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than the equatorial bond. We also note a change 
in the pressure evolution of the ~h01Test 0-0 
distance above the trailsitioll pressure (Fig. 5B). 
In the CaC1, stmch~re, the compression occurs 
ulthout a f~11TlleI' decrease of this short 0-0 
distance. but ~nstead, the 0-0 first distances 
evolve to~vard a comparable value (that is, the 
oxygen sublattice becollles more symmetrical). 

The modificatioil of the ct and O cell param- 
eters above 54 GPa is achieved by a rapid 
rotation of the SiO, octal~edra in the (a. b) 
plane. as supported by the pressure evolutioil of 
the is, ?.: 0) oxygen coordinates (Table 4). The 
octahedral volulnes are calculated fkom the set 
of SiO baud lengths. The octahedral bulk mod- 
uli. with single-crystal data (20) and pressures 
below 53.2 GPa or above 63 GPa were found to 
be significantly different in stishovite and 
CaCI, forms of SiO, (Table 3). Our results are 
compatible with an integrated octahedral vol- 
ume variation of about + 1 % benveen stishovite 
and CaC1,-type SiO, abo1.e the traasitioa pres- 
sure (this integrated volume is a volume excess 
that is built across the second-order phase trans- 
folmation). This volume variation does not af- 
fect the unit cell voluine because other stmchlr- 
a1 entities compeilsate for this volullle excess. 
This suggests that, in stishovite. the SiO, coi11- 
prcssioi~ is high and that the octahedral volullle 
relaxes in the CaC1, fol-~ll of SiO,. We thus 
propose that. %-hen it adopts the 171171171 point 
group. the ideal SiO, octahedral K,, is that 
calculated for the CaCl, fo1111 of SiO, (KO = 

31 1 1 1; K' = 4.95 1 0.05). 
The integrated 1% voluine variatioil of SiO, 

octahedra (AIL,,,) correspollds to a compres- 
sion a-ork of -35 kJ (PAP,,,,), which is much 
higher than the maximal integrated energy vaii- 
ation that is illvolvcd in the &.ansitioi~ of < 1.5 
1cJ inol. 'This suggests an energy exchallge be- 
hieen SiO, octahedra and other polyhedra of 
the lattice duriilg the phase transition. A similar 
redistribution could also affect thennal energy. 
For example, nit11 the entropy change that 1s 
related to the pressure evolution of the (a  - 
0) CI-order parametel, there might be an eatro- 
11y gall1 that is related to the achlevemeat of a 
more syllxnetrical oxygen sublattice (Fig. 5B). 

We obse i~ed  a colltilluous increase of the 
SiO, density up to the pressures of Earth's 
CMB (Fig. 4). We coupled this EOS (Table 3) 
a-it11 those that were previously reported in 
similar experilllelltal coilditiolls for MgSiO, 
(I;, = 162.6 X j :  KO = 256 GPa, and K' = 4) 
(1 7) and MgO (ITo = 74.70 a43, I(, = 167 GPa. 
and K' = 4.5) (15) .  We calculated that the 1 I .  
value that is related to the MgSiO, -+ MgO + 
Si0, brealcdo\v~~ reaction is l~ositi<e at all pres- 
sures. At 300 K: 1 Vincreases from - 1 to 4% 
of the perovslcite volume behieen 25 and 120 
GPa, respectively. It might be argued that high- 
temperah~re coilditioils or minor elenlellts can 
reverse this sign. but so far no such iilversioil 
has been obsewed in high-pressure experi- 
ments. Therefore: silicate perovsltite is denser 

thaa a mixkuc of its oxides do~va  to the CMB. 14. J. Haines, J.-M. Leger, S. Hoyau, 1. Phys. Chem. Solids 

Consequently. the proposal that kee silica could 56f 965 (Igg5). 

ill ~ ~ ~ ~ h ' ~  lo\ver malltle is llot sullllolTed 15. C. Fiquet, D. Andrault, 1 . 4  Itie, P. Cillet, P. Richet, 
Phys. Earth Planet. inter. 95, 1 (1996). 

the lJresent data, lo'- ' excess of 16. D. Andrault, G. Fiquet, M. Kunz, F. Visocekas, D. 
1llagllesiowListite (Mg,Fe)O thought to be Hausermann, Science 278, 831 (1997). 

presellt in the lo~ver mantle. 17. G. Fiquet e t  al., Phys. Earth Planet. inter. 105, 21 
(1 998). 
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Thermodynamics of Calcite 
Growth: Baseline for 

Understanding Biomineral 
Formation 

H. Henry Teng, Patricia M. Dove," Christine A. Orme, 
James J. De Yoreo 

The complexity of biomineralized structures suggests the potential of organic 
constituents for controlling energetic factors during crystal synthesis. Atomic 
force microscopy was used to investigate the thermodynamic controls on 
carbonate growth and to measure the dependence of step speed on step length 
and the dependence of critical step length on supersaturation in precisely 
controlled solutions. These data were used to test the classic Cibbs-Thomson 
relationship and provided the step edge free energies and free energy barriers 
to one-dimension nucleation for calcite. Addition of aspartic acid, a common 
component in biomineralizing systems, dramatically affected growth morphol- 
ogy and altered the magnitude of the surface energy. 

Many orgallisms mediate inorganic crystalli- routes to the colltrolled synthesis of complex 
ration by selective application of orgailic crystalline structures for application across a 
co~llpoul~ds (1-3) to exert detailed control broad spectrum of materials-based tecl~nolo- 
over the stmcture (3). orielltatioll (1), growth gies. Because it occurs ubiquitously ainong 
kinetics (2), and llucleatioll sites ( 4 )  of inor- biolnineralizing systems ( 5 )  and it is easily 
ganic crystals. An understandiilg of physical crystallized, calcite-often in coinbirlation 
coiltrols on bioiniileralizatioi~ promises new a-it11 aspartic acid-rich protein mix t~~res  ( I .  2. 
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5)-has emerged as a model crystal for de- 
veloping this understanding (3, 6-8). Here 
we use in situ force microscopy (AFM) to 
quantify the fundamental energetic and kinet- 
ic parameters of calcite growth and the effect 
of organic molecules on those parameters in 
pure and aspartic acid-bearing solutions. 

We examined calcite crystallization from 
solution onto a seed crystal according to estab- 
lished methods (9, 10). We carefully controlled 
solution chemistry with ionic strength fixed at 
0.1 1 M, pH adjusted to 8.50, and the ratio of 
calcium to carbonate activity held at 1.04. The 
pCO, was fixed by using a closed-system con- 
figuration. Calcium and carbonate activities 
were determined from the Davies equation (11). 
In situ AFM imaging at 25OC was performed in 
Contact Mode (Digital Instruments, Santa Bar- 
bara) by continuously flowing supersaturated 
solutions through the fluid cell at rates so that 
step velocity was independent of flow rate, 
ensuring that growth was not limited by mass 
transport to the surface. The birth of new steps 
at dislocations was monitored and the lengths of 
these steps were measured immediately before 
and after they began to advance. The critical 
length, LC, was taken as the average of these 
lengths (10). Step velocity was estiinated by 
reference to a fixed point (the dislocation 
source) or by changes in the apparent step 
orientation (10). 

The supersaturation, a, is defined by (11) 

or for CaCO, in an aqueous solution 

a = ln[a(Ca2+)a(C0,2-)lK, (lc) 

where Ap is change in chemical potential per 
molecule, k, is the Boltzmann constant, T is 
absolute temperature, a and a, are actual and 
equilibrium activity products, K, is the equi- 
librium solubility at zero ionic strength, and a(i) 
is the activity of the ith species. Ksp 
was calculated from the activity at which mea- 
sured step speeds went to zero (12). 

We present results for a = 0.04 to 1.4. In 
this range, layer growth of calcite occurred on 
{ 1074) by advancement of 3.1 A monomolec- 
ular steps generated at dislocations and separat- 
ed by atomically flat terraces (Fig. 1, A and B). 
Step advancement led to the formation of poly- 
gonal growth hillocks with steps parallel to 
( k l )  directions. Step geometry is shown in 
Fig. 1, C and D. The c-glide symmetry 
plane generated two distinct pairs of crys- 
tallographically identical steps denoted as 

H. H. Teng and P. M. Dove, School of Earth and 
Atmospheric Sciences, Georgia Institute of Technolo- 
gy. Atlanta, GA 30332, USA. C. A. Orme and J. J. De 
Yoreo, Department of Chemistry and Materials Sci- 
ence. Lawrence Livermore National Laboratory, Liver- 
more, CA 94550, USA. 

*To whom correspondence should be addressed. E- 
mail: dove@eas.gatech.edu 

the positive ([T41]+ and [48i]+) and neg- 
ative ([34 11- and [48i]-) directions (13). 

The structure of the growth hillock depends 
on the thermodynamics of step advancement 
through terrace widths T, and step speeds v,, 
which are related by T+/T- = v+lv- . The 
growth rate of the crystal normal to the surface, 
R, is determined by these parameters through 
R = h v,lT,, where h is step height. The v, is 
determined by the attachment and detachment 

kinetics at kink sites and differs for the two step 
types because of the nonequivalence in kink site 
structure (9, 13). In contrast, T+ should be 
determined by the equilibrium thermodynamics 
of the step edges through the Gibbs-Thomson 
effect (14). Consider the birth of a new spiral 
segment (Fig. 1, A and B). If it remains in 
equilibrium with the adjacent reservoir of 
growth units, then it will advance only when the 
change in free energy, Ag, associated with the 

Fig. 1. (A and B) AFM images (1 X 1 pm) of growth hillocks on (1074) face of calcite showing 
development of a new spiral segment. Arrows indicate advancing step segments. (C) Schematic of 
calcite (1074) terrace illustrating anisotropy. (D) Cross section of (1074) terrace showing step geometry. 
(E) Plan view of edge showing relationship of length to lattice parameters. 

Fig. 2. (A) Dependence of critical length on supersaturation 
along with images (5 X 5 pm) showing effect of LC on T,. (8) High o, short L; (C) low u, long LC. 
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addition of a new row of growth units is nega- 
tive. Taking into account the anisotropy in cal- 
cite step structure, one can show that Ag for a 
straight step is 

Ag, = -(Llb)Ap + 2c(y), (2a) 

where L is the length of the step, b is the 
6.4 A intermolecular distance along the 
step, c is the 3.2 A distance between rows, 
y + and y - are the step edge free energies 
along the + and - steps, and y ++, y - -, 
and y + - are contributions to the step edge 

Fig. 3. (Left) Depen- 
dence of step speed on 
step length. Symbols 
give data points for 
[441]- and [481]- 
steps- (o en symbols) 
and [441r+ and 14811, 
steps (closed symbols), 
with u = 0.826 (trian- 
gles), 0.668 (squares), 
0.534 (diamonds), and 
0.346 (circles). Solid 
lines are obtained from 
Eq. 6. Fig. 4. (Right) 
Measured dependence 
of normalized terrace 
widths, (sin0/[2(1 + 
B)])T+ and (sin0/[2(1 t 
11B))T-, on u. Predict- 
ed value of normalized 
width expected from 
classic growth models, 
2.4(Lc), is given by 
crosses. Symbols give 
data for [441]- and 148 

- 
11- steps 

free energy from the comer sites (Fig. 1, C 
and E). When step curvature is included, 
the second term on the right-hand side of 
Eq. 2a becomes an integral of (y), over the 
step segment as a function of step orienta- 
tion. Setting Ag to zero and substituting Eq. 
l a  into Eq. 2a shows that steps advance 
only if L exceeds a critical value, LC, given 
by 

LC, = 2bc(y),lkbTu (3) 

Alternatively, setting Ag = 0 for a step of 
arbitrary length gives the length-dependent 
equilibrium activity, ae(L) 

a&) = a , ,  exp(2bc(y)lLkbT) (44  

= a,,, exp(uL,/L) (4b) 

(closed symbols) and [&Ill+ and 14871, steps (open 

where subscript refers to the infinitely long 
step md a and a,,, are related by a = i,, 
exp(o). Equations 4a and 4b are statements of 
the Gibbs-Thomson effect (14), which pre- 
dicts that LC should scale inversely with a as 
in Eq. 3. 

In agreement with Eq. 3, we observed that 
the measured LC varied inversely with a for 
the two step directions on the calcite (1074) 
faces (Fig. 2). The slope of the relationship 
between LC and l /a  for both types of steps 
gives values of (y)+ = 2.75 and (y)- = 2.15 
eV/nm. From Eqs. 2b and 2c, it follows that 
the difference between (y)+ and (y)- associ- 
ated with the + + and - - comers is about 
0.77 eV per molecule. 

These measurements provide a direct test 

symbols). Solid lines are llu fits to data. 

Fig. 5. AFM images (9 x 9 pm) showing effect of aspartic acid on growth hillock morphology before (A) and after (B) addition. Solid vertical 
lines show location of glide plane. 
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of the Gibbs-Thornson effect on c r ~  stal 
gronth in any s! stell1 and show that steps 011 

calcite behave in accordance 1vit11 equilibri- 
um t l ~ e l - ~ n o d ~ ~ ~ ~ a m i c s .  Thib co~lclusion has im- 
plications for u~lderstalldillg the role of ltinet- 
ics in controlling step ad~.ancement, Because 
the local atomic configurations at hinb sites 
colltrol the attachme~lt ant1 detachment Icinet- 
ics, sites far from the corners should exhihit 
dynamics that are independent of step length. 
Vv:llen u > 1. then. e\ en on a subcritical step. 
attachment to these sites n-ill aln ays he Illore 
rapid than detachment. T11us for the step to 
beha! e in accordance \\.it11 Eq. 3. equilibrium 
n it11 the surrounding thermodynamic reser- 
1 oir lnust he maintained b> the sites of high 
curvature near corners where detachment is 
preferred. and sites along the step must com- 
lnullicate \\ it11 the near-comer sites on a time 
scale that is short compared \\.it11 the time 
required to add on al~otller r o w  These results 
impl! that traasport along the steps. whether 
b!. edge. surface. or hulk diffusion, is rapid 
enough to keep steps in equilibrium 1~ it11 the 
adjacent fluid. 

Thz del~endence of LC = 1 ersus 1 a exhibits 
a nonzero intercept that marlts the s~lj~ersah~ra- 
tion u, _. n,llere L C ,  zoes to zero (Fig. 3 ) .  For a 
> u, , . one-dimensional llucieatioll occurs 
along the step etlges. and tlle steps becolne 
kinetically roughened. This sq?zrsah~ration 
gives the approximate fie? energy barrier. 
y;,_. to the follnation of n stable tlilller on step 
etlges (1.5) tl~sougl~ g,,,, = IiTu, ,. Fro111 the 
measured intercepts we obtain values for g, ,, 
of 0.14 and 0.10 eV. respectivel!-. 

\T'llen the steps are long i>500 nm). the 
clzuendznce of 1, on saturation state in the 
absence of impurit!. effects is gi\.en by (9) 

m k r e  o is the L olu~ne per gronth unit in thz 
solid aild P is the lcinetic coefiYcient (16 ) .  
Coinbilliilg Eqs. 1 .  1. and 5 leads to a length- 
depe~ldzllt stel) s ~ m d  

~vllere l., , is given by Eq, 5 for c i ( ( L  -, x). 
[IT-hen a << 1. Eq. A reduces to a commonl! 
useci approximation: 1. = l., i I - LL L )  ( 1 Tj . ]  

7112 measured speeci is inclepe~ldent oi' u or 
step direction and rises mucll inore rapidly 
than that predicted b> Eq. 6  (Fig. 3).  

Equation 6  was originall)- derix.ed for spirals 
\vitll isotropic stzp edge enzrgies and lciaetics 
and assumea a high lcinli site density so that the 
rate of attachment is not linlited by the avail- 
ability of ltiillcs. Voronltov ( 18) propobed that. 
for highly ~olygonalized spirals. the distance 
between lcinlc sites along a step is large so that 
thz attaclunellt rate is limitzcl by their availabil- 
ir).. He poi~ltzci out that the equilibliurll shape of 
a step should be curl-ed tovcard the coluers and 
that the straight. central poi-tior~-~vl~icl~ deter- 
ini~les the speeci-comprises only a small frac- 

tion of the step. (This l?redictio~l of step shape is 
1,erified in Fig. 1 ,  A and B.) \\hen the migh- 
boring step ad\-ances, there is a rapid increase in 
the relatixe size of the straight pol-tioll and 
hence in the number of a\ ailahle Itilk sites. As 
a result. n.hen L euceeds L C .  the step speed rises 
ral~idly to its lilnitillg T alue as its length increas- 
es from LC to L' .  \\hose order of magnitude is 
gixen by LC - 2w 1lcu. Substituting in the 
I alues of o. 17. and c for calcite. we obtain L '  LC, 
- 1.1. a prediction that is consistent nith the 
results (Fig. 3).  

T11is rapid rise of i,(Lj affects the magnitude 
of T, and hence R.  Consider an isotropic 
square spiral. If 1, rose discontinuously from 
zero at L < LC to 1,; at L > L C .  then T, nrould 
equal 4Lc 11 7). Hon.e~.er, because 1, rises grad- 
ually fiom zero to I,,. T is larger by a factor 
that l i e  refer to as the Gibbs factor. G. TIE 
Gibhs-Tllom>on prediction (Eq. 6) leads to G = 
2.4 for sluall a-giving T_ = 9 . 6 L c ,  ( I7) .  As 
u increases. G decreases to 1.0 in the limit of 
lasge a .  

To colnl~are these predictions \\.it11 our 
results for calcite. \$ e 1nu~ t  accoullt for the 
anisotropy of the rhombol~edral spiral on 
1 1071 faces. The tenace ~ ~ . i d t h s  for the t1r.o 
step directiolls become 

\vllere B is I , +  I,-. ( L C  ) is the a\ erage .i.alue of 
LC for the two step directio~ls. and H is the angle 
bet~veen adjacent nul~ls of the spiral. Figure 1 
sho\\,s the measured dependence of T ~ L  on u as 
\\ell as T_ = 2 . W )  obtained by usilli Eq. 6  at 
s~nall u. As vreciicteci. T~. scales in\ ersely nit11 

- 

u. but becausz of the anomalously rapid ~ i s e  in 
1.iL). the measured G factor is closz to one. 
C onszquently. the ,nron.th rate. R. of the calcite 
surface is about 2.5 times that predicted fiom 
classic theory i l l .  17). 

These results on pure calcite provide a 
firm basis for quantifying how biomolecules 
~nediate mineralization. .Acidition of aspartic 
acid to grotvth solutioils has a dramatic effect 
on spiral m o r ~ ~ l ~ o l o g y  (Fig,  5 ) .  Vv:l~ilz nega- 
ti! e steps are still pnse i~ t .  the glicie plane no 
lollger deilnes a line of syin~netry. The hill- 
ock becomes asymmetric. exhibiting ilen. 
step directions. terracz lvidths, and highly 
rounded btep conlers. Some of these mo~yho-  
logical changes such as step rou~ldillg are due 
in part to kinetic factors. but each of these 
featares demonstrates the i~~lportance of sur- 
face energetic controls. Most importantly, the 
presence of new equilibrium step directions 
s11on.s that the low-energy facets as deter- 
milled from the \Vulff construction hate  
changed. In addition, the much smaller ter- 
race widths associated nit11 these new steps 
de~nonstrate l o ~ i e r  step edge free energy. 
\Ye estimatz the aen. step edge energy to be 
only - 1 eV per molecule. smaller than for 

steps on pure calcite by a factor of about 
three. 

The lnost plausible explallatioll for this 
hella\,ior is that aspartic acid forms an or- 
dered adsorption layer on the facets defined 
by the nen- step directions. thereby lowering 
the surface free energy through a change in 
the equilibrium acti\.ity of solutiolls contact- 
ing those facets. This behavior is documented 
for other systems such as NaC1. nhere a 
\.ariety of colnpounds for111 ordered adsoq7- 
tion layers (15). These layers act as surfac- 
tailts, lowering the surface free energy and 
stabilizing facets unexpressed in the pure sys- 
tem. The most ~lotahle of these compounds is 
glycine. which. like aspartic acid, possesses a 
terminal carhoxyl group that binds to both i i a  
and Ca and causes espressioll of { 120 j faces 
on I\'aCl (1 9). Thus it appears that the prima- 
ry effect of aspartic acid on calcite crystalli- 
zation is to alter the equilibrium thermody- 
namics of the gro~i-t11 surface. 

References and Notes 
1. A. Berman, L. Addadi, S. Weiner, Nature 331, 546 

(1 988). 
2. S. Mann et al., Science 261,  1286 (1993). 
3. A. M. Belcher, X. H. Wu, R. J. Christensen, P. K. 

Hansma, Nature 381, 56 (1996). 
4. A. Winter and S. C. Seisser, Eds., Coccolithophores 

(Cambridge Univ. Press, N e w  York, 1994). 
5 S. Mann, Nature 365, 499 (1993). 
6. H. H. Teng and P. M. Dove, Am. Mineral. 82, 878 

(1997). 
7. D A. Walters e t  a l ,  Biophys. 1. 72, 1425 (1997). 
8. C S. Sikes, M L. Yeung, A. P. Wheeler, in  Surface 

Reactive Peptides and Polymers: Discovery and Com- 
mercialization, C. S. Sikes and A. P. Wheeler, Eds. (ACS 
Books, Washington, DC, 1991), pp. 50-71 

9. H. H. Teng, P. M. Dove, J. J. De Yoreo, unpublished 
data. 

10. T A. Land, J. j. De Yoreo, J .  D. Lee, Surf Sci. 384, 136 
(1997). 

11, J. I. Drever, The Geochemistry of Natural Waters 
(Prentice Hall, Upper Saddle River, Nj, ed. 3, 1997). 

12. The most widely reported Ksp values range f rom 
t o  1 0 8 2 9  [see (20) and references therein]. 

Because steps on {1014] faces migrate a t  measurable 
rates when the ionic activity product (IAP) of our 
solution was equal t o  the lowest reported value. we 
determined Kip f rom IAP measurements where step 
velocity equaled zero. This lower solubility is due t o  
the lower pCO, of our closed experimental system. 

13, J. Paquette and R, J.  Reeder, Geochim. Cosmochim. 
Acta 59, 735 (1995). 

;4. W. K. Burton, N .  Carbrera, F. C. Frank, Philos. Trans. R. 
Soc. London Ser. A 243, 299 (1951). 

15. A. A. Chernov, in  Materials Science Forum, Vols. 276- 
277: Theoretical and Technological Aspects of Crystal 
Growth, R. Fornari and C. Paorichi, Eds. (TransTech 
Publications, Aedermannsdorf, 1998), pp. 71-78. 

16. A. A. Chernov and H. Komatsu, in  Science and Tech- 
nology of Crystal Growth, j. P, van der Eerden and 
0 .  S, L. Bruinsma, Eds. (Kluwer Academc, Dordrecht, 
Netheriands, 1995), pp. 67-80. 

17, L. N.  Rashkovich, KDP Family Single Crystals (Hilger, 
New York, 1991). 

18. V. V. Voronkov, Sov. Phys. Ciystallogr. 18,  19 (1973). 
19. R. Kern, in The Growth of Ciystals, N.  N. Sheftal, Ed. 

(Consultants Bureau, New York, 1969), pp. 3-23. 
20. A. Mucci, Am. J .  Sci. 283, 780 (1983). 
21. We thank 8. Potapenko for discussions. This work was 

performed under the auspices o f  the U.S. Department 
of Energy, Division of Ceosciences and Engineering, 
by Georgia insti tute of Technology (DE-FCOZ- 
98ER14843) and Lawrence Livermore National Labo- 
ratory under contract W-7405-Eng-48. 

23 July 1998: accepted 21 September 1998 

www.sciencemag.org SCIENCE VOL 282 23 OCTOBER 1998 


