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A planet orbiting in a disk of planetesimals can experience an instability in which it 
migrates to smaller orbital radii. Resonant interactions between the planet and plane- 
tesimals remove angular momentum from the planetesimals, increasing their eccentric- 
ities. Subsequently, the planetesimals either collide with or are ejected by the planet, 
reducing the semimajor axis of the planet. If the surface density of the planetesimals 
exceeds a critical value, corresponding to -0.03 solar mass of gas inside the orbit of 
Jupiter, the planet will migrate inward a large distance. This instability may explain the 
presence of Jupiter-mass objects in small orbits around nearby stars. 

I n  the standard theorv of solar svsteln for- 
mation, solid material Grbiting in 'a  gaseous 
disk accumulates to form small rocky or icy 
bodies called planetesirnals (1 ). Protoplanets 
then form by accretion of planetesimals. If a 
protoplanet accretes roughly 10 Earth masses 
(10 Me), it can then capture a gas envelope 
from the protoplanetary disk and become a 
gas giant such as Jupiter. W e  now know of a 
number of Jupiter-mass objects orbiting so- 
lar-type stars well inside the radius where 
rocky material can conde~lse (Table 1)  (2- 
8). For example, a planet orbits T Bootis a t  a 
distance of 0.0462 astronomical unit ( A U ) ,  
where the equilibrium temperature of 1550 
K is higher than the  condensation tempera- 
ture of the most refractory minerals. Al- 
thoueh some of these detections are contro- u 

versial (9), we believe that most or all are 
real. It is difficult to understand hoiv such 
planets could form in place. 

Although it is difficult to form planets at 
such small radii, once in place they can 
survive 11 0). Thus, it is natural to ask wheth- 
er giant planets can form at orbital radii of a 
few astrono~nical units and then migrate in- - 
ward. O n e  proposed migration mechanism 
involves the  generation by the planet of 
density waves in the gaseous protoplanetary 
disk, which cause the planet to spiral inward 
(10, 1 1  ) .  T h e  rnovement of the planet might 
be halted by short-range tidal or magnetic 
effects from the central star (10); ho~vever, 
short-range stopping ~nechanislns cannot 
easily explain the objects in  Table 1 with 
selnirnajor axes a, ? 0.2 AU. 

Another migration scenario involves in- - 
teractions between two or more Jupiter-mass 
planets (1 2 ,  13). If two such planets form with 
a small enough separation, their orbits are 
unstable, resulting in either a collision or an  
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ejection. T h e  typical outcome is a system with 
a massive planet in an  eccentric orbit at 1 to 
2 AU, similar to 70 Virginis or H D  114762 
(Table 1).  In a tiny fraction of cases, at peri- 
a ~ s i s  one of the a la nets will come close 
enough to the star that tidal evolution circu- 
larizes the orbit, resulting in a massive planet 
o n  a circular orbit inside 0.1 A U .  As pointed 
out in (13),  this low vield is difficult to rec- 
oncile with the observed frequency of such 
systems, which is roughly a few percent of 
nearby stars. A second difficulty is the low 
eccentricity and relatively large a,, of the plan- 
et orbiting p Coronae Borealis, which would 
require an  additional damping mechanism. 

W e  discuss here a mieration ~nechanisln " 
in  which the  planet exchanges energy and 
angular lnolnentuln with the  residual ulan- " 

etesimal disk through resonant gravitation- 
al interactions, gravitational scattering, and 
physical collisions. Long-distance migration 
is triggered ( the  "migration instability") if 
the  surface density X of planetesirnals ex- 
ceeds a critical value X. derived below. T h e  
lnlgratton halts when 2 drops below X, or 
when a s lgnlf~ca~l t  fractton of scattered - 
planetesimals strike the  star. Because plan- 
etesimals cannot survive inside a few stellar 
radii (R.,.), the  migration is certain to  halt. If 
the  mass of the  planet is less than about 
three times the  mass of Jupiter (MJ), the  
eccentricity of the  planet's orbit is reduced 
by the  migration; if the Inass exceeils this 
value, the  eccentricity may increase. 

Table 1. Properiies of planets 

Star Period (days) 

T h e  orbit of a planetesimal is specified by 
its semilnajor axis a,  eccentricity e, and in- 
clination i; the corresponding elements for 
the planet are a,, e,, and il,. In our analytic 
work. but not in our numerical work. we 
assume that the mutual inclination between 
the  orbits of planetesimals and planet is 
2 0 . 1  rad. It will also be convenient to use 
the specific energy E = - G M  /2a and an- 
gular lnolnentuln L = [GM a ( l  - eL)]liL, 
where M-, is the Inass of the central star and 
G is the gravitational constant. W e  shall not 
distinguish between the total angular mo- - " 

mentum L and its norrnal cotnponent L cos i. 
W e  assume that the  ratio u = M../M of 
planet Inass to stellar mass is much lbss than 
unity ( 1 / p  = M,/M, - 1047 for Jupiter, 
where Ma is the  solar mass), as is the  ratio 
of ulanetesilnal Inass to ulanet mass. 

Planet formation remains poorly under- 
stood, but we avoid this obstacle by focusing 
o n  processes that occur after formation is 
nearlv comulete. W e  shall assume for sim- 
plicity that only a single massive planet 
forms. T h e  neivlv formed ulanet is urobablv 
surrounded by a n  annular gap in  the  plan- 
etesimal disk, whose radial extent is -2.5 
times the  Hill radius h = p1/3a, (1 ). H ~ Q -  
ever, a planet's gravitational reach can ex- 
ceed its Hill r a d i ~ ~ s  grasp by a larger factor, 
as we explain. 

Consider a planetesimal ~ v i t h  orbital pe- 
riod t = 2n(a3 /GM . ) ' I 2  and e e 1, per- 
turbed by a n  exterior planet with period t,, 
> t, all = a + La,  and el, - e. If the  
~ l a n e t e s i ~ n a l  is in  a mean-motion reso- 
nance, so that (k + q)t = kt , where k and 
q are positive integers, the  pfanet can force 
chaotic perturbations of the  planetesimal 
orbit. T h e  value of a is nearlv constant, 
because the  planetesimal is in  resonance, 
but e undergoes a random walk, gradually 
diffusing to  larger values. Eventually the  
planetesilnal crosses the  planet's orbit, after 
a time (1 4) 

where K E [0, q] and q ? 2 Thts ttrne 1s 
glven 111 unlts In w h ~ c h  G ,  M + MI,, and a], 

T Bootis (2) 
51 Pegasi (3) 
u Andromedae (2) 
55 Cancri (2) 
p Coronae Boreails (4) 
HD 11 4762 (5) 
70 Virginis (6) 
16 Cygni B (7) 
47 Ursae Majoris (8) 
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are equal to  unity, so tl, = 2 ~ .  T h e  mini- 
mum e a t  which the  planetesilnal can enter 
the Hill sphere of the  planet is e ,  = ( a ,  - 
h)/a - 1 (15) .  For a Jupiter-mass planet a t  
a ,  = 5.2 AU and a planetesimal in the  i : 4  
resonance with initial eccentricity e2 = 

0.05, we find tR = 0.5 x 10' years (16).  
T h e  orbital phase of a planet-crossing 

planetesilnal a t  tilnes of conjunctiol~ with 
the    la net is effectivelv random because of 
resonance overlap. ~ h ; l s ,  close encounters 
between the  two objects are common. T h e  
first close encounter generally removes the 
planetesilnal from the resonance but leaves 
it in a planet-crossing orbit. A planet-cross- 
ing planetesimal undergoes a random walk in 
both e and a (or in L and E) ,  but the Jacobi 
constant J = E - L is roughly constant (1 7). 
Scaling arguments suggest that the time to  
random walk out of the system should gen- 
erally be between t /p and ;,/pZ, correspond- 
ing to a range of to 10 '  years for Jupiter. 
This range is consistent with the median 
lifetime of Jupiter-family comets of 5 x 10' 
vears 11 8) and with the lifetimes found in ~, 

our numerical simulations. For example, if 
we start a planetesimal in the 7:4  resonance, 
it evolves a t  roughly constant E or a while e 
randoln walks from 0.05 to -0.3 over 
-3.5 x 10' years (Fig. 1) .  A t  this point it 
suffers a close encounter with Jupiter. It then 
follo~vs curves of constant J until ejected 
after about 4 x 10' years. 

Planetesi~nals may also suffer fates other 
than ejection. 

1)  Collision with the star: If the plane- 
tesimal random walks to sufficiently srnall L 
(large e),  it will be absorbed by the star. This 
channel can become important once the 
planet has migrated to a, 5 5 to 10 R . .  
Planetesimals o n  resonant orbits with a 5 

(al, - h)/2 also tend to collide with the star, 
because these become highly eccentric be- 
fore they become planet-crossing. 

2) Collision with the  planet: A plane- 
tesimal may collide with the  planet before 
being ejected. T h e  probability is 1 - 
exp( -P), where 

median residence time is generally short 
cornpared to the age of the solar system. 
However, a few planetesilnals can be trapped 
for very long tilnes near stable islands (20).  
Such trapping has been seen in  numerical 
integrations of planet-crossing orbits (21 ). 

Planetesimals start with negative energy 
and are ejected with positive energy; thus, 
the  ejection process must remove orbital en- 
ergy from the  planet, which lnoves closer to 
the star (22). This phenolnenon is well 
known in the  context of our solar system: 
Fernfindez and Ip (23) suggested that the 
ejection of planetesimals caused the orbit of 
Jupiter to shrink by 0.1 to 0.2 A U .  This 
shrinkage can account for the depletion of 
the outer asteroid belt (14,  24). If the surface 
density of planetesimals is above the critical 
value Z,, this process is unstable. T o  calcu- 
late X,, we let the  selnirnajor axis of the 
planet shrink by Aa,, reducing its energy by 

Planetesimals newly captured into chaotic 
resonances will be removed from the  sys- 
tem, either by ejection or by consulnption 
by the  planet or the  star. T h e  Inass of 
planetesimals affected is 

AM = 2 ~ p ~ a i ( , , X ( a a ~ )  I aAap  I ( 4 )  

where a < 1 is a measure of the  average a/a,  
of the  affected plal~etesimals (25) and p, = 
1 is the  resonance capture probability. In  
disposing of a Inass AM of planetesimals, 
the  planet loses energy 

where f is the  fraction of the original plan- 
etesimal energy that is taken from the  plan- 
et's orbit; we expect that f = 1 for a, % R 
and becomes negative as a, + R , ,  where 
the  planet perturbs most plal~etesi~nals into 
the  star. 

T h e  migration process is unstable if 
A E ,  > AE,l, which requires that the  den- 
sity exceed X,. 

where r ,  is the  radius of the  planet and p is 
the  mean density of the  planet. This result 
sho~vs that about 20% of orbit-crossing 
planetesirnals ~vill  strike Jupiter but lllost 
will be ejected (19).  

3 )  Long-term capture into mean-motion 
resonances: Planetesimals o n  planet-crossing 
orbits can be captured temporarily into res- 
onances: this is the inverse of the nrocess 

In  other words, if the  Inass in the  planetes- 
imal disk interior to  the  planet is of order 
M,,, the  planet can migrate nearly to  the  
surface of the star. 

T h e  migration halts when either (i)  the  
local surface density of planetesirnals falls 
below the  critical value or (ii) a significant 
fraction of the  planetesimals plunges into 
the  star. T h e  local surface densitv is sure to 

described by Eq. 1, ~ l ~ h i c h  now gives the fall to zero near the star. Solid &dies can- 
typical residence time in the resonance. T h e  not  condense a t  radii 5 7 R . ,  and existing 

planetesirnals whose orbits might evolve to 
smaller radii cannot long survive a t  distanc- 
es 5 2 R ; .  T h e  minimum sernilnajor axis 
achievable by the  migration instability is 
thus a few to 10 stellar radii or -0.03 to 0 .1  

W e  have simulated the  evolution of a 
Jupiter-mass body in a plal~etesimal disk, 
using the  Opik approximation (26) (see Fig. 
2) .  T h e  simulations assume that the  surface 
density in plal~etesirnals varies as X(r) = 

X,(1 AUlr) '  ', where Xo, the  surface den- 
sity a t  1 AU, is a free parameter. T h e  total 
mass in the  planetesimal disk within radius 
r is then 

and, if we assume solar metal abundance 
Z = 0.02, the  disk mass in  gas interior to 
Jupiter's orbit is 0.16M,(X,/103 g c m p 2 ) .  

T h e  energy transfer from planet to plan- 
etesimal is approximated as a succession of 
close encounters until the  ulanetesilnal is 
ejected, strikes the planet, or strikes the  
star. Su~n ln ine  over lnanv encounters. we u 

derive the  average efficiency of energy 
transfer from the  nlanet to nlanetesirnals in 
a given resonance. These efficiency factors 
are then used to calculate the  evolution of 
the  planet in  a disk of a given initial Inass 
profile. For the case where the planet inter- 
acts with the  2:1 ,  3 :2 ,  2:3,  and 1 : 2  reso- 
nances, as well as a broad resonance zone in  
the  immediate vicinity of the  planet, the  
onset of the  migration instability is at 2, ;= 

200 g cmp' (Fig. 2).  Equation 6 ,  evaluated 
w i t h a ,  = 5 . 2 A U , a  = O . i , p , =  1 , a n d f  = 

1, gives Xc = 70 g an- ' ,  corresponding to 
Xz = 160 g cm-', in good agreement with 
our numerical estimate. A much higher 

0 1 2 3 4 

t (lo5 years) 

Fig. 1. The evolution of the i ( t ) ,  a ( t ) ,  and e ( t )  
values of a planetesimal having a mass lo- '  that 
of Jupiter. The planetes~mal was intally placed n 
the 7:4 resonance w ~ t h  e  = 0.05 andi  = 0.05. The 
perturb~ng planet had mass = 10 and e, = 

0.05. The planetesimal suffers its first close en- 
counter with the planet after 3.5 x 105 years and 
is ejected after about 3.8 x l0"ears. 
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REPORTS 

density ( S 0 — 8000 g cm 2) is required for 
the instability to persist until the planet 
reaches 0.03 AU. 

In some cases a gas disk with the surface 
density required for the migration instabil­
ity may be nearly gravitationally unstable. 
The criterion for local gravitational insta­
bility of a thin disk is Q = CO/(TTG2) < 1, 
where c is the speed of sound and Cl is the 
angular speed {27). Replacing 2 by S c from 
Eq. 6, we find 

\ l / 2 / j \ l / 2 

Q = 1.2" 1 A U / \300K 

x 0.02 

M*\1/2/Mj 

MT 
(8) 

where T is the disk temperature. 
Ejecting a planetesimal removes energy AE 

and angular momentum AL from the planet. If 
|AE/AL| > 1, then e decreases, whereas e 
increases if |AE/AL| < 1. For a planet with M 
^ 3Mj, |AE/AL| > 1 because the planetesimal 
must approach within a few Hill radii of the 
planet to be ejected, and the Hill sphere does 
not extend into the region where |AE/AL| < 1 
when E «* 0. In this case, the ejection of small 
planetesimals tends to reduce e and a . How­
ever, the planet is immersed in a bath of plan-
etesimals, many of which have substantial 
masses. Interactions between the planet and 
these objects will tend to produce equipartition 
between the energy in radial motion of the 
planet and the planetesimals. If most of the 
planetesimal mass is in objects of mass near m0, 
the expected equilibrium eccentricity of the 
planet is e <** (m0/M )1/2. This e ranges from 
0.06 to 0.006 for m0 between an Earth mass and 
a lunar mass. 

Seven objects in Table 1 have a < 1 AU 
and probably did not form in their present 
orbits. We suggest that at least four of these 

seven—51 Pegasis, 55 Cancri, p Coronae 
Borealis, and T Bootis—migrated to their 
present semimajor axes through the process 
described here. The planet around v An-
dromedae is puzzling because of its rather 
high eccentricity, e =0.15 ± 0.04. Such an 
eccentricity could arise from an encounter 
with an object of a few M e , or the measured 
eccentricity could be in error. The last two 
short-period objects on the list—70 Virginis 
with M = 6.6 Mj and HD 114762 with M = 
10 ± 1 Mj—are sufficiently massive that 
planetesimals scattered from their Hill 
sphere can be ejected with |AL| > |AE|. If so, 
their large eccentricities could arise from the 
migration instability. Their relatively large 
a values might reflect the difficulty of satis­
fying the instability criterion (Eq. 6) at small 
radii when M is large. 

The planet orbiting 47 Ursae Majoris 
could have formed at its present location; 
however, we think it more likely that it 
migrated inward a few astronomical units 
and halted because S(r) dropped below 2C. 
The companion to 16 Cygni B is also likely 
to have migrated inward; its large e could 
be due to interactions with the stellar com­
panion to 16 Cygni B (28). 

Equation 7 shows that a planetesimal disk 
mass of ~ 6 X 10 - 4 M 0 within the planetary 
orbit is required to initiate the migration 
instability for a planet with Jupiter's mass 
and radius, whereas a much larger mass' of 
~ 2 X 10~2 M 0 is required to move the 
planet to 0.03 AU. Infrared observations of 
solar-mass T Tauri stars suggest that disks at 
the upper end of this mass range are rare, but 
they do occur (29). These observations were 
designed to measure the total mass in partic­
ulate matter at r < 100 AU, with results in 
the range 10~5 to 10~2 M* (30). The mass in 
planetesimals would be similar if the effi-

Fig. 2. The solid curves show the evolution of a 1 -Ju- 1 o 
piter-mass planet in a disk with planetesimal surface 
density %(t) = S 0 (1 AU/r)3/2. We take initial elements 
as follows: the plane has ap = 5.2 AU and ep = 0.048, 
whereas the planetesimals have a ranging from 0.03 to 
4 AU, e in the range (em to em + 0.2), and / between 0 
and 0.5 rad. The labeled curves correspond to the 1 

following values of S 0 in units of grams per square ^ 
centimeter: A, 8000; B, 2000; C, 1200; D, 600; and E, < 
40 (the nominal value for the minimum solar nebula). « 
The corresponding gas surface densities in grams per 
square centimeter, if we assume solar metallicity Z = 0 1 
0.02, are: A, 4 x 105; B, 1 x 105; C , 6 x 104; D, 3 x 
104; and E, 2 x 103. There is a critical value of S 0 at 
- 200 g c m - 2 (between curves D and E), below which 
there is very little movement. The solid circles indicate 
the positions of the various extrasolar planets (Table 1 o6 1 o7 1 o8 

1); J indicates the location of Jupiter. The dotted line t (years) 
(labeled A*) corresponds to the case for which we 
replaced the 2:1 resonance with the 3:1 resonance, in which the planetesimals are not strictly orbit-crossing 
unless one takes into account the finite Hill sphere radius. This indicates the approximate range of uncertainty in 
the final position in this idealized model. The time for the migration to occur is very model-dependent; inclusion of 
more resonances will reduce the migration time. 
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ciency of conversion of dust particles to 
planetesimals is high, and even higher if the 
observed disks already hide most of their 
solid material in planetesimal-sized objects. 

There is observational evidence for a 
correlation between the presence of short-
period planets and high stellar metallicity 
(31). We note two possible explanations for 
this correlation, (i) For a fixed mass of gas, 
enhancing the metallicity increases the sur­
face density of planetesimals, increasing the 
chances for planet migration, (ii) If migra­
tion is halted by planetesimals hitting the 
star, then the planetesimals can pollute the 
surface layers of the star. 

When several planets are present, migration 
becomes more complex. For example, in the 
solar system Uranus and Neptune migrate out­
ward rather than inward because Jupiter acts 
like an inner absorbing boundary similar to a 
nearby stellar surface (23). In such a system, 
the migration instability is triggered at a lower 
surface density, because the outer planets effec­
tively push the inner planet toward the star. 
The migration of a massive planet will reduce 
the surface density of planetesimals substantial­
ly; as a result, it is unlikely that two massive 
planets can independently migrate to short-
period orbits. It is also unlikely that any other 
planets in the migration path can survive; thus, 
a short-period Jupiter-mass planet should have 
no sister planets with orbital radii less than a 
few astronomical units. 

REFERENCES AND NOTES 

1. J.J. Lissauer, Annu. Rev. Astron. Astrophys. 31,129 
(1993). 

2. R. P. Butler, G. W. Marcy, E. Williams, H. Hauser, P. 
Shirts, Astrophys. J. 474, L115 (1997). 

3. M. Mayor and D. Queloz, Nature 378, 355 (1995). 
4. R. W. Noyes et a/., Astrophys. J. 483, L111 (1997); 

see also erratum, ibid. 487, L195 (1997). 
5. D. W. Latham, R. P. Stefanik, T. Mazeh, M. Mayor, G. 

BurW\, Nature 339, 38(1989). 
6. G. W. Marcy and R. P. Butler, Astrophys. J. 464, 

L147 (1996). 
7. W. D. Cochran, A. P. Hatzes, R. P. Butler, G. W. 

Marcy, ibid. 483,457(1997). 
8. R. P. Butler and G. W. Marcy, ibid. 464, L153 (1996). 

See also the extrasolar planets catalog at http://www. 
obspm.fr: 80/departement/darc/planets/catalog. 
html. 

9. D. Gray, Nature 385, 795 (1996); G. Marcy et a/., 
Astrophys. J. 481, 926 (1997). 

10. D. N. C. Lin, P. Bodenheimer, D. C. Richardson, 
Nature 380, 606(1996). 

11. P. Goldreich and S. Tremaine, Astrophys. J. 241, 
425(1980). 

12. F. A. Rasio and E. B. Ford, Science 274, 954 (1996). 
13. S. J. Weidenschilling and F. Marzari, Nature 384, 

619(1996). 
14. M. Holman and N. Murray, Astron. J. 112, 1278 

(1996); N. Murray and M. Holman, ibid. 114, 1246 
(1997); The presence of a massive planetesimal disk 
can change both the location and the amount of 
overlap relative to a Keplerian potential. The change 
in location will not affect the dynamics, and our cal­
culations show that the change in the amount of 
overlap is generally small. 

15. For resonances with q < 2, em is replaced by e, but 
this expression must be used with caution when the 
resonances are strong, because the dynamics are 
more complicated [see [14)]. 

www.sciencemag.org • SCIENCE • VOL. 279 • 2 JANUARY 1998 71 

file:///300K
http://www
obspm.fr
http://www.sciencemag.org


16. Somewhat longer times apply in other low-order, 
mean-motion resonances Smiar results apply f the 
planet orbts inside the planetesimal 

17, If e, is nonzero, there is a random walk in J, but t hs  
is much slower (by a factor of order e,) than the 
random walk in E or L. 

18. H F. Levison and M. Duncan, lcarus 108, 18 (1 994). 
The lifetmes of Centaurs are simlar [see L Dones, 
H. F Levson, M. Duncan, in Completing the lnven- 
tory of the Solar System, T. W. Rettig and J M. 
Hahn, Eds. (Astronomca Socety of the Pacf~c,  San 
Francisco, CA, 1996), p.  2331. 

19. Eauat on 2 holds for planets the mass and size of 
Jup~ter with orbital periods larger than about 50 
days. 

20. B. V. Chirkov, Chaotic Dynamicsin Hamiltonian Sys- 
tems lwith Divided Phase Space (Spr~nger, Berl~n, 
1983); C. F. F. Karney, Physica D 8, 360 (1983): N. 
Murray, ibld. 52, 220 (1991). 

21, H F. Levson and M. Duncan, lcarus 127, 13 (1 997), 
M. J. Duncan and H. F. Levson, Science 276, 1670 
(1 997). 

By smiar arguments, orbit-crossing planetesmas 
that collide with the star add energy to the planet: 
however, consumpton by the star is much less com- 
mon than ejecton for planets at semimajor axes larg- 
er than a few stellar radi~. 
J. A. Fernandez and W.-H p ,  lcarus 58, 109 (1984). 
J.-C. Liou and R. Malhotra, Science 275, 375 
(1 997). 
The average radus n = (ala,) = (7/4)-2 = 0.7 if the 
Inner 7 :4  resonance IS the only relevant one. 
E. J. Opik, Interplanetary Encounters (Elsever Scien- 
tific, Amsterdam, 1976), 
A Toomre, Astrophys. J. 139, 121 7 (1 964), V. S. 
Safronov, Ann. Astrophys. 23, 979 (1 960), J,  B~nney 
and S. Tremane, Galactic Dynamics (Princeton Univ. 
Press, Princeton, NJ, 1987). 
M. Homan. J. Touma, S. Tremane, Nature 386. 254 
(1997), K, A. nnanen, J. Q. Zheng, S. Mkkoa,  M. J. 
Valtonen Astron. J. 113, 1915 (1997); T. Mazeh, Y. 
Krymolowsk~, G. Rosenfeld,Astrophys. J. 477, L103 
(1 997). 
S V W. Beckw~th, A. I. Sargent, R. S. Chini, R. 

Magnetic Properties of Hexagonal 
Closed-Packed Iron Deduced from Direct 

Observations in a Diamond Anvil Cell 
Stuart Gilder* and Jonathan Glen? 

The attraction of hexagonal closed packed (hcp) iron to a magnet at 16.9 gigapascals 
and 261 degrees centigrade suggests that hcp iron is either paramagnetic or ferromag- 
netic with susceptibilities from 0.15 to 0.001 and magnetizations from 1800 to 15 
amperes per meter. If dominant in Earth's inner core, paramagnetic hcp iron could 
stabilize the geodynamo. 

b lu td  rnotton in Earth's liuuid outer core 
generates a magnetic fleld that,  when oh- 
served a t  the  surface over several tens of 
thousands of years, resembles a dipole 
whose axis narallels Earth's rotational axis. 
However, the  t ime-a~~eraged field geometry 
mav not  deuend o n  the  fluid dvnamics in 
the  outer core alone. Recent numerical 
models suggest that a finitely conducting 
solid inner core stabilizes the geodynamo 
(1 ,  2) .  Deviations of the  mean field from 
that of a geocentric dipole, such as the  
far-sided effect (3 ) ,  could be explained if 
the  inner core is composed of an  aggregate 
of preferentially oriented hcp iron crystals 
(4) .  Such an  aggregate could also explain 
why se~smic waves traveling parallel to the  
rotational axls annear 1 to 4% faster than 
those traversing equatorial paths (5). 

Although the vhase of iron in the inner 
core is unknown, several studies conclude 
that the hcp (E) phase is the best candidate 
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(6-8). Some work has suggested that con- 
vective flow in  the inner core is sufficient to 
give E-Fe a crystallographically preferred ori- 
entation (9 ,  10).  Karato ( I  1 ) proposed that 
the toroidal component of the field could 
give E-Fe a preferred orientation such that its 
crystallographic c axis grows parallel to the 
rotation axis if the metal is paramagnettc 
with a certain degree of crystalline anisotro- 
py of magnetic susceptibility (AMS) (12). 
T h e  link between A M S  in E-Fe and field 
behavior was addressed by Clement and 
Stixrude (4) ,  who assumed that magnetic 
susceptibilities of hcp metals other than Fe 
served as analogs for E-Fe (9 ,  13).  O n  the 
basis of this assumption, they assigned the  
magnetic susceptibility of E-Fe to be lo-' to 
lo-' (SI units). 

W e  used a nickel chromium alloy Merrill- 
Bassett diamond anvil cell (DAC) .  Iron 
(>99.9%) particles, generally spherical in 
shape with diameters of 1 to 5 Fm,  were 
loaded together with ruby chips and a pres- 
sure medium of methanol, ethanol, and n2a- 
ter (16:3:1) into a -100-~m-d iamete r  hole 
formed in  a Re  gasket. T h e  cell was bolted 
to  a n  insulating plate, which was in turn  
bolted to  a motorized xy stage. A thermo- 
couple was fixed i n  direct contact  with the  
lower diamond. Three  other thermocou- 
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ples surrounded the  diamonds. A n  alter- 
nattng current was applted to  these ther- 
mocouples so tha t  they functioned as re- 
sistive heaters. Pressure was measured sev- 
eral tllnes during each experiment using 
the  shift in  the  ruby R1 peak (14)  and 
temperature was measured continuously. 
Uniform melting of the  pressure medium 
a t  low pressures suggests tha t  n o  tempera- 
ture gradient existed. T h e  transparent 
pressure medium allowed the  iron particles 
to  he imaged with a n  optical microscope. 

T h e  D A C  was heated in order to reduce 
the viscostty of the pressure medium so that 
the particles could move. A rare earth ele- 
ment magnet (measured magnetic moment 
M, = 1.2 A m 2 )  was held 25 mm from the 
sample region with a pole pointed toward 
the  cell, inclined 35' 10' with respect to 
a horizontal plane. T h e  magnet was held 
stationary or mo17ed hack and forth through 
an  angle of -100" about a horizontal plane 
to elicit a response from the particles. A t  a 
distance of 25 mm, fields measuring 1.2 X 
lo-' A/m were induced in the sample re- 
gion. T h e  Inconel cell, stainless steel bolts, 
and Re gasket had negligible magnetizations. 
W e  assumed that the field of the magnet 
accounted for the total field in the sample 
region. 

Particle motion was defined as either ro- 
tation or translation (Fig. 1) .  Motion of var- 
ious particles was observed over a range of 
pressure and temperature during run 94.2.1 
(Fig. 2). N o  motion was observed at 130°C 
and 9.7 GPa (Fig. 2A). At 140°C and 10.0 
GPa, particle a migrated toward and collided 
with particle b (Fig. 2B). Betaeen 155' to 
160°C at 10.1 GPa, the combined particle 
(a+b)  and particle c moved in response to 
the magnet. Particle a + b  migrated to the 
gasket wall at 165OC and 15.3 GPa (Fig. 2C). 
Betaeen 166" to 366°C and 15.3 to 18.8 
GPa, particles c and d (and others) respond- 
ed to the magnet. Sometimes separate parti- 
cles moved in concert with the motion of 
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