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We report channeling patterns where clearly resolved effects of the narrow f111g planes are observed in
axial and planar alignments for 2 MeV protons passing through a 55 nm [001] silicon membrane. At

certain axes, such as h213i and h314i, the offset in atomic rows forming the narrow f111g planes results in
shielding from the large potential at the wide f111g planes, producing a region of shallow, asymmetric

potential from which axial channeling patterns have no plane of symmetry. At small tilts from such axes,

different behavior is observed from the wide and narrow f111g planes. At planar alignment, distinctive

channeling effects due to the narrow planes are observed. As a consequence of the shallow potential well

at the narrow planes, incident protons suffer dechanneled trajectories which are excluded from channeling

within the wide planes, resulting in an anomalously large scattered beam at f111g alignment.

DOI: 10.1103/PhysRevLett.108.195502 PACS numbers: 61.85.+p

We recently described the fabrication of perfectly
crystalline, 55 nm thick silicon membranes [1] which are
ideal for observing ion channeling patterns exhibiting a
highly nonequilibrium transverse momentum distribution
of the channeled beam during its initial propagation. The
reduced multiple scattering through such ultrathin layers
allows fine angular structure to be observed [1], previously
only predicted in simulations [2–5].

This study takes advantage of the diversity of new
channeling phenomena involving fine angular structure
which is accessible using ultrathin membranes to reveal
the different channeling effects of the narrow and wide
f111g planes of silicon. We study whether the asymmetric
lattice potential at certain axes including a f111g direction,
resulting from the offset in position of the atomic strings at
opposing walls of the narrow planes in such diamond
cubic structures such as silicon is manifested in channeling
patterns from such thin membranes. A better understand-
ing of such channeling and dechanneling behavior is im-
portant in bent crystal channeling [6–8] and in the
generation of channeling radiation [9–11]. These effects
were also studied using Monte Carlo simulations per-
formed using FLUX [12,13], based on the Ziegler-
Biersack-Littmark universal potential [14,15], and a binary
collision model with an impact parameter dependent algo-
rithm for energy loss. Hereafter, we refer to wide and
narrow planes as specifically referring to the f111g direc-
tion in silicon.

Figure 1(a) shows a composite set of calculated maps of
interatomic axial continuum potentials, VðrÞ, at various
axes using the universal potential equation which has the
same functional form as the Moliere potential [12,13]

within the triangular zone bounded by the [001], [011],
and [112] axes, where
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Most atomic potentials exhibit two or three planes of
symmetry, reflecting the corresponding symmetry of the
atomic strings. However, notable exceptions are found at
axes along the f111g direction, such as the h213i and h314i
axes, which have a shallow, asymmetric atomic potential
between the narrow planes. This is a result of the diamond
cubic lattice of silicon where the two rows of atoms of the
narrow planes are at different depths. Tilting along the
f111g direction progressively changes their relative offset,
producing different asymmetric orientations of the atom
rows of the [213] and [314] axes. This asymmetry in the
atomic potential is reflected about the horizontal plane in
the corresponding axes below the [112] axis, shown for the
½2�13� and ½3�14� axes. This offset also results in the area
between the narrow planes being shielded from the large
potential well at the wide planes, producing a shallower,
asymmetric potential. Given the different nature of the
potentials between the narrow and wide planes, it may
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indeed be expected that they exhibit distinctly different
channeling effects.

Figure 1(b) shows a composite of axial channeling pat-
terns recorded for 2 MeV protons through a 55 nm [001]
silicon membrane for the same axes as Fig. 1(a). These
patterns were recorded by photographing a highly sensitive
aluminum-coated Yttrium aluminium garnet scintillator
screen located 50 cm further downstream of the membrane,
with a proton beam current of�10 pA, a beam spot size of
�1 �m and convergence angle of 0.01� in a nuclear
microprobe, and a camera exposure time of about 0.8
seconds. The planes of symmetry in each pattern corre-
spond to that within the relevant atomic potential map, with
none for the h314i and h213i axes which exhibit a bright,
symmetric, horizontal band, with an asymmetric compo-
nent to either side, differently oriented for the two axes.
FLUX simulations confirm that these patterns change with

layer thickness but remain asymmetric until the fine angu-
lar structure is lost due to multiple scattering in layers
thicker than about 100 nm. The asymmetry is reflected
about the horizontal plane in the patterns recorded from the
½2�13� and ½3�14� axes. Figure 1(b) also shows FLUX simu-
lations for 500 000 2 MeV protons for the corresponding
h213i and h314i axes of the emergent angular distribution
through a 55 nm layer. In all such FLUX simulations, blue
(red) regions correspond to low (high) intensity. Under
these conditions the h213i axes exhibit strong asymmetry
in the location of the two bright dots, which further

simulations show originating from those ions incident on
the narrow planes.
Figure 2(a) shows experimental channeling patterns

recorded for 2 MeV protons transmitted at small tilts
to the [314] axis, (uppermost three rows) parallel, and
(fourth row) perpendicular to the f111g direction. Figures
2(b)–2(d) show simulated patterns of the angular distribu-
tion from those beam portions which are incident on the
(b) combined f111g planes, and only the (c) wide, (d)
narrow planes. On tilting parallel to the f111g direction,
the experimental patterns exhibit two components, a bright,
horizontal band, which simulations show originating from
the wide planes, and a small ringlike ‘‘doughnut’’ [16]
structure originating from the narrow planes. Channeling
patterns originating from thewide planes do not changewith
tilt; note that at the h314i (and h213i) axes the potential
along the wide planes is quite uniform, unlike, e.g., at the
h111i and h112i axes, producing behavior with similar
characteristics to that observed in planar channeling on

FIG. 1 (color online). (a). Collage of static atomic potentials
averaged along the ion direction at different axes away from the
[100] axis, at angular locations along (001), (011), (111) planar
directions. Also shown are magnified maps of the atomic poten-
tial at the [213] and [314] axes. Red (violet) regions represent
low (high) potential in the scale bars at each map. (b). Collage of
measured axially aligned channeling patterns for 2 MeV protons
through a 55 nm [001] silicon membrane at the same axes as in
(a). For 2 MeV protons, the axial channeling critical angles of
the major axes shown are c a½001� ¼ 0:33�, c a½011� ¼ 0:41�,
and c a½111� ¼ 0:36�. The different orientations of the asym-
metric components of the h213i and h314i axes are shown by
arrows. FLUX simulations of the angular distributions are also
shown for the h213i and h314i axes.

FIG. 2 (color online). (a) Experimental and (b-d) simulated
channeling patterns for 2 MeV protons transmitted through a
55 nm [001] silicon membrane close to the [314] axis, tilting (top
3 rows) within the vertically-running f111g direction, and (fourth
row) across the f111g direction, and (bottom row) for a small tilt
away from the [213] axis parallel to the f111g direction. The
simulated patterns show the angular distribution in the
(b) combined planes, (c) wide planes, and (d) narrow planes.
The color scales are individually adjusted to best highlight low
contrast features.
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tilting [17–20]. In contrast, the ringlike patterns originating
from the narrow planes increase in diameter with tilt angle,
more in keeping with ‘‘axiallike’’ behavior observed at
major axes [16]. Figure 2, fourth row, shows that the
narrow and wide planes also produce different behavior
on tilting perpendicular to the f111g direction. Simulations
show that the wide planes produce a circular distribution as
typically observed at small tilts away from an axis whereas
the narrow planes produce the vertically-running, right-
hand line, more in keeping with what may be expected at
a planar potential. Thus, not only do the wide and narrow
f111g planes produce distinct components in axial chan-
neling patterns, but each may exhibit characteristics of
axial or planar channeling, depending on the direction of
tilt. Figure 2, bottom row, shows the behavior for a small
tilt away from the [213] axis parallel to the f111g direction,
where an even more pronounced asymmetry is observed
from the narrow planes, resulting in patterns which are
strongly asymmetric about the tilt direction. This is just
observed in experimental patterns which are at the limit of
our measurement sensitivity.

We now consider whether the effects of the narrow f111g
planes can be similarly observed in planar channeling
patterns. The planar channeling critical angle, c and pla-
nar oscillation wavelength � are given by [17–19]

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Z1Z2e

2NdpCaTF
pv

s
(3)

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�Edp

2Z1Z2e
2NaTF

s
; (4)

where Z1 and Z2 are the atomic numbers of the incident
and lattice nuclei, N is the atomic density, dp in the planar

spacing, C ffi ffiffiffi
3

p
, aTF is the Thomas-Fermi screening

distance and p, v are the ion momentum and velocity.
The planar spacing of the wide and narrow f111g silicon
planes are 2.4 Å and 0.71 Å, respectively, giving a ratio of
0.54 between the values in wide and narrow planes, of c
and �, with c w ¼ 0:15�, c n ¼ 0:08�, and �w ¼ 240 nm
and �n ¼ 110 nm, respectively, for low amplitude trajec-
tories for 2 MeV protons. Since only �23% of beam is
incident on the narrow planes, together with their small
critical angle means that their effects are rapidly lost in
thick layers at MeV beam energies, so most previous
channeling measurements involving the f111g direction
have only considered the wide planes as determining the
channeling behavior, with the measured critical angle
agreeing with this assumption [19,21].

Figure 3(a) shows channeling patterns recorded for
2 MeV protons incident at small tilts to the vertically-
running f111g direction of a 55 nm [100] silicon membrane,
at an angular location chosen as free from interference by
any intersecting minor axes. Figure 3(b) shows correspond-
ing FLUX simulations of the exit angular distribution for

the combined wide and narrow planes for 500 000 2 MeV
protons. The experimental and simulated patterns in
Figs. 3(a) and 3(b) both exhibit a bump in the planar
channeled distribution at small tilts. This feature is not
observed in patterns along other major planar directions
such as the f001g and f011g which comprise a single plane
width. Figures 3(c) and 3(d) show FLUX simulations for
beam incident only on the wide and narrow planes, respec-
tively, presenting either exit angular distributions or plots
of the channeled trajectories, enabling the origin of the
bump to be determined. Along the f111g direction, a layer
thickness of 55 nm corresponds to ��w=4 and ��n=2, so
for small beam tilts a large angular spread exits the wide
planes but an almost parallel beam exits the narrow planes.
The higher electron density within the narrow planes fur-
ther results in the incident beam being more scattered in the
transverse direction compared to the wide planes. These
two factors produce the central bump due to the narrow
planes, along an otherwise uniform intensity across the
wide planes. At a tilt of 0.06�,<c n;, the bump is displaced

in angle away from the f111g direction, because within the
narrow planes the beam remains parallel (� �n=2), and
exits with an angle equal but opposite to its entrance angle.
One observation from the trajectory simulations in

Fig. 3(d) is that protons dechanneled from the narrow
planes are excluded from channeled trajectories within
the wide planes. This is investigated in Figs. 4(a) and 4(c)
using FLUX simulations in the form of phase space plots of
the beam incident only on the narrow planes, for a tilt of
0.06�. In a phase space representation of planar channeling
[22–25] the angular coordinate of the particles is plotted
versus its position coordinate relative to the planar channel
center. Channeled trajectories occupy a circular or elliptical
shape bounded along the position axis by xc, this being the
closest approach that protons make to the plane walls. The

FIG. 3 (color online). (a) Experimental channeling patterns for
2 MeV protons transmitted at tilts of 0.00� and 0.06�. Simulated
FLUX channeling patterns for the angular distribution in (b) the

combined planes (c,d) in the wide and narrow planes, showing
angular distributions at a tilt of 0.00� and channeling trajectories
for a tilt of 0.06� for 100 ions to a depth of 400 nm over three
adjacent wide or narrow planes. A depth of 55 nm is indicated by
a line.
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formula xc ¼ dp=2� 1:25aTF provides good agreement

between theory and experiment. Along the angular axis
the ellipse is bounded by c and the beam rotates within
the ellipse once every �. Figures 4(b) and 4(d) show the
corresponding simulated angular distributions so that the
relationship between position and angle is clear.

At a layer thickness of 80 nm, one indeed observes that
protons dechanneled from the narrow planes rotate round
the outer edge of the phase space ellipse of the wide planes,
being excluded from channeled trajectories within them. In
a thicker layer, at 200 nm, the coherency of the dechan-
neled bunches is lost as they merge together, but this
thickness conveys the complete exclusion of the dechan-
neled beam in the wide plane phase space ellipses. The
resultant angular distributions, Figs. 4(b) and 4(d), exhibit
a bright, central region of the beam portion remaining

channeled within the narrow planes and a narrow, dark
band at one or both sides within the angular region ðc w �
c nÞ. The outermost angular components arise from beam
oscillating around the outer edge of the wide plane phase
space ellipse. The resultant behavior therefore shows beam
incident on the narrow f111g planes being rapidly dechan-
neled and scattered to angles dictated by the wide plane
critical angle. Whether this behavior is observed or not
depends on the angular distribution of the beam exiting the
wide planes.
This behavior may be understood by considering the

potential distribution across the f111g planes in Fig. 4(e),
comprising a deep well across the wide planes and a
shallow well across the narrow planes. Beam incident on
the narrow planes requires only a small incident angle,
�c n to pass into the deeper potential well of the wide
planes where it acquires a transverse angle which is too
large to allow capture into a channeled trajectory. Hence,
beam incident on the narrow planes exhibits channeling
behavior governed by c n but dechanneling behavior gov-
erned by c w. This same explanation applies to any lattice
direction comprising more than one plane width, with the
angular scattering of the dechanneled beam fraction deter-
mined solely by the widest planes present.
There are two fields where this insight into the dechan-

neling behavior from the narrow f111g planes is important.
One is in extraction of high energy proton beams using
bent crystal channeling [6–8], where the silicon f111g
rather than the f110g direction is commonly used owing
its larger c . An important consideration is the additional
angular spread imparted to the circulating beam in passing
one or many times through the bent crystal. Figure 5 shows
the simulated angular spread for 2 MeVand 1 GeV proton
beams aligned with the f110g and f111g directions. In both
cases, rapid dechanneling and consequent large scattering
from the narrow f111g planes results in a larger angular
spread along the f111g direction. This suggests the f110g
direction may be more relevant than previously considered

FIG. 4 (color online). (a,c) FLUX simulated phase space ellipses
and (b,d) angular distributions at depths of 80 and 200 nm for
beam incident on the narrow f111g planes at 0.06� tilt, for 500 000
2 MeV protons. The simulation is over one unit cell, comprising
three wide and narrow f111g planes. The extent of the wide and
narrow f111g plane ellipses is shown as solid white lines, the
lattice plane walls as dashed white lines. The angular distributions
are rotated through 90� compared with those in Fig. 3 to give both
types of plot the same vertical axis, so in this case the f111g
direction is horizontal. (e) Static atomic potential (divided by 8
times) averaged along the ion direction across the f111g planes.

FIG. 5 (color online). FLUX simulated angular distribution
across the f110g and f111g directions for (a) 2 MeV protons
passing through a 300 nm and (b) a 1 GeV proton beam passing
through a 10 �m thick silicon layer. The angular widths, 2c , of
the f110g and f111g directions is indicated (they are almost
identical).
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for beam extraction. The other field is the production of
channeling radiation, where a high energy charged particle
beam is used to induce electromagnetic radiation of keV
energies due to the planar channeling action of particles
oscillating back and forth between the channel walls
[9–11]. Yamamura and Ohtsuki [10] simulated the chan-
neling radiation and its polarization emitted by 56 MeV
positrons in silicon and reported a photon spectrum for the
f111g direction containing two peaks corresponding to the
wide and narrow f111g planes. It is likely that the oscil-
latory motion of the dechanneled trajectories from the
narrow and wide planes in Figs. 3 and 4 will also produce
a distinct wavelength of channeling radiation which may
be tuned according to the incident planar tilt angle.

This study has revealed the separate ion channeling
behavior in narrow and wide f111g planes of silicon.
Further studies are in progress on the wealth of fine angular
structure which may be observed in such patterns from
ultrathin membranes.
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