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When a force deforms an elastic object, practical experience
suggests that the resulting displacement will be in the same
direction as the force. This property is known as positive
stiffness1. Less familiar is the concept of negative stiffness,
where the deforming force and the resulting displacement are in
opposite directions. (Negative stiffness is distinct from negative
Poisson's ratio2±6, which refers to the occurrence of lateral expan-
sion upon stretching an object.) Negative stiffness can occur, for
example, when the deforming object has stored7 (or is supplied8

with) energy. This property is usually unstable, but it has been
shown theoretically9 that inclusions of negative stiffness can be
stabilized within a positive-stiffness matrix. Here we describe the
experimental realization of this composite approach by embed-
ding negative-stiffness inclusions of ferroelastic vanadium diox-
ide in a pure tin matrix. The resulting composites exhibit extreme
mechanical damping and large anomalies in stiffness, as a con-
sequence of the high local strains that result from the inclusions
deforming more than the composite as a whole. Moreover, for

certain temperature ranges, the negative-stiffness inclusions are
more effective than diamond inclusions for increasing the overall
composite stiffness. We expect that such composites could be
useful as high damping materials, as stiff structural elements or
for actuator-type applications.

Composite materials were prepared with inclusions of vanadium
dioxide (VO2) in a pure (99.99%) tin matrix. Particulate inclusions
150 mm in size or smaller were incorporated into a tin matrix by
rolling sheets of tin with particles, followed by casting into a
cylindrical mould 3 mm in diameter. Vanadium dioxide is a ferro-
elastic material10±12 that undergoes a transformation from mono-
clinic to tetragonal at transformation temperature Tc � 67 8C; the
transition exhibits hysteresis. It is similar in structure10 to the stiff
mineral rutile (TiO2) with elastic moduli13 C11 � 271 GPa and
C33 � 483 GPa. By contrast, steel has a Young's modulus of
E � 200 GPa (C11 � C33 � 269 GPa); for tin E � 50 GPa.

The material properties were measured using a broadband
viscoelastic spectroscopy apparatus14,15, capable of a range of
eleven decades of time and frequency in torsion. Specimens were
mounted using cyanoacrylate cement: at the top to its support rod,
and at the bottom, to a high magnetic intensity neodymium iron
boron magnet. The dynamic experiments were conducted by
applying a sinusoidal voltage at 100 Hz, from a digital function
generator to a Helmholtz coil. The lowest specimen resonance was
at several kilohertz. The coil imposed a magnetic ®eld on the
permanent magnet and transmitted an axial torque to the specimen.
The angular displacement of the specimen was measured using laser
light re¯ected from a mirror mounted on the magnet to a split-
diode light detector. The detector signal was ampli®ed with a wide-
band differential ampli®er. Torque was inferred from the Helmholtz
coil current, supported by calibrations using the well characterized
6061 Al alloy29. Input and output voltages and the phase between
them were recorded using a lock-in ampli®er (SRS 850, Stanford
Research Systems). Data were reduced using the analytical relation-
ship for the torsional rigidity of a viscoelastic cylinder. Constituent
stiffness was tuned by varying the temperature. An insulated inner
chamber was heated to above 85 8C and the temperature was
maintained for at least 30 minutes. The heater was shut off and
the chamber allowed to cool. Cooling rate over the temperature
range of interest was less than 1 8C per minute.

Material properties, stiffness and damping (tand, where d is the
phase between stress and strain) as a function of temperature of a
particulate VO2±tin composite with 1% by volume of inclusions are
shown in Fig. 1. Although the concentration of inclusions is dilute,
large anomalies are observed in the mechanical damping, tand, as
well as in the stiffness. For comparison, tand of pure Sn is 0.019 and
varies little with temperature, as shown. The sharp dependence on
temperature we attribute to the fact that the inclusions are much
stiffer than the matrix (away from the transition temperature) and
can only balance the matrix stiffness near the transition. The peaks
observed in the present 1% VO2 composite are larger than in 100%
VO2, which had a peak12 of 0.04 to 0.05 in tand and a dip of 8% in
stiffness at the transition. In the composite, there is interplay
between constituents of positive and negative stiffness; by contrast,
100% VO2 has positive stiffness at all temperatures due to the
formation of domains.

A negative-stiffness lumped element (a structure) can be stabi-
lized by a hard constraint. For an unconstrained block (or, surface
traction boundary condition, in the language of elasticity1) of
isotropic material to be stable, the shear modulus G and the bulk
modulus B, as stiffness quantities, must be positive. This corre-
sponds to a range of Poisson's ratio n (de®ned as the negative
transverse strain of a stretched or compressed body divided by its
longitudinal of strain) 2 1 , n , 0:5. Materials of negative Pois-
son's ratio, while exhibiting the unusual property of transverse
expansion when stretched, can have all positive-stiffness values,
and hence stability. For most solids1, n is between 0.25 and 0.33.
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Foams2,3 with n < 2 0:7, and polycrystals4, crystals6, and other
microstructures5 with a negative Poisson's ratio have been pro-
duced; they are stable. For a constrained isotropic block (surface
displacement boundary condition16), stability requires G . 0 and
2 ` , n , 0:5 or 1 , n , .̀ As Young's modulus is
E � 2G�1 � n�, an isotropic material with Young's modulus less
than zero is stable provided it is constrained. Another criterion of
stability is strong ellipticity17, for which G . 0 and n , 0:5 or n . 1,
allowing negative Young's and bulk moduli. Violation of strong
ellipticity gives rise to instability: bands of heterogeneous
deformation17 form in materials. In single domains of ferroelastic
material, band formation is suppressed by surface energy considera-
tions. Therefore single domain particles, when constrained by a
suf®ciently stiff composite matrix, can be stable. So inclusions can
have negative Young's modulus, and if they are small enough, even
negative shear modulus.

The stabilizing constraint need not be perfectly rigid; it can be the
matrix phase of a composite. Speci®cally, we have shown9 via
composite theory that negative-stiffness elastic materials can be
stabilized by embedding them as polydisperse spherical inclusions
in an isotropic composite governed by the Hashin±Shtrikman shear
modulus (GL) formula18

GL � G2 �
V 1

1

G1 2 G2

�
6�K2 � 2G2�V 2

5�3K2 � 4G2�G2

�1�

where K1 and K2, G1 and G2, and V1 and V2 are the bulk modulus,
shear modulus and volume fraction of phases 1 and 2, respectively.
Although we can show that a system is stable with respect to certain
modes of instability, we cannot con®dently prove that a complex
system is stable with respect to all possible modes, of which there
may be an in®nite number. Therefore experiments are necessary.

For viscoelastic materials, the moduli become complex following
the elastic±viscoelastic correspondence principle19,20. When inclu-
sion phase 1 has a negative shear modulus of about -1.1 of the
matrix modulus, composite behaviour21 is predicted to exhibit a
large peak in damping, tand, and an anomaly in stiffness. As an
illustration of the concept, Fig. 2 shows representative behaviour
versus inclusion stiffness based on composite theory with isotropic
inclusions and matrix. The abscissa is normalized inclusion stiff-
ness, which is tuned indirectly by temperature in the experiments. If
inclusion concentration is increased or matrix damping is reduced,
theory allows the composite to have negative stiffness and tand. The

theory is simplistic in that inclusion anisotropy and heterogeneity
of their environment is ignored.

Indirect experimental evidence of negative shear modulus is
found in the banding instability which occurs in compressed
foams22. In ferroelastic, ferroelectric and ferromagnetic materials23

the bands, called domains, occur below a transformation tempera-
ture Tc. Small particles may be single domains23, owing to surface
energy; domain size can be from micrometres to centimetres
depending on the material. A negative-stiffness material may be
represented by an energy versus deformation diagram in which
there are at least two relative minima or energy wells. Negative
stiffness was directly observed experimentally in tetrakaidecahedral
single-cell models of foam materials, in compression under dis-
placement control constraint22. The concept of composites with
negative stiffness is supported by experimental study of a con-
strained, lumped one-dimensional model system involving a single
buckled tube as a negative stiffness element24.

Observed stiffness and damping anomalies in the composite are
much larger than they could be for inclusions of any positive
stiffness or damping. For example, if the particles were as stiff as
diamond (E � 1;000 GPa), composite theory18 predicts a composite
stiffening effect of only 1.9% and no change in tand; if the particles
were in®nitely stiff, the composite would be only 2.1% stiffer than a
tin matrix. If the particle stiffness were to vanish, the composite
would soften by 1.9% and have no change in tand. The inclusions
are therefore more effective than diamond in increasing the com-
posite stiffness at selected temperatures; moreover, the composite
exceeds the classical bounds18 based on positive stiffness. The
observed peaks in damping cannot be explained by any variation
in the properties of positive-stiffness inclusions. Even if inclusion
tand were as large as 1.0 at the transition, composite damping could
increase from 0.025 to at most 0.032, assuming positive inclusion
stiffness. Therefore the inclusions exhibit negative stiffness.

Composites with inclusions of negative stiffness may be called
exterlibral because they are on the boundary of balance, or archi-
dynamic because they are based on initial force. They are pertinent
to any heterogeneous material in which one constituent undergoes a
phase transformation and another does not; also to some materials
with a pre-strained constituent. They may be of use in studying the
properties of single domains of ferroelastic, ferroelectric, ferromag-
netic, or shape memory martensite25 materials. Because a dilute
concentration is suf®cient to obtain substantial effects, not much
sample material is needed. Some materials can be easily prepared as
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large single crystals; polycrystalline arrays may be brittle. Such
composites may be of use as high-performance damping materials,
since the ®gure of merit26 in the present results exceeds that of
commonly used materials (E tand < 0:6 GPa) by a factor of more
than 20. For that purpose, sensitivity to temperature could be
reduced via matching inclusion and matrix stiffness. Moreover,
pre-stressed or pre-buckled24 elements with minimal temperature
sensitivity may be used as inclusions. Bounds on properties of
complex heterogeneous materials are generally derived assuming
positive phase properties18. These bounds can be exceeded if
negative stiffness is allowed, permitting extreme properties not
previously anticipated. As in thermoelastic and piezoelectric mate-
rials, elasticity is coupled with temperature and electric ®eld
respectively, these composites may ®nd use in high-performance
sensors and actuators. These composites may also occur naturally
in rocks and in biological materials (in which anomalies were
reported27); they may be considered in the context of deep-focus
earthquakes and attenuation of seismic waves. M
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High-resolution proxies of past climate are essential for a better
understanding of the climate system1. Tree rings are routinely
used to reconstruct Holocene climate variations at high temporal
resolution2, but only rarely have they offered insight into climate
variability during earlier periods3. Fitzroya cupressoidesÐa South
American conifer which attains ages up to 3,600 yearsÐhas been
shown to record summer temperatures in northern Patagonia
during the past few millennia4. Here we report a ¯oating 1,229-
year chronology developed from subfossil stumps of F. cupres-
soides in southern Chile that dates back to approximately 50,000
14C years before present. We use this chronology to calculate the
spectral characteristics of climate variability in this time, which
was probably an interstadial (relatively warm) period. Growth
oscillations at periods of 150±250, 87±94, 45.5, 24.1, 17.8, 9.3 and
2.7±5.3 years are identi®ed in the annual subfossil record. A
comparison with the power spectra of chronologies derived
from living F. cupressoides trees shows strong similarities with
the 50,000-year-old chronology, indicating that similar growth
forcing factors operated in this glacial interstadial phase as in the
current interglacial conditions.

With the exception of polar and tropical ice cores and some
ocean-sediment cores, palaeoclimate records with annual resolution
based on studies of tree rings, coral, and varved sediments have been
recovered only for the late Holocene5. Here we report annually
resolved proxies of palaeoclimate data for southern South America
for an interstadial period thought to correspond to marine oxygen
isotope stage 3 (OIS 3; ref. 6). Our analysis is based on subfossil tree
remnants found at Seno ReloncavõÂ in the southern Lake District of
Chile (408 009 to 428 309 S, 718 309 to 748 009 W). Here we use the
term `subfossil' to mean wood preserved since the late Pleistocene
epoch that still contains carbon material. Supported by glacial
geology and palynology studies, the southern Lake District repre-
sents an area where late Quaternary climate ¯uctuations have been
best established for the entire Andes7±10. Although the Lake District
was affected repeatedly by large ice lobes descending from the Andes
at times . 14 kyr before present (BP), long-term full-glacial strati-
graphic pollen records show that the forests did not completely
disappear during the periods of ice advance and rapidly re-
expanded afterwards8,9. After ice recession, evergreen forest,
mainly dominated by broad-leaved and conifer elements, expanded
across the Lake District with a wide ecological amplitude, from
lowland ¯oodplains to near the modern, upper tree line.

Annually resolved records in the region based on the characteristic
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