
are greatly suppressed (curves ii and iii in Fig. 3a). Both channels
exhibit small leakage. We attribute the first peak to photons
retrieved near the cell boundaries, which do not experience suffi-
cient Bragg reflections to be trapped efficiently. The long tail is
probably due to a slow spreading of the stored pulse. When the
backward beam is turned off, the released pulse is detected in the
forward channel (curve ii). The presence of signal light inside the
cell during the simultaneous application of the two control beams
was verified directly by monitoring fluorescence from the side of the
cell (Fig. 3b). For times when the signal output in the forward and
backward directions is greatly suppressed, we observed significant
enhancement of the signal light fluorescence (curve iii in Fig. 3b),
due to residual atomic absorption.

These observations provide evidence for controlled conversion of
the stored atomic coherence into a stationary photonic excitation in
the cell. Note, in particular, that the magnitude of the fluorescence
drops sharply after the backward pulse is turned off. This drop is
followed by a gradual decay, associated with the exit of the slow
pulse from the medium. This behaviour is in qualitative agreement
with our simple model, which predicts the light intensity in the
stationary pulses to be double that in the slowly propagating pulse.
As shown in Fig. 3c, the magnitude of the released pulse decreases
exponentially with increasing trapping time with a characteristic
time constant of about 7 ms. Note that only a part of this decay is due
to the hyperfine coherence decay. Other decay mechanisms include
spreading of the stationary pulse, as well as imperfect EIT. We
anticipate that improvements in efficiency can probably be achieved
by initial optical pumping into a single atomic sublevel, using an
atomic system with larger level spacing or using the sharper
absorption lines of cold atom clouds.

We finally outline possible avenues opened by the present work.
First, we note that our procedure is based on a passive medium, and
in the ideal limit is not accompanied by optical loss or gain, hence
avoiding the associated noise. We therefore anticipate that our
method preserves the quantum states of light pulses. (This is in
contrast to Bragg gratings based on gain modulation21.) Second,
although the present work demonstrates stationary light localiza-
tion and storage in one dimension, it should be possible to
controllably localize and guide stationary photonic pulses in three
spatial dimensions by using control beams with properly designed
wavefronts. Third, controlled conversion of propagating light into
stationary light pulses opens interesting possibilities for enhanced
nonlinear optical processes by combining the present technique
with the resonant enhancement of nonlinear optics via EIT24–26. This
combination may enable controlled interactions involving quantum
few-photon fields27–30 analogous to those feasible in cavity quantum
electrodynamics5. Finally, extension of the present ideas to other
systems might be possible using, for example, dynamic modulation
of photonic bandgap materials. A
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In the context of materials science, texture describes the statisti-
cal distribution of grain orientations. It is an important charac-
teristic of the microstructure of polycrystalline films1–5,
determining various electrical, magnetic and mechanical proper-
ties. Three types of texture component are usually distinguished
in thin films: random texture, when grains have no preferred
orientation; fibre texture6–10, for which one crystallographic axis
of the film is parallel to the substrate normal, while there is a
rotational degree of freedom around the fibre axis; and epitaxial
alignment (or in-plane texture) on single-crystal substrates11–15,
where an in-plane alignment fixes all three axes of the grain
with respect to the substrate. Here we report a fourth type of
texture—which we call axiotaxy—identified from complex but
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symmetrical patterns of lines on diffraction pole figures for thin
films formed by solid-state reactions. The texture is characterized
by the alignment of planes in the film and substrate that share
the same d-spacing. This preferred alignment of planes across the
interface manifests itself as a fibre texture lying off-normal to the
sample surface, with the fibre axis perpendicular to certain
planes in the substrate. This texture forms because it results in
an interface, which is periodic in one dimension, preserved
independently of interfacial curvature. This new type of pre-
ferred orientation may be the dominant type of texture for a wide
class of materials and crystal structures.

Texture is frequently studied using X-ray diffraction (XRD). A
pole figure for a particular (hkl) plane depicts the statistical angular
distribution of the direction of the normal to this plane1–3. One can
imagine placing the sample in the centre of an imaginary hemi-
sphere and, for each grain in the film, marking the intersection
between the normal to the chosen (hkl) plane and the sphere. By
projecting the density of marks on the sphere onto a planar surface,
one obtains the (hkl) pole figure (Fig. 1a). The angles f and x are
defined as spherical coordinates (azimuth and elevation) in the
hemisphere.

Pole figures for thin films typically consist of simple geometric
features (Fig. 1b, c). Random texture results in featureless pole
figures. Fibre texture4–10 (Fig. 1b) can be identified by the occurrence
of circles centred around the middle of the pole figure. (For some
materials, the fibre axis is at a small angle to the surface normal16–18;
this variant of fibre texture is sometimes referred to as tilted
texture.) Epitaxial alignment (also referred to as ‘in-plane align-
ment’ or ‘in-plane texture’)11–15 can be identified by the presence of
well-defined spots at certain locations on the pole figure (Fig. 1c).
The three types of texture (random, fibre texture and epitaxial) are
frequently observed simultaneously within the same film. For
instance, multiple variants of in-plane alignment can coexist within
a CoSi2 film on Si(100) (refs 11, 12). When different texture

components are present within the same film, each of these texture
components will contribute to the pole figures, which will then
consist of different sets of rings and/or spots.

Here we report on intriguingly complex pole figures containing
symmetrical line patterns that were measured for several materials
formed by a solid-state reaction on a single-crystal substrate. These
lines, evident in the spherical representation of the NiSi(112) pole
figure in Fig. 1a, are shown in more detail in Fig. 2a–c, which
illustrates three pole figures for a 60-nm NiSi film on Si(001). The
figures represent the raw data, without any smoothing, fitting, noise
reduction or other data enhancement techniques. The patterns of
lines cannot be described by either fibre texture (which would result
in concentric circles), epitaxial alignment (which would result in
spots) or by any combination of a discrete set of known types of
texture. Therefore, these patterns are characteristic of a new type of
texture, for which we propose the name axiotaxy. Although we only
show results here for a 60-nm-thick film of orthorhombic NiSi on
Si(001), the occurrence of axiotaxy appears to be a robust phenom-
enon. It is determined primarily by the selection of film and

Figure 1 Comparison with standard thin-film pole figures. a, Illustration of the projection

method (left) used to obtain the NiSi(112) pole figure (right) for a 60-nm NiSi layer formed

by annealing in ultrahigh vacuum. b, Example of ‘standard’ fibre texture: a Cu(200) pole

figure illustrating (111)-fibre texture for a 500-nm-thick film of Cu sputter deposited on

SiO2 c, Example of ‘standard’ epitaxial alignment: a Cu(111) pole figure showing the

epitaxial alignment of a 500-nm Cu film deposited on HF-cleaned Si(001). Regions of high

(low) diffracted intensity are coloured red (blue).

a

b

c f

e

d

Figure 2 Pole figures and calculated pattern of lines for a NiSi film on Si(001). a–c, Pole

figures for a 60-nm NiSi film on Si(001); a, (112); b, (103); and c, (202)/(211). The film

was formed by annealing in nitrogen for 30 s at 550 8C. The diffracted intensity is shown

on a linear grey-scale ranging from 0 (white) to 3,000 (black) counts above the

background. d–f, The same data with calculated line patterns overlaid on top of the

measurement. These patterns were calculated assuming that NiSi(211) (red lines) or

(202) planes (blue lines) are parallel to Si(110)-type planes in the substrate (that is, fibre

axes at x ¼ 458; f ¼ 458, 1358, 2258, 3158). Green dots, the calculated pattern for the

epitaxial texture component (see text); magenta crosses, location of signal from Si

substrate peaks.
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substrate material, and to first order is independent of processing
conditions. Indeed, we observed similar features for NiSi films on
Si(001), (111) or (110) substrates with film thickness ranging from
16 to 200 nm, annealed in nitrogen, purified helium or ultrahigh
vacuum at temperatures ranging from 400 to 750 8C. This indicates
that the observations reported here are not related to specific
annealing conditions or the presence of impurities. The solid-
state reaction between the deposited Ni film and the Si substrate
is known to result in a phase sequence, with Ni first transforming
into metal-rich silicides, followed by transformation into NiSi at
higher temperature by continued Ni diffusion. It could be thought
that the observed texture of NiSi is related to this specific formation
sequence, owing to (for example) some particular property of the
precursor phase. However, we observed similarly complex patterns
on pole figures for other films also formed by solid-state reaction
(tetragonal a-FeSi2/Si(001), cubic CoSi2/Si(001), orthorhombic
NiGe/Ge(001) and orthorhombic C54-TiSi2/Si(001)), indicating
that the phenomenon of axiotaxy is not related to some peculiarity
of a single material (for example, the texture of a specific precursor
phase, or a diffusion- versus nucleation-controlled formation
process) or even of a single class of crystal structures (Supplemen-
tary Figs A1 and A2).

The pole figures (Fig. 2) allow unambiguous identification of the
preferential orientation of the grains with respect to the reference
frame provided by the single-crystal substrate. The features appear
circular on the spherical representation in Fig. 1a, so this suggests
that the patterns of lines are related to a fibre-like texture with the
fibre axes at x ¼ 458 (instead of normal to the substrate—that is, at
x ¼ 08—as for standard fibre texture). Indeed, we found that the
complex patterns on Figs 1a and 2 are generated by two off-normal
fibre textures, each with fibre axes at x ¼ 458 and four symmetry-
related f values (458, 1358, 2258, 3158). As the fibre axes are aligned
along Si(110)-type directions in the substrate, the preferential
orientation of the grains that are part of the axiotaxy components

is defined by the constraint of aligning NiSi (202) or (211) planes in
the film parallel to Si(110)-type planes in the substrate.

The intricate geometrical patterns in the data (Fig. 2a–c) are
reproduced in Fig. 2d–f with calculated patterns for the three main
texture components overlaid on the measured patterns, illustrating
the excellent correspondence. The calculations should not be
considered as curve fitting because they are based purely on
geometry, without any adjustable parameters. In addition to the
two axiotaxy components, the pole figures contain intense spots
that are not part of the lines. These spots are caused by a standard
epitaxial alignment, for which the NiSi(200) plane is almost parallel
to Si(010) and the NiSi(014) plane is parallel to Si(001). A
transmission electron microscopy (TEM) cross-section for such a
grain is shown in Supplementary Fig. A3.

We characterized the morphology of the NiSi grains using cross-
sectional TEM analysis. The film consists of a single layer of grains
typically 100 nm across (Fig. 3a). The interface between the NiSi and
the substrate is abrupt (that is, no amorphous interlayer) and not
faceted. Considerable grain boundary grooving was observed,
indicating that for this particular annealing temperature, agglom-
eration had already started, and the NiSi/Si interface was therefore
not flat. The high-resolution TEM micrograph of Fig. 3b provides
direct corroborating evidence for the preferred alignment of
NiSi(202) or (211) planes parallel to Si(220) planes. To show this
more clearly, the image was filtered to keep only intensity associated
with the NiSi(211)/(202) and Si(110) periodicity (Fig. 3c), con-
firming the alignment of the planes in the film and substrate.

Although an understanding of the crystallographic orientation of

Figure 3 Transmission electron micrographs of axiotaxial NiSi grains. a, Low-

magnification image showing the grain structure. The typical grain size is 100 nm, and

some grain boundary grooving is visible. Scale bar, 50 nm. b, Higher-resolution image

showing the correspondence of lattice planes in the Si and NiSi. The image has been

Wiener filtered to slightly enhance lattice fringe contrast20. The orientations of the NiSi and

Si are shown, and the alignment of the lattice planes across the interface is indicated.

Scale bar, 2.5 nm. c, A filtered version of b where all intensity is removed from the image

apart from that associated with the NiSi(211) / (202) and Si(110) periodicity. This filtering

allows us to confirm visually the alignment of these planes.

Figure 4 Illustration of the importance of plane alignment across the interface. a, A 1D

periodic interface can be achieved by compensating the mismatch in d-spacing by tilting

the lattice planes over an angle Dx, thus reducing the mismatch in projected d-spacing,

Dd p. However, this works only for a flat interface (insets in b). b, The graph shows the

maximum angle a through which the interface can curve while maintaining good 1D

periodicity (defined as mismatch Dd p , 0.5%), as a function of the tilt angle Dx. The

larger the allowed value of a, the more stable the 1D periodic nature of the interface with

respect to interfacial curvature.

letters to nature

NATURE | VOL 426 | 11 DECEMBER 2003 | www.nature.com/nature 643© 2003        Nature  Publishing Group



the textured grains is interesting in itself, one is left to wonder why
plane alignment across the interface is preferred, and why specifi-
cally the NiSi(202) and (211) planes are selected. We note that the
interplanar spacings of 1.921 and 1.919 Å for NiSi(202) and (211)
planes, respectively19, are within 0.06% of the spacing of 1.9201 Å
for Si(220) planes, and the alignment of planes with almost identical
d-spacing across the interface clearly results in a structure that is
periodic along one direction in the plane of the interface (Fig. 3b).

However, unlike fibre texture and epitaxy, for which a single (hkl)
plane is preferentially parallel to the interface, the interfaces of
grains belonging to the same axiotaxy component consist of
different crystallographic planes, depending on the rotation around
the off-normal fibre axis. Any such rotation produces an interface
that remains periodic along at least one direction, but some
rotations will result in a higher degree of interfacial periodicity. In
fact, we observe that the diffracted intensity varies along the arcs on
the pole figures. We calculate that the most intense spots on the lines
are caused by grain orientations for which periodicity is achieved
along two independent directions in the plane of the interface
(Supplementary Fig. A4).

Axiotaxy, resulting in a one-dimensional (1D) periodic interface
with a possibly lower-energy bond configuration, can thus be
considered as an intermediate case between a random interface
(no periodicity) and epitaxy (a two-dimensional, 2D, periodic
interface). However, it is important to note that although 1D
periodicity can in principle be achieved for any combination of
substrate and film planes by choosing an appropriate tilt angle Dx
(Fig. 4a shows some options for different NiSi planes), axiotaxy is
experimentally observed only for 1D periodic interface structures
that result from plane alignment across the interface (that is, with
Dx < 08). To explain the apparent importance of plane alignment,
we consider the effect of interfacial roughness (Fig. 4b insets). The
interface of thin films is rarely perfectly flat, especially for films
formed by a solid-state reaction. Suppose that at one point on a
curved grain there is good 1D periodicity (0% mismatch) because of
a properly chosen tilt angle Dx. Because of interface curvature, the
projected d-spacing changes as one moves away from this point,
reducing the quality of the 1D periodic matching (lower inset). One
can calculate the mismatch in projected d-spacing Ddp along the
interface as a function of the tilt angle Dx and an angle a that reflects
the curvature of the interface (Fig. 4b, and Supplementary Fig. A5).
For perfect plane alignment across the interface, Dx ¼ 08 and a can
be arbitrarily large, indicating that the 1D periodic nature of the
interface remains preserved irrespective of interfacial roughness
(upper inset). However, if Dx is not zero, then as the interface curves
away from a point with zero mismatch, the mismatch increases. If
we select a mismatch of,0.5% as our criterion for good periodicity,
Fig. 4b shows that for increasing Dx, the range of curvature over
which the interface maintains good periodicity shrinks dramati-
cally. We may conclude that (nearly) perfect alignment of planes in
film and substrate that share (nearly) the same d-spacing is the only
way in which a 1D periodic interface structure can be achieved, the
periodic nature of which is preserved independently of interfacial
curvature.

To corroborate the above model, we consider two weak axiotaxy-
related texture components that are observed in the pole figures for
the NiSi film when plotting the data using a logarithmic intensity
scale (Supplementary Figs A6 and A7). These two additional
components are caused by off-normal fibre texture related to
NiSi(103) and (112) planes for which the fibre axis is at x ¼ 40.88
and x ¼ 46.58, respectively, and f ¼ 458, 1358, 2258, 3158. NiSi(103)
has a d-spacing 7.6% smaller than Si(220), while NiSi(112) has a
d-spacing 3% larger than Si(220), and this mismatch has been
compensated by slightly tilting the NiSi planes (Fig. 4a). Indeed, the
measured tilts of Dx ¼ 24.28 for NiSi(103) and Dx ¼ þ1.58 for
NiSi(112) reduce the mismatch Ddp in d-spacing projected onto the
interface to only 20.01% and 0.4%, respectively. This illustrates the

importance of achieving a 1D periodic interface structure (with
Dd p < 0%) in providing the driving force for this type of off-
normal fibre texture. However, the relatively weak and broad
intensities of these two axiotaxy components, compared with the
NiSi(202) or (211) components, corroborate the importance of
plane alignment, as explained by the model.

We finally comment that the occurrence of axiotaxy may be
controlled by adjusting the interplanar spacing of lattice planes
(Supplementary Fig. A8). Adding Pt to the Ni–Si reaction is known
to result in the formation of a solid solution with a NiSi-type
structure with a larger unit cell than pure NiSi. Alloying with 5–10%
Pt causes the (112)-related axiotaxy to disappear (as the increase in
d-spacing would require an even higher tilt angle) and the (202)/
(211)-related axiotaxy to weaken, while the (103) axiotaxy com-
ponent becomes more defined and stronger in intensity as the (103)
plane spacing increases and the planes become more parallel to
Si(220) (that is, Dx decreases). A

Methods
Sample preparation
Films of 8–100 nm of Ni, 30 nm of Ni(5% Pt), Fe, Co and Co(5% Ti) were sputter
deposited onto HF-cleaned Si(001) substrates in an ultrahigh-vacuum deposition system.
The samples were annealed in nitrogen ambient for 30 s at 950 8C (for Fe and Co) or 550 8C
(for Ni). In addition, a 60-nm-thick NiSi film was formed by annealing in situ—that is, in
ultrahigh vacuum (pressure 7 £ 10210 torr at the start of the anneal, heater held at 550 8C
for 5 min, pressure increased to 1.6 £ 1029 torr at the end of the anneal). Standard v/2v

X-ray diffraction was used to confirm that annealing resulted in the formation of a-FeSi2,
CoSi2 or NiSi, respectively, with no evidence of other phases present in the films.

Experimental procedure
Pole figures were measured at the X20A beamline of the National Synchrotron Light
Source at Brookhaven National Laboratory. A Si monochromator was used to select a
wavelength of 1.5406 Å. This wavelength was chosen to simplify comparison with
laboratory-based measurements using CuKa radiation. The sample was mounted on a
four-circle diffractometer (Schultz geometry). We used a scintillation counter to detect the
diffracted intensity. By fixing the sample and detector at a given v and 2v angle, one fixes
the d-spacing of the crystallographic plane in the film for which diffraction will be
detected. The pole figure is then obtained by rotating the sample around the axis that is
normal to its surface (f scan) and around the axis that is formed by the intersection of the
sample surface and the plane defined by the X-ray beam and detector (x scan). The pole
figures were acquired in steps of 0.58 in f and x (08 # f # 908 and 0 # x # 858). f and x

alignment was achieved by setting f and x equal to 458 at the location of the Si(011)
substrate peak. As a consequence, the directions (f ¼ 08, x ¼ 08), (f ¼ 08, x ¼ 908) and
(f ¼ 908, x ¼ 908) correspond to the directions of the normal to the Si(001), (1̄10) and
(110) planes, respectively. Transmission electron microscopy was carried out at 800 kV
accelerating voltage on the Atomic Resolution Microscope (which has a point resolution
of 0.16 nm) at the National Center for Electron Microscopy, Lawrence Berkeley National
Laboratory.
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Past studies of tectonically active mountain ranges have
suggested strong coupling and feedbacks between climate, tec-
tonics and topography1–5. For example, rock uplift generates
topographic relief, thereby enhancing precipitation, which
focuses erosion and in turn influences rates and spatial patterns
of further rock uplift. Although theoretical links between cli-
mate, erosion and uplift have received much attention2,6–10, few
studies have shown convincing correlations between observable
indices of these processes on mountain-range scales11,12. Here we
show that strongly varying long-term (>106–107 yr) erosion rates
inferred from apatite (U–Th)/He cooling ages across the Cas-
cades mountains of Washington state closely track modern mean
annual precipitation rates. Erosion and precipitation rates vary
over an order of magnitude across the range with maxima of
0.33 mm yr21 and 3.5 m yr21, respectively, with both maxima
located 50 km west (windward) of the topographic crest of
the range. These data demonstrate a strong coupling between
precipitation and long-term erosion rates on the mountain-range
scale. If the range is currently in topographic steady state,
rock uplift on the west flank is three to ten times faster than
elsewhere in the range, possibly in response to climatically
focused erosion.

The Washington Cascades provide a natural laboratory for

observing interactions between climate, tectonics and topography.
Although isolated volcanoes in the mountain range are part of an
active magmatic arc extending south into California, most of the
topographic relief in the Washington Cascades, and essentially all of
it north of about 478N, is the result of deep-seated bedrock uplift
and the resultant erosion, rather than volcanic extrusion. Summits
in the range seldom reach elevations higher than 2.7 km, but local
relief is commonly 1.2–1.8 km. The modern Washington Cascades
cast a dramatic orographic rain shadow. Mean annual precipitation
rates on the windward west flank are as high as 4 m yr21 and host
lush vegetation, in contrast to rates of 0.2 m yr21 or less in the
sagebrush steppe directly east of the range. Palaeobotanical evi-
dence13 indicates that the orographic rain shadow was not as strong
before the Late Miocene epoch, so it is likely that at least some of the
current topographic expression of the Washington Cascades is
younger than 10–15 Myr. This is consistent with the well-known
post-15-Myr BP warping and uplift of the lava flows of the east-
derived Columbia River basalt group on the eastern side of the
range. Little is known about either the kinematics or dynamics of
uplift in the Washington Cascades. Global positioning system (GPS)
data suggest only weak horizontal crustal shortening across the
range14, and patterns of crustal seismicity and detailed geologic
mapping do not suggest any large active Neogene faults or other
structures (see the catalogued seismicity record at khttp://www.seis-
mo.berkeley.edu/seismo/l; also available in the Supplementary
Information)15–19.

We measured bedrock apatite (U–Th)/He ages from samples in a
broad (200 km) east–west swath across the Washington Cascades to
examine spatial patterns of erosion in a setting with a strong
orographic precipitation gradient. The apatite (U–Th)/He system
has a closure temperature of ,60–70 8C (ref. 20) and ages generally
represent the time since a rock passed through a depth in the crust
corresponding to that temperature (typically 1.5–2.5 km), as a result
of tectonic or erosional exhumation.

Thirty new apatite He ages from twenty samples from the western
flank of the Cascades are shown in Fig. 1, along with our existing
data21 from elsewhere in this swath. Samples were collected from
plutons with crystallization ages ranging from,20–95 Myr BP. In all
cases except that of Mt Pilchuck in the far west, apatite He ages are
much less than crystallization ages. In this part of the Cascades,
plutons younger than ,20 Myr BP are small and rare and there is
no evidence in age and pluton distributions that ages reflect a
significant component of magmatically controlled heating.

Apatite He ages in this swath of the central Cascades vary from 4.4
to 60 Myr BP (Fig. 1). In single vertical transects collected over short
horizontal distances, ages generally show increasing ages, or little
change in age, with increasing elevation21. The most obvious pattern
in the data consists of relatively old ages (.25 Myr BP) at the
topographic crest and far eastern and western flanks of the range,
and young ages (,12 Myr BP) on the west slope (Figs 1 and 2).

To first order, the ratio of the apatite He closure isotherm depth
(,1.5–2.5 km) and age yields an estimate of time-averaged ex-
humation rate. As there are no known late Tertiary faults or
extensional structures in this region15–19, we assume that this
exhumation is entirely erosional. We calculated erosion rates for
these samples by relating each apatite He age to cooling-rate-
dependent closure temperature and depth through a series of
equations with assumed parameters, including geothermal gradi-
ent, He diffusion properties20, thermal diffusivity, and depth to
constant temperature22 (see Supplementary Information). We used
sample-specific geothermal gradients based on interpolation of
observed gradients ranging from 20 to 40 8C km21 (ref. 23)
(Fig. 1). Our model assumes a steady-state distribution of isotherms
in the crust, which is fairly robust for the relatively slow erosion rates
inferred from these data and tectonic setting over the past 40 Myr
(ref. 23).

Closure depth for each sample was adjusted to account for local
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