
Improved dentfcation could be acheved f the parent 
gases are removed by cryogenic coong Samples and 
controls were kept shielded from sunght and room 
gi-t. No measurable producton of organcs was found 
in the controls. 

17. The solid resdue was ai:ayzed by souton in b o n g  
dchoromethane and in meti-anol. No organc mate- 
rla was detected at a level of 1 ppm In the d c h o -  
romethane. The methanol souton, examined wltli a 
FourlerTransform Infrared Spectrometer ( B M  model 
321, ndcated the presence of soluble organc mat- 
ter Infrared absorption bands were dentlfied at 
2922, 2855, and 1450 wavenumbers, ndcating the 
presence of apha tc  hydrocarbons; at I 516  wave- 
numbers, ndicatlng a small amount of allpi-atlc 
amne; at 1636 wavenumbers, indicatng an amde 
group: and at 11 17 wavenumbers, indcatng ti-e 
possbe presence of acoi-01 groups. We could not 
accurately determne the yeld of ti-e solid resdue 
because of ti-e long exposure t m e  requred to pro- 
duce t hs  matera and ti-e resutng reprocessng of 
products. However, based on the exposure t m e  (20 
mini and product a m o ~ ~ n t  (determned to be about 
0.01 mg on the bass of concentratons In souton),  
we can estmate its yeld at abour 1 %  of the yeld of 
the major hydrocarbons An x-ray fluorescence 

spectrum of the solid resdue showed a strong sulfur 
n e ,  indcatng ncorporaton at the few percent level 
In the s o d  resdue. 

18. We estimated the importance of UV production, 
using the results of experments In whci- the shock 
IS solated from the parent mxture by a UV trans- 
parent window (6). Y e d s  of the m a n  pi-otolys~s 
products wlth UV-only compared to ylelds wlth 
complete si-ocks were: 1 to 4% C,H,. 10 to 20% 
C,H,, and 0.1 to 1% HCN. Our results correspond 
to s m a r  yields for the UV producton, =I to 1O34 
of ti-e total st-ock producton I S  due to UV. 

19 Y. L. Yung, M. Allen, J. P. ?~nto,Astrop/:ys. J. Suppi. 
Ssr. 55, 465 :I 9841 

20 J. B ?oack ,  Y. L. Yung, Annu. Rev. Earth Planst. 
Sc;. 8 425 (1980); H. D Holland. The Chemjcal 
El/oiut;on of ths Atmosphsre and Ocsans (Prnce- 
ton Unv  Press, Prnceron, NJ, 1984). 

21 L M. Muki-ln, M. V. Geraslmov, E. N. Safonova, 
iVature 340, 46 (1 389) 

22. We can compare ti-e expected y e d s  for organcs on 
early Earth wlth the other man  production mecha- 
nism, solar UV g h t .  C. Ci-yba and C. Sagan [iVature 
355, 126 (1 392)] estmate ti-at the solar UV produces 
3 x 1 O8 kg year-' In a neutral atmospi-ere and 2 x 
10" kg year-' in a reducng atmospi-ere. For our 

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 
a rapidly 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. 

T h e  phenomenon of piezoelectricity, as a 
solid-state method for con.rlertine electrical - 
signals illto mechanical motion, has be- 
come ~~b iqu i tous  in its applications in  the  
laboratory as ~vel l  as in  everyday life. Its 
elegant simplicity is evident in  such varied 
uses as the  beeping of a watch and the  
~~l t rasensi t ive  lnicropositioning required to 
arrange individual atoms o n  a surface. How- 
ever, it is not  without limitations. In  par- 
tlcular, the  piezoelectric response is typical- 
ly reduced by orders of magnitude a t  cryo- 
genic temperatures. W e  have found a n  im- 
portant exception to this in the crystal 
SrTiO, ( S T O ) ,  for which the piezoelectric 
response grows a t  low temperature and a t  
1.6 K IS comparable to that of the  best 
materials a t  room temperature. 

W e  nresent results from measurements of 
the electric field-induced strain in single crys- 
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tals of ST0 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 nhase transitions i l )  which have ~, 

been calculated recently from first princi- 
ples ( 2 ) ,  the  rare phenomellon of second 
sound (S), and the  identification of a low- 
temperature quantum paraelectric (QPE) 
ground state by h4iiller 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 ST0 has been in- 
vestigated since the early 1960s, but the ob- 
servations were confined to a few tempera- 
tures and voltaees. In this work, we have u 

mapped out a full surface in voltage and tem- 
perature, which reveals behavior much richer 
than previously thought (Fig. 1).  Perhaps the 
most imnortant 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,-containng mxture and usng ti-e atinospheric 
shock deposton rate estmared by Ci-yba and Sa- 
gan of 10': J year-', we fnd an organc producton 
of 3 x 1 O'%g y e a r 1 .  Forthe igi-tnng rate of Ci-yba 
and Sagan, l o q S  J y e a r 1 ,  ti-e organc producton 1s 
3 x 10" kg year-' 

23 W J. Boruckl, E. L. McKenze, C. P. McKay, N. D. 
Duong. D. S. Boac, lcarus 64 221 (1985); W J. 
Boruck and C. McKay, Nature 328, 609 (1387). 
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26. A. H. Desemme, P/:;ios. Trans. R. Soc, London Ser. 
A 325, 503 (1 988). Some 1 OC'c of the 0, Pas been 
removed to account for oxides In ti-e rock fracton of 
ti-e corneta?: material, as In D. S~monel ,  J. B. Pol- 
lack. C,  ? McKay, R. T. Reynolds, and A L Sum- 
mers [lcarus 82, 1 :I 389)l. 

26 T ~ I S  research was supported by subventions from 
the NASA Exob~ology Program. We thank M. Carter 
of Carter Analytical Laboratores for performng the 
GC-MS analysis and for helpful dlscusslons. GC 
analysis was periormed by D Kojro, F. Church, and 
R Quinn. 

17 October 1936, accepted 19 Februay I997 

It/[ along .i. for a field E = E f .  By contrast, 
standard piezoelectr~c ceramics such as lead 
zirconate titanate (PZT) \vould 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 ST0 increases. 

T h e  experiments were performed o n  a 
single-crystal substrate of STO, 10 Inn1 by 
10 lnln by 0.75 mm, from Princeton Scien- 
tific. T h e  impurities were determined by 
the manufacturer (7). W e  measured S using 
a foil strain gauge from Omega Engineering 
(model SG-LYl l ) .  T h e  gauge was bonded 
with cyanoacrylate (Omega) after the  face2 
of the crystal had been coated with 500 A 
of chrome. Calibration of the  gauge was 
based o n  measurements o n  commercially 
available PZT with typical strain versus 
temperature characteristics. Thus, although 
the  precision of the gauges is better than 
lap' strain, the  accuracy is o111y about 20%. 

A t  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 

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 Ec (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 

~vhere  the  piezoelectric coefficient, d, is a 
third-rank tensor (8), with i ,  j, ic = 1 to 3. 
W e  always applied E3 and measured R311 
and d,,, (9) .  
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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.) 

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 R311 = 
1/T2 and d,,, = 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,,, = 14.5 x 10-15 m2/V2 andd3,, = 16 X 
lo-'' m/V. These values are comparable in 
magnitude to those of PZT at room tempera- 
ture, whereas at 4.2 K in PZT, d3,, can be as 
high as 5 x lo-'' m/V and is significantly 
lower at T = 1.6 K (Fig. 3, inset). To our 
knowledge, this result makes ST0 the ma- 
terial with the largest piezoelectric response 
currently available for low-temperature use. 
The compound, lithium thallium tartrate 
(LTT), LiT1C4H40,.H20, 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 ST0 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 E as a function of T 
that ST0 begins to exhibit a ferroelectric 
(FE) transition (E diverges) with a Curie tem- 
perature of T, - 35 K (1 1) 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- 

ations effectively suppress the FE transition to 
T = 0, as supported in recent first-principles 
calculations (2). Recent experiments have 
found indications that there is a T = 0 elec- 
tric field-driven phase transition from a PE to 
a piezoelectric state that is possibly an FE 
(1 2). 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 temDerature is lowered arises from de- 
creasing classical thermal fluctuations, the 
growing piezoelectric response in ST0 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 crvstal dominate the forces from the 
applied field. Still, the geometry we tested 
yielded a maximum extension of 5 ~ m / c m ,  
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 c axis, a direction normal 
to one of the faces. Symmetry dictates that 
the c axis may lie in any of three equivalent 
orthogonal directions. A domain with the c 
axis parallel to f 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 9 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- 

Fig. 2. Electric field-induced strain in ST0 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 Soff = 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 tetraeonal dis- " 
tortion grows continuously to T = 0 (13). 
However. the domains themselves do not 
change with temperature and are unaffect- 
ed by applied fields (1 4). 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 

Fig. 3. Coefficients of electrostriction, R,, , , and 
piezoelectricity, d,, , , in ST0 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 field, the ratio S = Asl / s l  would not 
and independent of voltage history. If there change. Other methods of measuring the 
is any hysteresis, it is much less than 1 strain tnay be used as well. Given the ap- 
microstrain. parent divergence of R, such a thermometer 

Two primary areas where S T 0  may find may work at  temperatures far below what 
application are in lox-temperature actuators we have measured (22). 
and magnetic field-insensitive thermometers. 
The most broadlv used aonlication for linear REFERENCES AND NOTES 
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cause there are no spins or currents in S T 0  
at low temperatures, the tnain advantage of 
such a thermometer would be that it might 
he unaffected by a magnetic field, a very 

Primary Production in Antarctic Sea Ice 
difficult property to achieve in cryogenic 
thermometry. A lock-in atnplifier 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 sl may change in a tnagnetic 

Fig. 4. The boundary between quadratic (PE) and 
linear (piezoelectric) behavior of the electric fied- 
induced stran in ST0 shown as the value of the 
voltage V, and strain Sc at the crossover as a 
function of temperature. At low temperatures S, is 
increasng, Implying that the PE region, which IS 

useful in certain appl~catons, persists to T = 0; the 
decreasing Vc shows that less voltage IS required 
to reach the hear response reglme (27). 

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. 

S e a  ice surrounding the Antarctic conti- represents one of the largest and most dy- 
nent varies in extent from 4 X lo6 ktn2 in namic ecosystems on  Earth. Algae associat- 
sutnmer to 20 X 106 ktnZ in winter 11) and ed with ice mav attain standine crous with 
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atnounts of chlbrophyll a in excess of 400 
mg m-2 and rates of primary production of 
>1 g C tn-2 day-', comparable to produc- 
tive oceanic regions 12. 3 ) .  Because sea ice 

c, , , 

microalgal production is spatially and tetn- 
~ o r a l l v  variable, its contribution to the car- 
bon cicle of the Southern Ocean and its 
imuortance as a food source for hieher tro- - 
phic levels [such as over\vintering juvenile 
krill 14)l have been difficult to determine. . . -  

W e  used an expanded version of a one- 
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