the cross-sections along the slip planes, and

correspondingly, the higher pressure is required to nucleate the slip. This picture is consistent
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with the results of numerical simulations, as evident from Fig. 9(d). It should be pointed

out that as our goal was to address the role of glide plane orientation, in our analysis we

ignored the dependence of the pressure on the angle between slip direction and the cylinder

axis.
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