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longitudinal and transverse relaxation time constants T1 and T2

were measured using standard inversion–recovery and Carr–Pur-
cell–Meiboom–Gill pulse sequences23, giving T1 < 19 and 25 s, and
T2 < 7 and 0.3 s, respectively, for proton and carbon; these were
much longer than required for our experiment, which finished in
about 7 ms.

The single most important source of errors in the experiments
was the radiofrequency field inhomogeneity and pulse-length
calibration imperfections. A direct measure of this inhomogeneity
is the ,200-ms time constant of the exponentially decaying envel-
ope observed from applying a single pulse as a function of pulse
length. Including the population permutation sequence, about 7
pulses are applied to each nucleus, with a cumulative duration of
,70–100 ms.

The second most important contribution to errors is the low
carbon signal-to-noise ratio, signal peak height/r.m.s. noise <35,
versus about 4,300 for proton. The carbon signal was much weaker
because the carbon gyromagnetic ratio is 4 times smaller, and the
carbon receiver coil is mounted more remotely from the sample.
Smaller contributions to errors came from incomplete relaxation
between subsequent experiments, carrier frequency offsets and
numerical errors in the data analysis.

For this small-scale quantum computer, imperfections were
dominated by technology, rather than by fundamental issues.
However, NMR quantum computers larger than about 10 qubits
will require creative new approaches, because the signal strength
decays exponentially with the number of qubits in the machine,
using current schemes24,25: for N spins, the signal from the initial
state 00…0 is proportional to n00…0 ~ NZ 2 N , where the single spin
partition function Z < 2 at high temperatures. Furthermore, coher-
ence times typically decrease for larger molecules, whereas the
average logic gate duration increases. Nevertheless, there is hope;
for example, because of the ensemble nature of the NMR approach,
the output result can be inferred as long as a distinguishable
majority of the molecules reach the correct final state. Creating an
effective pure state is thus not always necessary, as we have demon-
strated. Optical pumping and other cooling techniques can also be
used to prepolarize the sample to increase the output signal
amplitude, because Z < 1 at low temperatures. Quantum compu-
tation poses an interesting and relevant experimental challenge for
the future.
Note added in proof: During the course of this work, we became
aware of a closely related experiment by J. A. Jones and M. Mosca26.
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Spontaneous generation of complex order in apparently simple
systems is both arresting and potentially useful1–11. Here we
describe the appearance of complex, ordered structures induced
by the buckling of thin metal films owing to thermal contraction
of an underlying substrate. We deposit the films from the vapour
phase on a thermally expanded polymer (polydimethylsiloxane,
PDMS). Subsequent cooling of the polymer creates compressive
stress in the metal film that is relieved by buckling with a uniform
wavelength of 20–50 micrometres. The waves can be controlled
and orientated by relief structures in the surface of the polymer,
which can set up intricate, ordered patterns over large areas. We
can account qualitatively for the size and form of the patterned
features in terms of the non-uniform stresses developed in the
film near steps on the polymer substrate. This patterning process
may find applications in optical devices such as diffraction
gratings and optical sensors, and as the basis for methods of
strain analysis in materials.

Thin metal films—typically 50-nm-thick layers of gold with a
5-nm adhesion interlayer of titanium or chromium—were depos-
ited onto PDMS by electron beam evaporation (Fig. 1). The metal
source heats and expands the PDMS substrate before and during
deposition. We believe that local heating of the surface of the
PDMS also slightly modifies its mechanical properties; perhaps by
introducing new crosslinks12. After cooling to ambient tempera-
ture, the surface appeared frosted, because of light scattering from
a network of periodic surface waves (Fig. 2a)13. Similar waves were
found with a variety of metals, including nickel, aluminum,
titanium and chromium. The waves almost disappeared when
the sample was reheated to 110 8C, but reformed on cooling. They
also formed on PDMS externally heated to 300 8C during the
evaporation of metal. Conversely, when the PDMS was cooled to
0 8C during evaporation of metal, waves did not arise; this
observation verifies the central importance of the thermal excur-



Nature © Macmillan Publishers Ltd 1998

8

letters to nature

NATURE | VOL 393 | 14 MAY 1998 147

sion. The waves had periodicities between 20 and 50 mm; their
depths, measured from the crest to the trough, ranged from
1.5 mm for evaporations performed without external heating, to
3.9 mm for evaporations conducted at 300 8C. We propose that
these waves result from redistribution, by buckling, of compres-
sive stresses that develop in the surface of the sample on cooling
from the evaporator temperature to ambient temperature. These
waves are similar to those formed in the wrinkling of skin sheets
in sandwich structures14, but different from the waves in buckling-
driven film delamination15 because the metal films remain
attached to the PDMS.

On flat, unconstrained PDMS, the waves were disordered, except
near an edge. When the PDMS was attached to a glass slide that

constrained its expansion on one face, the ordering that occurred
reflected, in part, this constraint. To allow the PDMS to contract
isotropically, we separated the PDMS, which had been coated with
gold and which showed a pattern of waves, from the glass slide with
a razor blade. The PDMS was placed on a paper tissue, heated until
the waves almost disappeared, and then allowed to cool again. The
PDMS expanded and contracted isotropically. The waves reformed
with dimensions similar to those observed before, but, in general, in
patterns ordered only near relief structures in the PDMS. Strong
ordering occurred on evaporating the metal film onto PDMS having
a bas-relief pattern on its surface (Fig. 2b–f); these patterns were
created by casting PDMS against a 2–20 mm thick patterned
photoresist layer16,17. The pattern of waves made a transition from

Figure 1 Preparation of metal films on PDMS. A thick (1:0 3 2:5 3 6:5 cm) layer of

PDMS was allowed to adhere to a thin glass slide and was loaded into an electron

beam evaporator; the chamber was evacuated to a pressure of 10−6 torr. The

electron beam heated the metal sources; this heat also reached the PDMS and

caused it to expand. Here we exaggerate the expansion of the PDMS for clarity; in

fact it expands by ,1%. The metals were deposited on the expanded PDMS; a

typical film comprised 50 Å of titanium evaporated at 1 Å s−1, followed by 500 Å of

gold evaporated at 3 Å s−1. After the evaporation, the PDMS cooled and con-

tracted; waves formed on the surface. The PDMS was separated from the glass

slide with a razor blade, heated to 110 8C, and cooled to ambient temperature. The

pattern of waves before and after separation, heating, and cooling were similar.

Figure 2 Optical micrographs showing representative patterns of waves that

formed when the metals were evaporated onto warm (,110 8C) PDMS, and the

sample then cooled to room temperature. a, Disordered regions covered flat

PDMS far from any steps or edges. b, Micrograph showing the transition from

disordered waves to waves ordered by rectangular ridges (100 mm wide and 10–

20 mm high; separated by 300 mm). c, A flat, waveless region of gold near an edge

in the PDMS gradually became a system of waves ordered by the rectangular

ridges (100 mm wide and 10–20 mm high; separated by 800 mm). d, e, Flat squares

(300 mm on each side) and circles (150 mm in radius) elevated by 10–20 mm relative

to the surface showed nobucklingon the plateaux, but ordered patterns of waves

on the recessed regions between them. f, Rectangular ridges (100 mm wide and

10–20 mm high; separated by 100 mm) aligned the waves parallel to the direction of

the raisedportions of the PDMS. These picturesare representativeof the patterns

that form over the whole surface area for each sample (up to 25 cm2). The PDMS

was coated with 5 nm of titanium or chromium and 50nm of gold.
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disordered (Fig. 2a) to ordered (Fig. 2b–f) when located within
200–600 mm of a step or edge.

We have developed a model that relates the spatially non-uniform
stresses in a metal film on patterned PDMS to the wave patterns.
This model correctly estimates the circumstances in which waves
initiate, as well as their orientation and wavelength. We describe this
model for two systems: (1) a single thin, stiff surface film on a thick,
homogeneous compliant substrate, representing Au on PDMS, and
(2) a multilayer film, representing Au on PDMS having a surface
layer with modified properties (Fig. 3).

If the PDMS were perfectly smooth and the film unbuckled, then
at temperatures T below the deposition temperature TD, the film
would be in a state of uniform, equi-biaxial compressive stress
jo(Pa) given by equation (1) (ref. 18):

jo ¼
Emðap 2 amÞðTD 2 TÞ

ð1 2 nmÞ
ð1Þ

Here the subscripts m and p refer to the metal film and PDMS,
respectively, n (unitless) is the Poisson’s ratio, a (8C−1) is the
coefficient of thermal expansion, and E (Pa) is the Young’s modulus.
The parameters for gold and PDMS are: Em ¼ 82 GPa,
Ep ¼ 20 MPa, nm ¼ 0:33 and np ¼ 0:48. The equi-biaxial compres-
sive film stress arises from the considerable mismatch of the
coefficients of thermal expansion of the PDMS and the film
(ap < 20am).

As the temperature drops and the compressive stresses in the film
increase, buckling starts where the maximum principal compressive
stress attains the critical value, jcrit (Pa; equation (2))14. The
associated sinusoidal wave pattern, aligned perpendicular to the
direction of maximum compression, has wavelength L (m) given by
equation (3)14. Here t (m) is the film thickness.

jcrit < 0:52
Em

ð1 2 n2
mÞ

� �1=3 Ep

ð1 2 n2
pÞ

� �2=3

ð2Þ

L < 4:36t
Emð1 2 n2

pÞ

Epð1 2 n2
mÞ

� �1=3

< 4:4t
Em

Ep

� �1=3

< 61t ð3Þ

Because the film is stiff relative to the PDMS, the wavelength is many
times the film thickness. Equation (3) yields an estimate: L,3:4 mm.
As the observed value of L is approximately nine times larger than
this estimate, we conclude that this model is oversimplified. In
practice, we believe that the heating occurring during the metal

deposition also modifies the top surface of the PDMS (plausibly by
thermal crosslinking), generates compressive stress, and alters its
Young’s modulus, perhaps to a depth of the order of 1 mm. This
modification creates a multilayered film with an effective bending
stiffness larger than that of the thin metal film, and increases the
wavelength (Fig. 3). A modified PDMS layer of thickness 2 mm (40
times that of the Au) with a plausible Young’s modulus
(E1 < 80 MPa < 4Ep) increases the wavelength by a factor of 7, in
satisfactory agreement with the experimental result. Uncertainty
with respect to the properties and structure of the modified PDMS
layer makes it difficult to provide a more quantitative comparison.

In an equi-biaxial state of stress, there is neither a preferred
orientation for the waves, nor a reason for the waves to form
systematic patterns. When steps are present, however, the stress in
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Figure 3 How the wavelength changes with a modified layer of PDMS at the

surface. We assume that a uniform, modified layer of PDMS of thickness t1 and

Young’s modulus El exists between the gold of thickness t and PDMS. The

wavelength increases as the thickness of the modified layer of PDMS is

increased relative to the thickness of the gold film, and as the ratio El/Ep is

increased.

Figure 4 Ordering of waves on a surface of PDMS patterned in a bas-relief

structure. a, We assume that in-plane displacement normal to the line of a step in

the PDMS (2–20 mm high) relieves the compressive stress in the metal film; that is,

jx ¼ 0 at the step. The graph shows jx and jy as a function of x at a step in the

PDMS (from equations (4a) and (4b)). The variation in jy as a function of x is due to

a Poisson effect where the stress in the y-direction is partially relieved by

expansion of the metal film into the x-direction. b, The surface of the PDMS

was patterned into regions 100-mm wide that were raised by 10-20 mm and

separated by 500 mm; 5nm of titanium and 50nm of gold were deposited on

this surface. c, The stress in the system followed equations (6a) and (6b). The

pattern of waves in Fig. 2c follows the distribution of stress predicted byequations

(6a) and (6b). d, An optical micrograph picture of the PDMS surface after buckling.

The waves are aligned perpendicular to the steps and in the direction of the

greater stress.

400 µm

d
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the film will no longer be uniform or equi-biaxial. There is a strong
orientation to the stress in the vicinity of the steps, with an
associated maximum principal compressive stress direction at
each point. The wave pattern develops with crests aligned perpen-
dicular to the direction of maximum compressive stress.

The non-uniform pre-buckling stress around steps is derived
from a model that approximates the influence of the substrate on
the thin film as an attached elastic foundation of springs exerting
only tangential forces. The PDMS offers little resistance to displace-
ment of the film in the direction perpendicular to the step; this
displacement relieves the stress in that direction, becoming zero at
the step itself. A solution for the stresses on either side of an
infinitely long isolated step coincident with the y-axis (Fig. 4a)
gives equations (4a) and (4b), where jx is the stress in the x-
direction, jy is the stress in the y-direction, and x is measured
starting from the step. The transition length l (m) characterizing the
distribution of stress from the step to the remote smooth film is
given by equation (5).

jx ¼ 2 j0½1 2 e 2 jxj=lÿ ð4aÞ

jy ¼ 2 j0½1 2 nme2 jxj=lÿ ð4bÞ

l < 0:3t
Emð1 2 n2

pÞ

Epð1 2 n2
mÞ

� �
< 0:3t

Em

Ep

� �
< 1;060t ð5Þ

The transition length is 17 times the buckle wavelength, L, for the
gold/PDMS system.

The predictability of the wave patterns is demonstrated by
analysis of an array of long straight strips parallel to the y-axis,
width 2d, separated by 2D (Fig. 4b). The stress distribution in the
film before buckling is given by equations (6a) and (6b), for
(jxj , d) where x is measured from the centre of the strip (Fig. 4c).

jx ¼ 2 j0 1 2
coshðx=lÞ

coshðd=lÞ

� �
ð6aÞ

jy ¼ 2 j0 1 2 nm

coshðx=lÞ

coshðd=lÞ

� �
ð6bÞ

The stresses between the strips are given by the same formulae, but
with d replaced by D, and with x now measured from the centre of
that region. We note that the compressive stress in the y-direction
remains relatively large, with a minimum, 2 j0ð1 2 nmÞ at the step;
the compressive stress in the x-direction is smaller everywhere, and
zero at the step. Consistent with jy being larger than jx, the wave
pattern shows crests aligned perpendicular to the y-axis (Fig. 4d).

The process described here provides a remarkable example of the
spontaneous generation of complexity. The regularity in the waves
reflects the uniformity in the physical properties and dimensions of
the materials. The ability to control the orientation and periodicity
of these waves by changing these parameters, and by patterning the
surface of the PDMS using straightforward techniques, makes this
system eminently controllable. We believe that this process offers
potential to generate planar and non-planar surfaces patterned in
1–100 mm features over many square centimetres. Such patterns are
interesting for their potential applications in sensors and optical
components (for example, diffraction gratings): they also allow
mapping of material properties in two dimensions. Most interest-
ingly, such patterns offer the opportunity to study the generation of
complex ordered structure from simple patterns. M
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The polymer gels called hydrogels may be induced to swell or
shrink (taking up or expelling water between the crosslinked
polymer chains) in response to a variety of environmental stimuli,
such as changes in pH or temperature, or the presence of a specific
chemical substrate1. These gels are being explored for several
technological applications, particularly as biomedical materials2.
When hydrogels swell or shrink, complex patterns may be gener-
ated on their surfaces3–7. Here we report the synthesis and
controlled modulation of engineered surface patterns on envir-
onmentally responsive hydrogels. We modify the character of a gel
surface by selectively depositing another material using a mask.
For example, we use sputter deposition to imprint the surface of
an N-isopropylacrylamide (NIPA) gel with a square array of gold
thin films. The periodicity of the array can be continuously varied
as a function of temperature or electric field (which alter the gel’s
volume), and so such an array might serve as an optical grating for
sensor applications. We also deposit small areas of an NIPA gel
on the surface of an acrylamide gel; the patterned area can be
rendered invisible reversibly by switching the temperature above
or below the lower critical solution temperature of the NIPA gel.
We anticipate that these surface patterning techniques may find
applications in display and sensor technology.

We first discuss the surface patterns made by use of the sputter-
ing-deposition technique. N-isopropylacrylamide (NIPA) gel slabs
were made by free-radical polymerization, as follows. A mixture of
7.8 g of N-isopropylacrylamide, 133 mg of methylene-bis-acryl-
amide as a crosslinker, and tetramethylethylenediamine (240 ml)
as an accelerator, was dissolved in 100 ml of deionized and distilled
water. Nitrogen gas was bubbled through the solution to remove
dissolved oxygen. The polymerization was initiated by adding 40 mg
of ammonium persulphate. The samples were kept in water for
several days to wash out chemical residues. The NIPA gels were then


