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Optical Properties of an the result deduced by other methods. 
Here, we consider a 1D phononic crystal - 

combined with two ferroelectric media with 
Ionic-Type Phononic Crystal their spontaneous polarization aligned in op- 

posite directions (Fig. 1A). The boundaries of 
Yan-qing Lu,' Yong-yuan Zhu,' Yan-feng Chen,' Shi-ning Zhu,' neighboring domains are charged differently; 

Nai-ben Ming,'* Yi-Jun FengZ thus, the domain boundary can be viewed not 
only as the concentration of mass but also as 

An ionic-type phononic crystal composed of two ferroelectric media with the charge center. This phononic crystal can 
opposite spontaneous polarization aligned periodically in a superlattice struc- be viewed as a 1 D diatom chain with positive 
ture was studied theoretically and experimentally. The coupling between vi- and negative "ions" connected periodically, 
brations of the superlattice and the electromagnetic waves results in various similar to a real ionic crystal, therefore form- 
long-wavelength optical properties, such as microwave absorption, dielectric ing an ITPC. 
abnormality, and polariton excitation, that exist originally in ionic crystals. The In an ITPC, the two kinds of ions constitute 
results show that this artificial crystal structure can be used to simulate the dipoles whose relative motion can be influ- 
microscopic physical processes in real crystals. enced by an EM field, especially that of a 

microwave. Because the wave vector of a mi- 
Study of the periodic medium has long been a cia1 medium. This kind of phononic crystal is crowave is much smaller than the width of the 
topic of interest. In a crystal, the periodic po- termed an ionic-type phononic crystal (ITPC). Brillouin zone, the microwave interacts only 
tential causes the energy structure of electrons To calculate the dispersion relation of pho- with optic branch phonons at the center of the 
to form a band structure with only those elec- nonic crystals, several effective theories have Brillouin zone (k - 0), giving rise to some 
trons in pass bands that are capable of moving been proposed (6, 10, 11). For a one-dimen- typical long wavelength optical properties. 
freely. In artificial composites such as superlat- sional (ID) phononic crystal, a simple model Similar to an ordinary ionic crystal, the funda- 
tices, the periodic modulation of the related can be suggested, which is similar to the 1D mental equations of the coupled motion can be 
physical parameters may also result in band atom chain model in real crystals. As we know, written as 
structure and novel properties. Associated with there are infinite degrees of freedom (DOF) of w = b l l W  + bI2E 
the variation of dielectric constants is the pho- vibration of a real object. However, the funda- 

( 2 )  

tonic crystal (I) ,  which is important for appli- mental vibration may be characterized as that of P = b2,W + b2,E (3) 

cations such as suppressing spontaneous emis- an equivalent single or fmite DOF system, where w is the second derivative of W with 
sion, manipulating light in a specific path, and which is the basis of the so-called normal mode respect to time; W represents the relative 
creating novel laser geometries (I ,  2). The mod- method or lumped-parameter method for study- motion of positive and negative ions; E is the 
ulation of nonlinear optical coefficients results ing the vibration characteristics of a continuous electric field of the microwave; P is the po- 
in a quasi-phase-matched frequency conver- system (12). According to this idea, the funda- larization induced by the electric field and 
sion that is more efficient than that with a mental thickness vibration of a fiee thin plate relative motion of different ions; and b , , ,  
birefringence phase-matching method (3, 4). 
Recently, interest in phononic crystal, a period- 
ic elastic composite, has grown (5-7). Attention 
has been given to phenomena such as Anderson 
localization (8) and possible applications such 
as acoustic filters and new transducers (5-7). 
The structure modulation may be extended to 
quasi-periodic (9) or aperiodic structures, and 
the modulation parameters may be more com- 
plicated. For example, objects such as the fer- 
roelectric domain or piezoelectric coefficient 
may be modulated. EV& two or more parame- 
ters may be modulated together, which could 
result in some coupling effects. 

In a real crystal, various couplings exist 
between the motions of electrons, photons, and 
phonons. For example, infrared absorption 
and polariton excitation results from the cou- 
pling between lattice vibrations and electro- 
magnetic (EM) waves in an ionic crystal. If 
the ferroelectric domain or piezoelectric co- 
eficient is modulated in a phononic crystal, 
the interaction between the superlattice vibra- 
tions and EM wave may be established. Sim- 
ilar effects can be expected in such an artifi- 

'National Laboratory of Solid State Microstructures, 
ZDepartment of Electronic Science and Engineering, 
Nanjing University, Nanjing 210093, People's Repub- 
lic of China. 

*To whom correspondence should be addressed. 

can be equivalent to the vibration of a spring 
with two identical mass dots at the terminals. 
The equivalent mass m* and the equivalent 
force constant p* are determined as, m* = 

pAI/2 and P* = (~?v~/41)pA for keeping the 
fundamental frequency unchanged, where p, A, 
I, and v are the density, cross-section area, 
thickness, and sound velocity of the plate, re- 
spectively. Thus, a periodic combition of two 
kinds of thin plates, A and B, can be viewed as 
a diatomic chain. The mass of each "atom" is 
m = m*, + m*,, and the force constants are 
P*A and P*,, respectively. The sites of the 
atoms are at the joints of adjacent plates, which 
means that the mass is viewed as being concen- 
trated at the boundary of neighboring domains. 
From the wavelike behavior and traveling wave 
solution of the motion equation, the dispersion 
relation of a 1D phononic crystal is obtained 
with 

. , 
where o+ and o- correspond to the optic 
branch and acoustic branch, respectively, and 
k is the wave vector. At the edge of the 
Brillouin zone [k  = .rrl(lA + I,)], a pho- 
nonic band gap appears, which is the same as 

b , ,, b ,  , , and b,, are undetermined parame- 
ters. In a real crystal, the counterpart equa- 
tions are those first proposed (13) when the 

Fig. 1. (A) Schematic of an ITPC consisting of 
two kinds of ferroelectric media. The arrows 
represent the orientation of the spontaneous 
polarization. (B) Optical microscope photo- 
graph showing the periodic ferroelectric do- 
main structure of the etched Y-cut face in an 
ITPC. The modulation period is 7.2 Fm. 
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coupled motion of lattice and EM waves was 
studied. In an ITPC. the relative motion is 
caused by the piezoelectric effect. which im- 
plies that vibrations of ITPCs can interact 
with EM waves even if the constituents of 
ITPCs are piezoelectric and not ferroelectric. 

In piezoelectric materials, the fundamen- 
tal equations are piezoelectric equations 

/ o = c S - e E  (4) 

where S  is strain, o is stress. E is the original 
dielectric constant, c is the elastic constant. 
and e is the piezoelectric coefficient. These 
equations reflect the coupling of the elastic 
wave and the electric field. Naturally, one 
would ask if there is any relation between the 
equations in (13) and the piezoelectric equa- 
tions. The simplest case in which the ITPC is 
composed of two donlains with the same 
thickness and elastic properties was chosen. 
The only difference between the neighboring 
domains is that their spontaneous polariza- 
tions are aligned oppositely. Because the pi- 
ezoelectric coefficient is a third-order tensor. 
it changes its sign from the positive domains 
to the 11egati.ve domains. The motion of do- 
main boundaries with positive and negative 
charges is defined as U +  and U-. respective- 
ly. Under the condition of long-wavelength 
approximation, the motion of each piimiti.ve 
cell can be viewed as identical. Thus, using 
Yen-ton's motion law and treating the ITPC as 
a 1D chain with discrete equivalent mass dots at 
domain boundaries: we obtain the equations of 
the relative motion of these mass dots 

where \1. = (p 1 ) '  ' 2(U+ - U-) and I IS 

the doma111 th~ckness 
Companng Eqs 6 and 7 \\1t11 Eqs 2 and 3. 

one finds that they hake the same format, wh1c11 
means that the equatlons In (13) and the plezo- 
elecmc equatlons ale equlkalent Thus. param- 
eters In Eqs 2 and 3 are acqu~red as b,, = 

Fig. 9. The calculated polariton dispersion curve 
of an ITPC w i th  the period o f  7.2 p m  wi thout  
consideration o f  damping. There is a frequency 
gap between f,, and f,, where no EM waves are 
permitted t o  propagate in the sample. 

=2\ ,2 .12 . b ,, = b,, = 2e'p1 21, and b2, = E,,(E 

- 1). According to the procedure for studying 
the long-wavelength optical propei-ries of ionic 
crystal, the following results can be obtained 
from Eqs. 6 and 7 and Maxwell's equations. 

The eigenfrequency of the transverse vi- 
bration without the coupling of external elec- 
tric field is w,, = on = (- b ,  , ) '  2 ,  whereas 
the eigenfrequency of the longitudinal wave 
is w,, = [ -b , ,  - b:2'(&, + b22)I1 2 ;  W," 

is larger than w,,. Their ratio is described by 
the Lyddane-Sachs-Teller (LST) relation 

where ~ ( 0 )  is the dielectric constant at low 
frequency and E(%) represents the dielectric 
response that occurs at frequencies much 
higher than the eigenfrequency of ITPCs. 
They can be detennlned as E(=) = E and 
~ ( 0 )  = -b f2  b l l & ,  - E 

When an EM \Take propagates 111 an 
ITPC. the electrlc field stlmulates a long- 
wavelength optic branch vibration in the 
ITPC and then causes an intensive attenua- 
tion of the electric energy at a specific fre- 
quency. The absorption power is related to 
the imaginary part of the dielectric constant, 
which can be deduced from Eqs. 6 and 7.  By 
including a damping tenn -y\? in the right 
side of Eq. 6. we get 

From Eq. 9: the absorption peak locates at 
w = (-b, ,)' = wTO with the width of y .  
This absorption in ITPCs is equivalent to the 
infrared absorption in ionic crystals. but the 
frequency determined by the period of ITPC 
is normally in the microwave band. 

Year the eigenfrequency of ITPC, the EM 
wave interacts with the mechanical vibration 
strongly; thus, the transverse mode is neither a 
pure photon mode nor a pure optic branch 
phonon mode in this narrow range of k values. 
It is called a polariton mode, a coupling mode 
of photons and optic branch phonons. This was 
first predicted in real ionic crystals (13) and 
confirmed experimentally in 1964 (14). Our re- 
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Fig. 3. The measured reflection coefficient of an 
ITPC in the microwave band. The minimum of the 
reflection coefficient indicates that there is a 
strong microwave absorption peak at 502 MHz. 

sults show that the polariton also exists in ITPCs. 
We have calculated the polariton disper- 

sion curve of an ITPC based on periodically 
poled LiNbO, (PPLN) with the period of 7.2 
bin by talcin y = 0, which makes E and 
therefore k real (Fig. 2). The eigenfrequen- 
cies of the transverse wave and longitudinal 
wave are ,f,, = wTn'2= = 500 MHz and 

,fL, = wL,. '2~ = 532 MHz, respectively (1.5). 
There is a band gap in which the dielectric 
constant is negative. The corresponding re- 
fractive index beconles imaginary. The inci- 
dent radiation with these frequencies will be 
reflected. However, this gap does not origi- 
nate from the interference of EM waves due 
to the periodic structure but. rather: originates 
from the interaction of the photon and the 
transverse optics phonon. 

For verification of the predictions above, 
an ITPC based on PPLN with the period of 
7.2 p111 was fabricated by the growth striation 
method (4). Its inicroscopic domain structure 
was revealed after hydrogen fluoride etching 
(Fig. 1B). A Y-cut 1.7-inin-thick sa~llple with 
a pair of Ag electrodes (2.0 mm by 2.0 111n1) 
deposited on each surface was selected for 
the experiments. 

With an HPS51OC networlc analyzer. the 
reflection coefficient ( S ,  , )  of the ITPC was 
measured to simulate the sihlation in which a 
microwave bean1 propagates in the sample. Un- 
der this condition, the electric field was applied 
on the sa~nple simultaneously (k = 0). which 
coincides with the long-wavelength approxiina- 
tion used above. As the microwave wavelength 
is much larger than the dimension of the elec- 
trodes, this assumption is reasonable. The re- 
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Fig. 4. The dielectric constant curves o f  an ITPC. 
The solid lines represent the real part, and the 
dashed lines represent the imaginary part. (A) 
The calculated result obtained by choosing 
proper damping (y = O.O1wT,). (8) The mea- 
sured dielectric constant. 
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flection coefficiellt as a f ~ ~ n c t i o n  of fre- 10. K. M. Ho et a l ,  Phys. Rev. Lett. 65, 3152 (1990). 14. C. H. Henry and J. J. Hopfield, Phys. Rev. Lett. 15, 964 

queilcy (Fig. 
sorption peak 

3) sho\\s that there is an ab- 
(S, , = -26 dB) at 502 MHz, 

which is very c ~ d i e  to the theoretical value 
f = .fT, = 500 MHz. 

 he dielectric constant was illeasured by 
an impedance-analyzii~g method in order to 
demonstrate the polaritoil excitation In ITPC 
The results (Fig 4 )  are compared w ~ t h  the 
theoretical results by choosing the proper 
damping term (y = O.O1wT,). The dielectric 
constant chailged near o,,. caused by the 
superlattice in ITPC. The dielectric sDectruln 
in this band has the same curve shape as the 
far-infrared dielectric constant of an ionic 
crystal caused by lattice vibration: showing 
that they have a siinilar origin. Much infor- 
illatioil on the ITPC can be obtained from the 
dielectric coilstant curve. The measured,f,,: 

,fL,. E(O), and ~ ( m )  values are 502 MHz, 547 
MHz. 99.88, and 88.02. respectively. They all 
agree well to the theoretical predictions. The 
LST relatioil was also proved, which is o,,' 
o,, = 1.09, only a slight deviation from the 
value of [ E ( O ) I E ~ ) ] '  ' (1.07). The absorption 
peak ill Fig. 3 is at the saine position of the 
peak of the ~ " ( o ) ,  just as predicted. There is 
a gap between o,, and w,, where E < 0 and 
illcideilt EM waves will be strongly reflected. 
The phenomena above show that there is a 
polariton Illode in ITPC. 

Froin the similarity between the real ionic 
ci-ystal and the ITPC, other long-wavelength 
optical properties (such as Ramall and Bril- 
louin scattering) might also be expected in an 
ITPC. The only difference is that they occur 
in different frequencies. For example. Ranla11 
scattering appears in the terahertz region for a 
real ionic crystal, whereas it might appear in 
the gigahei-tz region for an ITPC. Study on 
these effects is of fiuldalnelltal interest in 
physics. 
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Middle Eocene Seawater pH and 
Atmospheric Carbon Dioxide 

Concentrations 
Paul N. Pearson'" and Martin R. PalmerZ 

The carbon dioxide content of the atmosphere [measured as the partial pressure 
of CO, (pCO,)] affects the content of the surface ocean, which in turn affects 
seawater pH. The boron isotope composition (S1'B) of contemporaneous plank- 
tonic foraminifera that calcified their tests at different water depths can be used 
to reconstruct the pH-depth profile of ancient seawater. Construction of a pH 
profile for the midble Eocene tropical Pacific Ocean shows that atmospheric 
pCO, was probably similar to modern concentrations or slightly higher. 

Earth's climate has cooled markedly in the 
last 50 lllillion years from a peak of w a i l t h  
in the early Eocene ( I ) .  One explailation for 
this coolillg invokes plate tectonic move- 
lllellts and reorgailizatioil of ocean currents 
(2). Another is that conceiltrations of green- 
house gases. especially CO,. have declined in 
the atlllosphere (3-5). 

The period of greatest uncertainty in 
CO, collceiltratioils is the middle to late 
Eocene, which followed an iilterval of ex- 
treine warmth in the early Eocene but pre- 
ceded dramatic cooliilg in the earliest Oli- 
gocene (6). These is much less evidence for 
widespread hydrothermal, tectonic, and 
volcailic activity (and hence CO, emission) 
in this interval than in the Cretaceous to 
early Eocene (7-10). and yet world climate 
was still warm and equable compared with 
that of the present day (11). Some authors 
have suggested that illiddle Eocene pCO, 
was two to six times as high as the prein- 
dustrial level of 250 ppm (3, 12-16), 
\~rl~ereas others have suggested values sim- 
ilar to that concelltratioll or only slightly 
higher (1 7-19). These estinlates rely on a 
variety of relatively indirect methods such 
as carboil inass balance modeling (3, 13, 
15, 18-19), interpretation of the 6°C 
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record in marille sediments (12. 1 4 )  and 
paleosols (1 7 ) :  or studies of plant leaf mor- 
phology (1 6). 

The 6I1B of foraminifera1 calcite inay 
provide a more direct measure of atmo- 
spheric pCOz because it reflects the pH of 
the surface seawater in which the organ- 
isllls calcified. which is closely dependent 
on pCO, (20). By analyzing multiple spe- 
cies that lived at different depths in the 
ocean, it is possible to reconstruct a pH- 
depth profile for the upper few hundred 
meters of the water column (21). This al- 
lows paleo sea s~lrface pH to be estimated 
with some confidence. from which pCO, 
can be inferred. 

We selected a sample of well-preserved 
pelagic carbonate from the middle Eocene 
of the tropical Pacific [Ocean Drilling Pro- 
gram sanlple 143-565C-6H.'2. 65 to 67 cnl: 
lower Biozoile P12: dated to approxilnately 
43 million years ago (Ma)]. The sample has 
a diverse forallliniferal assemblage, which 
indicates a warm. oligotrophic and well- 
stratified water column, an inference that is 
supported by sedimelltological and geo- 
chemical evidence (22). Mollospecific 
splits of 50 to 250 speci~nens of a variety of 
species were picked for S"B analysis (21) 
 able 1).  lankt toll species were assigned 
to calcification depths (mixed layer, inter- 
mediate. thermocline, and deep) on the ba- 
sis of previous paleobiological research and 
6'" and S1'C analyses (22-27). A single 
split of benthic foralllinifera was also pre- 
pared, but because they are scarce in the 
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