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Improved identification could be achieved if the parent
gases are removed by cryogenic cooling. Samples and
controls were kept shielded from sunlight and room
light. No measurable production of organics was found
in the controls.

The solid residue was analyzed by solution in boiling
dichloromethane and in methanol. No organic mate-
rial was detected at a level of 1 ppm in the dichlo-
romethane. The methanol solution, examined with a
Fourier Transform Infrared Spectrometer (IBM model
32), indicated the presence of soluble organic mat-
ter. Infrared absorption bands were identified at
2922, 2855, and 1450 wavenumbers, indicating the
presence of aliphatic hydrocarbons; at 1516 wave-
numbers, indicating a small amount of aliphatic
amine; at 1636 wavenumbers, indicating an amide
group; and at 1117 wavenumbers, indicating the
possible presence of alcohol groups. We could not
accurately determine the yield of the solid residue
because of the long exposure time required to pro-
duce this material and the resulting reprocessing of
products. However, based on the exposure time (20
min) and product amount (determined to be about
0.01 mg on the basis of concentrations in solution),
we can estimate its yield at about 1% of the yield of
the major hydrocarbons. An x-ray fluorescence
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spectrum of the solid residue showed a strong sulfur
line, indicating incorporation at the few percent level
in the solid residue.

. We estimated the importance of UV production,
using the results of experiments in which the shock
is isolated from the parent mixture by a UV trans-
parent window (6). Yields of the main photolysis
products with UV-only compared to yields with
complete shocks were: 1 to 4% C,H,, 10 to 20%
C,Hg, and 0.1 to 1% HCN. Our results correspond
to similar yields for the UV production, =1 to 10%
of the total shock production is due to UV.
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We can compare the expected yields for organics on

early Earth with the other main production mecha-

nism, solar UV light. C. Chyba and C. Sagan [Nature

355, 125 (1992)] estimate that the solar UV produces

3 X 108 kg year~" in a neutral atmosphere and 2 X

10" kg year~" in a reducing atmosphere. For our
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Giant Piezoelectric Effect in Strontium Titanate
at Cryogenic Temperatures

Daniel E. Grupp and Allen M. Goldman*

Piezoelectric materials have many applications at cryogenic temperatures. However, the
piezoelectric response below 10 kelvin is diminished, making the use of these materials
somewhat marginal. Results are presented on strontium titanate (SrTiO,), which exhibits
arapidly increasing piezoelectric response with decreasing temperature below 50 kelvin;
the magnitude of its response around 1 kelvin is comparable to that of the best materials
at room temperature. This “giant” piezoelectric response may open the way for a broad
class of applications including use in ultralow-temperature scanning microscopies and
in a magnetic field-insensitive thermometer. These observations, and the possible di-
vergence of the mechanical response to electric fields at even lower temperatures, may
arise from an apparent quantum critical point at absolute zero.

The phenomenon of piezoelectricity, as a
solid-state method for converting electrical
signals into mechanical motion, has be-
come ubiquitous in its applications in the
laboratory as well as in everyday life. Its
elegant simplicity is evident in such varied
uses as the beeping of a watch and the
ultrasensitive micropositioning required to
arrange individual atoms on a surface. How-
ever, it is not without limitations. In par-
ticular, the piezoelectric response is typical-
ly reduced by orders of magnitude at cryo-
genic temperatures. We have found an im-
portant exception to this in the crystal
StTiO; (STO), for which the piezoelectric
response grows at low temperature and at
1.6 K is comparable to that of the best
materials at room temperature.

We present results from measurements of
the electric field-induced strain in single crys-
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tals of STO in the temperature range T = 1.6
to 50 K. This material is one of the most
widely studied in condensed-matter physics,
exhibiting a variety of phenomena including
structural phase transitions (1) which have
been calculated recently from first princi-
ples (2), the rare phenomenon of second
sound (3), and the identification of a low-
temperature quantum paraelectric (QPE)
ground state by Miiller and Burkard (4). It
is the latter which underlies the phenome-
na in our investigations.

The electric field-induced (5) and pres-
sure-induced (6) strain in STO has been in-
vestigated since the early 1960s, but the ob-
servations were confined to a few tempera-
tures and voltages. In this work, we have
mapped out a full surface in voltage and tem-
perature, which reveals behavior much richer
than previously thought (Fig. 1). Perhaps the
most important feature of the data is the
strong increase in the magnitude of the elec-
tric field-induced strain S as T is decreased.
The strain S is the relative change in length,

CH,-containing mixture and using the atmospheric
shock deposition rate estimated by Chyba and Sa-
gan of 1077 J year—", we find an organic production
of 3 x 107%kg year~". For the lightning rate of Chyba
and Sagan, 108 J year~1, the organic production is
3 x 10" kg year—1.
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A€/€ along % for a field E = EZ. By contrast,
standard piezoelectric ceramics such as lead
zirconate titanate (PZT) would exhibit a
strain of the order 10 microstrain at our lowest
temperature for the same sample geometry.
Further, the strain in PZT decreases as T is
lowered, whereas the strain in STO increases.

The experiments were performed on a
single-crystal substrate of STO, 10 mm by
10 mm by 0.75 mm, from Princeton Scien-
tific. The impurities were determined by
the manufacturer (7). We measured S using
a foil strain gauge from Omega Engineering
(model SG-LY11). The gauge was bonded
with cyanoacrylate (Omega) after the faces
of the crystal had been coated with 500 A
of chrome. Calibration of the gauge was
based on measurements on commercially
available PZT with typical strain versus
temperature characteristics. Thus, although
the precision of the gauges is better than
107 strain, the accuracy is only about 20%.

At low voltages, the strain is quadratic
in the voltage (Fig. 2), characteristic of a
paraelectric (PE). In this regime, S for a
field E is given by

Sij = RkijEkz (1)

where the coefficient of electrostriction, R,
is a fourth-rank tensor, with i, j = 1 to 3 and
k = 1 to 6 in a double-index form (8).
Above a crossover voltage V_ associated
with a crossover field E_ (voltage is the
measured quantity and it is simply related to
the field E through the crystal thickness,
¢t = 0.75 mm), the strain is linear in field,
characteristic of a piezoelectric, with

Sij = dkijEk (2)

where the piezoelectric coefficient, d, is a
third-rank tensor (8), with i, j, k = 1 to 3.
We always applied E; and measured R,
and d3;; (9).

SCIENCE ¢ VOL. 276 * 18 APRIL 1997 ¢ http://www.sciencemag.org



Fig. 1. Electric field-induced strain
as a function of temperature and
voltage in STO. The rapid increase
of S makes this material a leading
candidate for piezoelectric applica-
tions at low temperature. The linear
region outside of the heavy black
lines has been extrapolated in plot-
ting the surface. This comer of the
graph may exhibit saturation, as ex-
plained in the text. The color is pro-
portional to the value of the strain S,
with violet indicating low and red
indicating high. (Graphics: B. F.
Schaudt, University of Minnesota
Supercomputer Institute.)

crostrain)

The results for the coefficients as a func-
tion of temperature are plotted in Fig. 3. Both
the electrostriction and the piezoelectric ef-
fect diverge as power laws in T, with Rs,; =
1/T? and dy,;, = 1/T. Further, analysis appears
to show that they are asymptotic to T = 0.
The practical implication is that the response
remains large and may actually continue to
grow, down to absolute zero. At our lowest
temperature (T = 1.6 K), the coefficients are
R;,, = 145 X 107 m?/V? and d;;, = 16 X
107 m/V. These values are comparable in
magnitude to those of PZT at room tempera-
ture, whereas at 4.2 K in PZT, d;,, can be as
high as 5 X 107'° m/V and is significantly
lower at T = 1.6 K (Fig. 3, inset). To our
knowledge, this result makes STO the ma-
terial with the largest piezoelectric response
currently available for low-temperature use.
The compound, lithium thallium tartrate
(LTT), LiTIC,H,O4H,O, has a larger pi-
ezoelectric coefficient at T = 10 K, which
is its ferroelectric transition temperature
(10). Because piezoelectric coefficients
peak at ferroelectric transitions, one might
expect that with decreasing temperature
the piezoelectric coefficient of LTT would
fall below that of STO, which is diverging
with decreasing temperature.

The diverging behavior of the electrome-
chanical response of STO is at first counter-
intuitive. As the PZT crystal cools, thermal
fluctuations die out and electromagnetic forc-
es dominate, with a corresponding decrease in
piezoelectric response and elasticity. Essential-
ly, the crystal hardens. In STO, however, the
increasing electrostrictive response implies
that the crystal softens as the temperature is
lowered. It is known through measurements of
the dielectric constant € as a function of T
that STO begins to exhibit a ferroelectric
(FE) transition (e diverges) with a Curie tem-
perature of T_ = 35 K (11) but instead be-
comes a QPE (e flattens out around 10 K) (4).
The QPE is characterized by zero-point mo-
tion of the Ti atoms. These quantum fluctu-
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ations effectively suppress the FE transition to
T = 0, as supported in recent first-principles
calculations (2). Recent experiments have
found indications that there isa T = 0 elec-
tric field—driven phase transition from a PE to
a piezoelectric state that is possibly an FE
(12). This quantum critical point at T = 0
may be associated with the apparent divergent
response. As the temperature is lowered, the
system approaches more closely the neighbor-
hood of the quantum critical point. Thus,
although the reduction of the response in PZT
as the temperature is lowered arises from de-
creasing classical thermal fluctuations, the
growing piezoelectric response in STO may
arise from the approach to the quantum crit-
ical point.

The magnitude of the strain is not with-
out bound. At higher voltages than shown
in Fig. 2, S saturates, that is, becomes con-
stant with further increase in voltage. This
is a common effect in piezoelectrics, where
the forces from the fields between ions in
the crystal dominate the forces from the
applied field. Still, the geometry we tested
yielded a maximum extension of 5 um/cm,
which is considerable. Other standard ge-
ometries such as tubes or bilayers could be
used to produce greater travel.

Another issue is that of domains. These
may arise when the perovskite crystal passes
through the structural phase transition at 105
K, going from cubic to tetragonal. In the
tetragonal phase, there is an elongation of the
cubic cell along the ¢ axis, a direction normal
to one of the faces. Symmetry dictates that
the ¢ axis may lie in any of three equivalent
orthogonal directions. A domain with the ¢
axis parallel to % in the plane of our crystal
will then exert a lateral force on a neighboring
domain in that direction and a shear force on
a domain in the § direction. The crystal is
then strained with no applied voltage.

The shear breaks the centrosymmetric
symmetry and may result in an offset in volt-
age of the minimum strain. Such an asymme-
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Fig. 2. Electric field-induced strain in STO as a
function of voltage at our lowest temperature, T =
1.6 K. The response is quadratic at low fields,
characteristic of a PE, and linear at high fields,
characteristic of a piezoelectric. The strain is large
compared to that of other commonly used mate-
rials at this temperature. The voltage is also lower
than that typically used, making this material an
excellent choice for many applications.

try may also arise from crystal defects. In our
sample, we observe an offset that moves from
70 V at 50 K to about 25 V at 1.6 K, with an
offset in strain of S_¢ = 1 microstrain (Fig. 2).
This may result from a change in the internal
strain with T, as the structural phase transi-
tion is second order, so the tetragonal dis-
tortion grows continuously to T = 0 (13).
However, the domains themselves do not
change with temperature and are unaffect-
ed by applied fields (14). It has been report-
ed that it may be possible to remove the
domains by thermal cycling (4) or by using
sufficiently thin plates (15). This removal
would simplify the operation of any device
that depended on the behavior around zero
volts. Without removing the domains, the
minimum in S would have to be found after
cooldown, and the apparatus would need to
be adjusted accordingly.

Also of practical interest is an apparent
lack of hysteresis in S upon cycling of V. The

2000

:

dyy, (1072 m/V)
g

Ry, (105 m2/V2)

g

0 10 20 30 40 50
T(K)

Fig. 3. Coefficients of electrostriction, R,,,, and
piezoelectricity, d,;,,in STO versus T. Both diverge
as inverse power laws of temperature and are com-
parable in magnitude to the coefficients of high-
performance materials at room temperature. The
inset shows the measured piezoelectric coefficient
of a sample of PZT compared with that for STO.
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curves of S versus V are highly reproducible
and independent of voltage history. If there
is any hysteresis, it is much less than 1
microstrain.

Two primary areas where STO may find
application are in low-temperature actuators
and magnetic field-insensitive thermometers.
The most broadly used application for linear
actuators is in cryogenic scanning probe mi-
croscopy (16-19). The linear (piezoelectric)
region above V_ is most useful here. Operation
would then be about a bias voltage, which near
4.2 K is only about V_ = 25 V. The absence of
hysteresis also makes precise scanning simpler,
although the temperature dependence of the
effect would require significant temperature
stabilization. The phase boundary separating
quadratic from linear behavior is shown in Fig.
4. The crossover voltage decreases with T and
shows no sign of flattening out. This effect is
useful for linear applications, which would
then require a smaller bias voltage at lower T.
At V, the value of the strain S_ is actually
increasing. Thus, any application that depends
on the quadratic behavior continues to work as
T is lowered but requires less voltage for the
same response. Such applications might in-
clude acoustic generators (20), which would
act as frequency doublers as a result of the
quadratic response.

The divergence of the coefficients R and
d may also be used as a thermometer. Be-
cause there are no spins or currents in STO
at low temperatures, the main advantage of
such a thermometer would be that it might
be unaffected by a magnetic field, a very
difficult property to achieve in cryogenic
thermometry. A lock-in amplifier could be
used with an ac applied voltage to contin-
uously read the slope of the curve of S
versus V. If a metal strain gauge were to be
used (as in our experiment), although the
resistance ()} may change in a magnetic

~ N
(&) o

T
>
S, (microstrain)

T
o

Paraelectric

o
o

0 10 20 30 40 80

Fig. 4. The boundary between quadratic (PE) and
linear (piezoelectric) behavior of the electric field—
induced strain in STO shown as the value of the
voltage V,, and strain S, at the crossover as a
function of temperature. At low temperatures S is
increasing, implying that the PE region, which is
usefulin certain applications, persiststo 7 = 0; the
decreasing V,, shows that less voltage is required
to reach the linear response regime (27).
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field, the ratio S = AQ/Q would not
change. Other methods of measuring the
strain may be used as well. Given the ap-
parent divergence of R, such a thermometer
may work at temperatures far below what
we have measured (22).
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Primary Production in Antarctic Sea Ice

Kevin R. Arrigo,* Denise L. Worthen, Michael P. Lizotte,
Paul Dixon, Gerhard Dieckmann

A numerical model shows that in Antarctic sea ice, increased flooding in regions with
thick snow cover enhances primary production in the infiltration (surface) layer. Pro-
ductivity in the freeboard (sea level) layer is also determined by sea ice porosity, which
varies with temperature. Spatial and temporal variation in snow thickness and the
proportion of first-year ice thus determine regional differences in sea ice primary pro-
duction. Model results show that of the 40 teragrams of carbon produced annually in the
Antarctic ice pack, 75 percent was associated with first-year ice and nearly 50 percent

was produced in the Weddell Sea.

Sea ice surrounding the Antarctic conti-
nent varies in extent from 4 X 10° km? in
summer to 20 X 10° km? in winter (1) and
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represents one of the largest and most dy-
namic ecosystems on Earth. Algae associat-
ed with ice may attain standing crops with
amounts of chlorophyll a in excess of 400
mg m~? and rates of primary production of
>1 g C m™? day™!, comparable to produc-
tive oceanic regions (2, 3). Because sea ice
microalgal production is spatially and tem-
porally variable, its contribution to the car-
bon cycle of the Southern Ocean and its
importance as a food source for higher tro-
phic levels [such as overwintering juvenile
krill (4)] have been difficult to determine.

We used an expanded version of a one-
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