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source and drain electrodes. Figure 4B displays a
comparison of the transfer characteristics of both
TFTs. In the TFTs with PEIE-coated source and
drain electrodes, VTH dropped from 4.5 to 0.4 V,
the average m increased from 0.04 to 0.1 cm2

V–1 s–1 and the device yield improved from 60%
to 95%. We note that whereas m values obtained
after the PEIE modification are comparable to
those of similar TFTs previously reported, the
VTH in our devices is lower (4). In this example,
PEIE also coats the gate insulator inside the
channel. PEIE layers thicker than 1.5 nm led to
n-doping of the organic semiconductor channel.
Similar doping was also observed on bottom-gate
bottom-contact PC60BM TFTs that used PEIE-
coated Au electrodes with PEIE thicknesses greater
than 10 nm (fig. S14). This doping could assist
the injection/collection of carriers by producing
band-bending in the vicinity of the conductor sur-
face; this effect is also likely present in OSCs
containing fullerene-based acceptors (Fig. 3).

In a second example, bottom-gate top-contact
amorphous InGaZnO (IGZO) TFTs were fabri-
cated as shown in Fig. 4C. In contrast to the de-
vices described above, PEIE was first deposited
directly on top of the semiconductor (to prevent
any damage from the radio frequency–sputtering
deposition of IGZO) and the Au source and drain
electrodes were evaporated on top of the PEIE
layer. Figure 4D provides a comparison of the
transfer characteristics of IGZO TFTs with and
without PEIE. As in the n-channel organic-based
TFTs, the VTH of the IGZO TFTs dropped from
38.7 to 1.5 V and m increased from 0.004 to 1.2
cm2 V–1 s–1 in the devices with the PEIE-modified
electrodes.

Finally, we tested the use of PEIE in OLEDs
by replacing a LiF/Al cathode with PEIE/Al in
benchmark devices based on 4,4´-bis(carbazol-
9-yl)biphenyl (CBP) and an emitter of fac-tris(2-
phenylpyridinato-N,C2′) iridium [Ir(ppy)3], and
achieved an external quantum efficiency of 15%
(fig. S15). Although the performance of these
devices was not optimized, it illustrates the ap-
plicability of this method to OLED platforms.

Polymers containing simple aliphatic amine
groups such as PEIE and PEI appear to be “uni-
versal” surface modifiers that allow the fabrica-
tion, at very low cost and from environmentally
friendly solvents, of air-stable low-WF electrodes.
This approach should enable the mass produc-
tion of low-WF electrodes from processes that
are compatible with the large-area roll-to-roll
manufacturing techniques required for the com-
mercialization of low-cost organic and printed
electronic devices. The specific properties of the
polymers can be further optimized for other ap-
plications, and conceptually the approach could
be applied to the development of polymers for
high-WF electrodes.
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Dislocation Damping and Anisotropic
Seismic Wave Attenuation in
Earth's Upper Mantle
Robert J. M. Farla,1*† Ian Jackson,1 John D. Fitz Gerald,1 Ulrich H. Faul,2 Mark E. Zimmerman3

Crystal defects form during tectonic deformation and are reactivated by the shear stress associated with
passing seismic waves. Although these defects, known as dislocations, potentially contribute to the
attenuation of seismic waves in Earth’s upper mantle, evidence for dislocation damping from laboratory
studies has been circumstantial. We experimentally determined the shear modulus and associated
strain-energy dissipation in pre-deformed synthetic olivine aggregates under high pressures and temperatures.
Enhanced high-temperature background dissipation occurred in specimens pre-deformed by dislocation
creep in either compression or torsion, the enhancement being greater for prior deformation in torsion.
These observations suggest the possibility of anisotropic attenuation in relatively coarse-grained rocks
where olivine is or was deformed at relatively high stress by dislocation creep in Earth’s upper mantle.

Arheologically weak sublithospheric man-
tle (the asthenosphere) is widely invoked
to explain the motion of the tectonic

plates on Earth [e.g., (1)]. Laboratory experi-

ments underpin an emerging understanding of
the anomalous seismic properties of the astheno-
sphere (2, 3). In particular, the seismic anisotro-
py of this part of the upper mantle is attributed
to crystallographic preferred orientation in olivine-
rich rocks—testimony to their deformation by
dislocation creep (4–11). Several studies have
demonstrated that anelastic relaxation attributed
to grain-boundary sliding can affect the shear
modulus and attenuation of upper mantle rocks
(12–16), but evidence for strain-energy dissipa-
tion from mechanically forced vibrations of dis-
locations has been largely circumstantial until now.
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Table 1. Specimen characterization. Uncertainty is calculated as 1 SD. wt. ppm, concentration of species by weight in parts per million.

Forced oscillation conditions

Specimen di*
(mm)

df
(mm)

ri†
(mm−2)

rf
(mm−2)
(Fig. 3)

Water content‡
(wt. ppm H2O)

Maximum
flow stress
(MPa)

Maximum
strain
(×10−5)

H6585 3.1 (1.8) 3.1 (1.4) 1.0 (0.7) 1.0 (0.9) 3/2 0.53 1.00
D6618 5.0 (2.6) 4.9 (2.5) 4.8 (1.6) 1.9 (0.8) 4/2 0.19 0.46
D6646 4.8 (2.6) 5.0 (3.2) 7.1 (1.8) 5.1 (2.0) 2/2 0.35 0.95
T0436 6.7 (4.7) 5.7 (3.7) 2.4 (1.0) 1.3 (1.1) 5/2 0.38 0.78
*Grain size d, where i and f indicate before and after forced-oscillation testing, respectively. †Dislocation density r, where i and f indicate before and after forced-oscillation testing,
respectively. ‡Water content before/after forced-oscillation testing [calibration as in (28)].

Fig. 1. Backscattered electron (BSE) micrographs of (A) a hot-pressed and
un-deformed olivine specimen (H6585), (B) a compressively pre-deformed speci-
men (D6646), and (C) a torsionally pre-deformed specimen (T0436) after forced-

oscillation testing. The dislocation density increased during deformation and
remained higher than a that of a hot-pressed specimen after forced-oscillation
testing. The average grain size is typically from 3 to 6 mm.

Fig. 2. Shear modulus (A and B)
and dissipation (C and D) plotted
against log10(oscillation period) for
selected pre-deformed sol-gel olivine
specimens, color-coded for represent-
ative temperatures as follows: 1100°C
(maroon), 1050°C (green), 1000°C (or-
ange), 950°C (red), and 900°C (blue).
The dashed curves represent a model
involving a Burgers-type creep function
fitted to data for a suite of un-deformed
hot-pressed olivine specimens (16).
The model was evaluated at the grain
size relevant for each specimen. Shear
moduli for specimen T0436 higher
than the (isotropic) anharmonic value
(66.5 GPa at 900°C) are tentatively
attributed to elastic anisotropy asso-
ciated with crystallographic preferred
orientation.
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A single exploratory study of dislocation damping
to date has demonstrated enhanced strain-energy
dissipation in favorably oriented pre-deformed
specimens of single-crystal forsterite (17).

Following this promising lead, we present a
systematic study of pre-deformed polycrystalline
olivine to determine the influence of dislocation
density on shear wave speeds and attenuation
within Earth’s upper mantle. We deformed oli-
vine specimens in either triaxial compression or
torsion to introduce populations of differently
oriented dislocations. A simple analysis of the
resolved shear stress for dislocation glide in poly-
crystalline olivine samples containing randomly
oriented crystallites, pre-deformed in either com-
pression or torsion, suggests that prior deforma-
tion in torsion is likely to yield higher levels of
strain-energy dissipation in subsequent torsional
oscillation tests (supplementary materials). The
shear modulus (G) and strain-energy dissipation
(Q−1) were derived from the measured complex
torsional compliance of experimental assemblies,
each containing a deformed specimen, and were
compared to a model fitted to equivalent data for
a suite of undeformed (hot-pressed) olivine spec-
imens, tested under similar conditions of temper-
ature, pressure, and forced-oscillation period.

We performed microstrain forced torsional
oscillation tests under conditions of simultaneous
high temperature and pressure (16, 18). Based on
dislocation recovery rates measured in olivine at
a range of temperatures under similar oxygen fu-
gacity conditions (19), the conditions for forced-
oscillation testing of the pre-deformed specimens
were limited to 1100°C, at which recovery is ex-
pected to decrease the free dislocation density by
only 10% over a period of 50 hours. We initially
monitored the forced-oscillation response for
several tens of hours at 200 MPa, confining pres-
sure and the maximum temperature in order to
ensure broadly stable grain-scale microstructure
without excessive dislocation recovery. There-
after, forced-oscillation tests at 1- to 1000-s pe-
riods were performed at selected temperatures,
spaced by 25° to 200°C, during staged cooling to
room temperature. A final excursion back to high-
temperature conditions verified the reproducibil-
ity of the forced-oscillation data. The maximum
shear stress at 1100°C during a 1000-s period of
oscillation was about 0.5 MPa (Table 1), asso-
ciated with a maximum strain of 1 × 10−5 (20),
without any compelling evidence of nonlinear be-
havior associated, for example, with dislocation
multiplication (17, 21, 22).

Microstructures of the hot-pressed and pre-
deformed specimens, in particular the markedly
different densities of dislocations, were imaged
by backscattered electrons (Fig. 1). The reduction
in dislocation density during high-temperature
forced-oscillation testing was around 50% higher
than predicted by a previous study of recovery
kinetics (19). There was otherwise little micro-
structural evolution of the compressively pre-
deformed specimens. A clean foam texture was
preserved, with straight grain boundaries and

only minor grain growth (Fig. 1 and Table 1). Af-
ter the forced-oscillation testing, we found the
torsionally pre-deformed specimen T0436 to have
a somewhat smaller grain size and a more uni-
form fabric than before testing (fig. S4).

Forced-oscillation testing of both compres-
sively and torsionally pre-deformed solution-
gelation (sol-gel) olivine (supplementary materials)
demonstrates a systematic reduction of shear mod-
ulus with increasing oscillation period and tem-
perature (Fig. 2, A and B). We find a similar
period dependence for Q−1 of both specimens
(Fig. 2, C and D), with systematically and mono-
tonically higher dissipation toward longer oscilla-
tion periods and higher temperatures. The G and
Q−1 data from the more highly pre-deformed
specimens (D6646 and T0436) are similar in
many respects, consistent with their similar grain
sizes. However, the final dislocation density of
T0436was lower by a factor of 4 and close to that
of the hot-pressed specimen H6585 (Table 1). If
we compare our data for the two more-highly pre-
deformed specimens with a Burgers-type creep
function (JF) model describing the behavior of
undeformed but otherwise equivalent specimens
(16), it becomes clear that the shear modulus
measured on each of the pre-deformed speci-

mens (Fig. 2, A and B) is more strongly period-
dependent above 1000°C than in the JF model
(Fig. 2). Also, G is higher at low temperature for
the torsionally pre-deformed specimen, possibly
reflecting elastic anisotropy associated with crys-
tallographic preferred orientation (fig. S4). The
dissipation measured for each pre-deformed spec-
imen (Fig. 2, C and D) is substantially higher
across the entire range of oscillation periods than
in the JF model, especially at relatively high tem-
peratures (Fig. 2). The increased dissipation and
shear modulus dispersion of pre-deformed speci-
mens as compared to the JF model for the be-
havior of undeformed specimens suggest that
dislocations introduced during prior deformation
are responsible for the substantial enhancement
of a broad anelastic absorption band. We did not
observe a dissipation peak that is diagnostic of a
narrow distribution of relaxation times.

Overall, dissipation increased systematically
with increasing strain or dislocation density in prior
compressive deformation (D6618 and D6646) as
compared to undeformed olivine (H6585) (Fig. 3).
Furthermore, the torsionally pre-deformed speci-
men T0436 was 2.4 times as dissipative as a com-
pressively pre-deformed specimen of the same final
dislocation density (Fig. 3). The linearQ−1(r) trends
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Fig. 3. Dissipation data (red/orange symbols) plotted against final dislocation density at 1100°C and 0.2 GPa
confining pressure, for two representative oscillation periods: 12 s (inverted triangles) and 101 s (diamonds).
Data for compressively pre-deformed olivine define the red linear trends, whose intercepts represent
dissipation inferred for the intergranular relaxation processes acting alone. The data for torsionally pre-
deformed olivine are shown by the blue symbols. The error bars attached to the 101-s data represent 1 SD for
the population of estimates of dislocation density. Uncertainties in G and Q−1 are best estimated a posteriori
from the scatter of the data around the generally systematic trends with varying oscillation period and
temperature. Results from forced-oscillation testing on single-crystal forsterite (un-deformed and pre-
deformed) are shown by the light- and dark-green symbols (17). The results of evaluating the JFmodel (16) for
upper-mantle grain sizes (gs’s) of 1mm (purple inverted triangle for 101 s andmagenta diamond for 12 s) and
10 mm (brown bowtie for 101 s and orange square for 12 s) are positioned at r ~ 0.1 mm−2 (see inset).
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(where r is the dislocation density) for the hot-
pressed and the compressively deformed specimens
for the representative 12- and 101-s oscillation
periods, which intercept the Q−1 axis at ~0.035
and 0.07 respectively, reflect contributions from
intergranular relaxation processes, such as grain-
boundary sliding, in the fine-grained (3 to 6 mm)
polycrystalline olivines of this study. The additional
dissipation, attributable to dislocation damping,was
approximately Q−1 = 0.024 × r (mm−2) at a 101-s
period for the compressively pre-deformed mate-
rials. Thus, dislocation damping may account for
about 25%of the dissipation measured in the fine-
grained (3.1 mm) hot-pressed specimen 6585.

In order to assess the relative contributions of
these two dissipation mechanisms for the larger
grain sizes expected of Earth’s mantle, we used
the previously mentioned JF model (16), describ-
ing the behavior of undeformed, essentially dry
and melt-free polycrystalline olivine (including
H6585), of average dislocation density ~0.1 mm−2.
This model, evaluated under laboratory conditions
of 0.2 GPa and 1100°C and at the experimental
periods near 12 and 101 s for representative upper-
mantle grain sizes of 1 and 10 mm, yields values
of Q−1 between 0.0065 and 0.0115 (Fig. 3, inset).
Such dissipation is largely due to intergranular re-
laxation rather than dislocation damping. For com-
pressively pre-deformed olivine tested at a 101-s
period, comparable levels of dissipation would
be expected from dislocation damping alone for
upper-mantle dislocation densities of 0.3 to
0.5 mm−2. The torsionally pre-deformed speci-
men (T0436) of the present study, with a popula-
tion of dislocations similarly favorably oriented for
glide, displayed much higher levels of dislocation
damping than did compressively pre-deformed
materials of comparable dislocation density. We
conclude therefore that dislocation damping asso-
ciated with typical upper-mantle dislocation den-
sities (~0.01 to 0.1 mm−2) (10, 23) may contribute
comparably with grain-boundary–related dissipa-
tion (with associated shear wave dispersion), es-
pecially in regions of Earth’s upper mantle that
are subject to relatively high prevailing (or fossil)
deviatoric stress s and consequently high dis-
location density (11), and for shear waves with
propagation/polarization directions that provide
high resolved shear stress for dislocation glide.

Deformation in and beneath the oceanic litho-
sphere spreading away from a mid-ocean ridge in-
volves simple shear in the vertical plane parallel
to the spreading direction. This shear, if accom-
plished by glide on the dominant [100](010) slip
system of olivine, will tend to result in rotation
of the (010) planes of individual olivine crystals
toward the horizontal so that [100] is preferen-
tially aligned with the spreading direction. A
crystallographic preferred orientation of this type,
commonly measured in mantle xenoliths, provides
the accepted explanation of the azimuthal anisot-
ropy of compressional (Pn) wave speed (6, 24, 25).
This fabric provides favorable average VSH >VSV
(VSH, shear wave velocity with horizontal polar-
ization; VSV, shear wave velocity with vertical

polarization) in transversely isotropic seismolog-
ical wave speed models (26) that account for the
discrepancy between Rayleigh and Love surface
wave velocities (27). This fabric offers optimal av-
erage resolved shear stress for [100](010) dislo-
cation glide for the geometry of the simple shear
stress field controlling ongoing tectonic deforma-
tion beneath the oceanic plate. The same stress
field applies to vertically travelling shear waves
polarized parallel to the direction of plate motion
direction. Accordingly, we predict that these seis-
mic waves should be most strongly attenuated by
dislocation glide in the suboceanic mantle.

Our data demonstrate that strain-energy dis-
sipation (and shear modulus dispersion) associ-
ated with grain-boundary relaxation phenomena
are augmented by the effects of dislocation re-
laxation. The relaxation strength is expected to
vary linearly with the dislocation density, and in
turn with the magnitude of the fossil/prevailing
stress field as r º s2 (11). However, only in rel-
atively cool parts of the lithosphere is a high dislo-
cation density, reflecting a high fossil stress, likely
to survive the process of static dislocation recovery.
Under these circumstances, the relevant tectonic
settings of high potential for dislocation damping
will be regions in the lower lithosphere and as-
thenosphere, where olivine is or was deformed via
(steady-state) dislocation creep. These regions in-
clude suboceanic mantle, deep-lithosphere shear
zones, and the material immediately above and
beneath an actively subducting slab.
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Dynamic Causes of the Relation Between
Area and Age of the Ocean Floor
N. Coltice,1,2* T. Rolf,3 P. J. Tackley,3 S. Labrosse1,2

The distribution of seafloor ages determines fundamental characteristics of Earth such as sea
level, ocean chemistry, tectonic forces, and heat loss from the mantle. The present-day distribution
suggests that subduction affects lithosphere of all ages, but this is at odds with the theory of thermal
convection that predicts that subduction should happen once a critical age has been reached. We used
spherical models of mantle convection to show that plate-like behavior and continents cause the
seafloor area-age distribution to be representative of present-day Earth. The distribution varies in time
with the creation and destruction of new plate boundaries. Our simulations suggest that the ocean
floor production rate previously reached peaks that were twice the present-day value.

Thedistribution of ages of the ocean floor is
a first-order observation that determines
the evolution of Earth’s surface and inte-

rior (1). Because heat flow and bathymetry direct-

ly depend on the age of the ocean floor (2), a shift
in the area-age distribution profoundly modifies
Earth’s cooling (3), sea level (4, 5), and conse-
quently global climate (6, 7). The characterization
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