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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. 

Fluid  motion in Earth's liuuid outer core 
generates a magnetic field that,  when ob- 
served a t  the  surface over several tens of 
thousands of years, resembles a dipole 
whose axis narallels Earth's rotational axis. 
However, the  time-averaged fleld geometry 
mav not  deuend o n  the  f l u ~ d  dvnam~cs 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 axis annear 1 to 4% faster than 
those traversing equatorial paths (5). 

Although the uhase of iron in the inner 
core is unknown, several studies conclude 
that the hcp (E) phase is the best candidate 
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ratolre de Paleomagnetisme, 4 place Juss~eu, 75252 
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tAso at Earth Scences Department, University of Cal- 
forna, Santa Cruz, CA 95064, USA. 

(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 paramagnetic 
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 a i t h  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- 
nating current was applied to  these ther- 
mocouples so tha t  they functioned as re- 
sistive heaters. Pressure was measured sev- 
eral times 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  be imaged with a n  optical microscope. 

T h e  D A C  was heated in order to reduce 
the viscosity of the pressure mediurn 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 a i t h  a pole pointed toward 
the  cell, illclined 35' 2 10' a.ith respect to 
a horizontal plane. T h e  magnet was held 
stationary or moved back 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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Fig. 1. Results from experiments 400 - 
94.1.5 (squares), 94.1.6 (inverted 
triangles), 94.1.7 (triangles), and 3501 
94.2.1 (circles). Filled symbols = no 300: 
particle motion; open symbols = Y 
particle motion; solid diamonds = 250- 

cell failure. z -  
200 > 

u 
$ 150 
c 

100 

the external field; at other times, no motion 
was observed, probably because the particles 
were pinned against a diamond wall. Lack of 
motion at low temperature (26°C) or high 
pressure (28.7 GPa) was likely due to a more 
viscous pressure medium. At 260°C and 16.9 
GPa (Fig. ZD), particle d rotated in response 
to the applied field such that its long axis 
(12.5 pm in length) was perpendicular to 
the view direction. Particle d rotated again 
(2.5 pm by 2.5 pm in the view direction) at 
261°C and 16.9 GPa when the magnet was 
removed (Fig. 2E). This particle is thus el- 
lipsoidal with a volume V of 2.4 X 10-l6 m3. 
When the magnet was returned to the cell, 
particle d moved toward it (Fig. 2, F through 
H), traversing a distance of 30 p,m in 9.24 s 
(velocity v = 3.2 x m/s) until it col- 
lided with particle c (Fig. 21). 

The motion of particle d about its min- 
imum axis allows us to calculate the mean 
orientation of the maximum axis by mea- 
suring the apparent length of the ellipse 
several times during flight. We did so 38 
times and found a mean apparent length of 
6 + 2 pm, suggesting that the long axis was 
oriented 61" + 10" with respect to the 
horizontal. 

The Fe particles were in the body cen- 
tered cubic (bcc or a )  vhase when the ex- . . 
periments began. It is thus paramount to 
know the pressure and temperature at which 
Fe converts from the ferromagnetic bcc 
phase (15) to hcp. The boundary is hyster- 
etic with near-vertical Clapeyron slopes of 
455", -283", and -455°C per gigapascal 
and room-temperature transition pressures of 
7.4, 13.5, and 9.0 GPa, respectively (7, 8, 
16). The different Dressure calibrations and 
pressure mediums & probably account for 
the inconsistencies. Von Bargen and Boehler 
(1 7) demonstrated that the width of the a-E 
transition varies with increasine shear 
strength of the pressure medium. T'Ke mean 
transition pressure of all their experiments is 
13.0 + 0.7 GPa. They postulate that crystal 
size is correlated to hysteresis width, with 
single crystals transforming to high-pressure 
phases faster than plycrystalline ones be- 

n-Fe C- + E-Fe 

, . -  
5 10 15 20 

Pressure (GPa) 

cause the former have fewer grain boundaries 
and defects. In our ex~eriments. the mrticles . . 
were small, the temperatures in the cell were 
above room temperature, and the pressure in 
the cell was hydrostatic. We therefore as- 
sumed that a-Fe completely converted to 
the E phase at 13.0 GPa. Thus, the motion of 
the particles (Fig. 2, C to I) is interpreted as 
the response of E-Fe. 

The attraction of the particles to the 
magnet suggests they are either paramag- 
netic or ferromagnetic. Two possibilities 
must be considered for the former state: 
shape and crystalline AMS. If particle d 
responded to the magnet due to shape an- 
isotropy, its long axis should be oriented 
parallel to the magnetic field during its 
flight. Because the pole piece was held 35" 
+ 10" from the horizontal and the long axis 
was oriented 61" + lo0, shape anisotropy 
can be ruled out. For the two remaining 
possibilities (ferromagnetic or crystalline 
AMS), we can quantify the moment mag- 
netization M, for the former and bulk sus- 
ceptibility x for the latter. 

The drag force Fd of the pressure medium 
acting against the particles can be represent- 
ed by a Stokes resistance law of the form Fd 
= 61~pvR (18), where p, is the fluid viscos- 
ity, v is the particle velocity, and R is a shape 
parameter. For a prolate ellipsoid with a 
maximum to minimum axis ratio of 5 that 
moves through a viscous fluid with no 
boundary conditions, R = 5.93 x m. 
When wall effects are considered, the prob- 
lem becomes more complex because the ori- 
entation of the ellipse changes with respect 
to the diamond walls, and the distance of the 
mrticle from the diamond surfaces is un- 
Lown. If the geometry resembles that in 
Fig. 21, R will be about 9.0 X m. 
Viscosity of the pressure medium contributes 
the largest uncertainty. A power law extrap- 
olation of the Stephan and Lucas (19) 
252°C methanol data to 16.9 GPa gives an 
upper bound of p, = 1.2 mPa-s. The viscosity 
of methanol at ambient conditions is lo-' 
Paas. If we take 1.2 mPaa and Paas as 
maximum and minimum estimates of p with 

-3(111m/9245 Melhaml~ethsnolwaler I 
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Fig. 2. (A through I) Images of the DAC during run 
94.2.1 . (4 Motion of particle d during frames (D) to 
(1). 

v = 3.2 x m/s, then Fd = 6.5 X 10-l3 
to 5.4 x 10-l5 kgds2. 

The force acting in the direction of mo- 
tion F, arises from the magnet-particle at- 
traction. The particle moment Mz equa1s-W 
for the ferromagnetic case and xHIV for the 
paramagnetic case, where J is the magneti- 
zation and H1 is the applied field. We find 
F, = Mz.6B/6r = JV.6B/6r = xH1V.6B/6r 
(20). Because B = p,&ll/2d, 6B/6r = 
-3p&ll/2m4, and Hl = M , / 2 d  = B/po, 
then F, = ~ ( - 3 ~ 1 / 2 m 4 ) c o s 3 5 0  for the 
ferromagnetic case and F, = xV( -3CL$VI12/ 
4.rr2r7)cos35" for the paramagnetic case, 
where is the permeability of free space 
 IT x H/m) and r is the distance from 
Ml to Mz. Given the above values of MI, V, 
and r, the maximum and minimum values 
of x and J are 0.15 to 0.001 and 1800 to 15 
Aim, respectively. 

Although our results cannot distinguish 
between the two magnetic states, we have 
constrained the values of x and J. Previous 
studies on the magnetic properties of E-Fe 
make it difficult to choose between the two. 
Using electron microscopy and shock wave 
techniques, Wasilewski (21) found that a 
magnetic phase change occurred when a-Fe 
transforms into antiferromagnetic E-Fe. Al- 
though the samples were at room p m r e  
during the analyses, his findings are consis- 
tent with extrapolations of Mhsbauer effect 
and neutron diffraction studies that predict 
antiferromagnetic ordering of E-Fe (22). 
More recent experiments using Miissbauer 
effect measurements did not detect ferro- 
magnetic ordering of E-Fe; however, only 
internal magnetizations above 0.05 T could 
be resolved (23). Band structure calculations 
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predict E-Fe should not order magnetically 
(24),  suggesting that it is paramagnetic. 

T h e  estimated values of x offer con-  
straints o n  existing models of Earth's mag- 
netic field behavior, provided they remain 
valid at high core temperatures (4000" to  
8000°C) and pressures (330 to  360 G P a ) .  
A paramagnetic inner core can  explain a 
variety of geomagnetic phenomena (4 ) ,  
t he  source of \vhich cannot  be ascribed to  
processes acting In the  outer core. T h e  
results of Hollerbach and Tones 1 1 )  and , , 

t he  recently developed three-dimensional 
dvnalnic models of Glatzmaier and Rob- 
erts (2 )  predict tha t  a finitely conducting 
solid inner core would stabilize the  eeodv- - ,  

namo,  because the  inner core has a d~f fu -  
sive time scale indevendent of that  of the  
outer core. W e  speculate the  same could 
be true if t he  paramagnetic relaxation 
time of the  inner core lags behind external 
field chances from the  outer core. T h e  
outcome IS t ha t  short-term f luctuat~ons 
are damned out ,  and the  dvnamo is stead- 
ied. As  'a result, a brief briakdown of the  
dynamo ~vould lnot lead to  a successful 
reversal of the  field. This  inhibition to  
reversal, which results directlv from the  
inner core's stabilizing influence o n  outer 
core convection, is feasible if our estimates 
are valid a t  core temperatures. 
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Formation of Molecular Chlorine from the 
Photolysis of Ozone and Aqueous 

Sea-Sal t Particles 
K. W. Oum, M. J. Lakin, D. 0 .  DeHaan,* T. Brauers,? 

B. J. Finlayson-Pitts$ 

Halogen atoms from the reactions of sea-salt particles may play a significant role in the 
marine boundary layer. Reactions of sodium chloride, the major component of sea-salt 
particles, with nitrogen oxides generate chlorine atom precursors. However, recent 
studies suggest there is an additional source of chlorine in the marine troposphere. This 
study shows that molecular chlorine is generated from the photolysis of ozone in the 
presence of sea-salt particles above their deliquescence point; this process may also 
occur in the ocean surface layer. Given the global distribution of ozone, this process may 
provide a global source of chlorine. 

Sea-salt  vart~cles formed bv wave action 
are ubiqu;tous in  the  marine boundary layer 
and in  coastal regions. In  addi t~on,  they 
have been found in  some unusual situations 
such as in the  plumes from the  burning of 
the  Kuwaiti oil wells (1) .  Chlorine atoms 
1C1) formed from the  reactions of sea-salt , , 

particles can destroy ozone ((I3), a key tro- 
pospheric oxidant (2-7) and greenhouse gas 
(a) ,  through direct reaction. Alternatively, 
C1 reacts rapidly with organic molecules, 
~ v h i c h  can, in turn, lead to  0, formation in  
the  presence of sufficient oxides of nitrogen 
(NO,) (9). 

Laboratory ( 2 ,  6 ,  7) and modeling (5, 
10,  11)  studies have shown that photo- 
chemically active, gas-phase C1- and Br- 
con ta in~ng  compounds can be generated by 
a number of reactions of sea salt and its 
components. Although H N O ,  and H,SO, 
displace HC1 from sea-salt particles, this is 
not a sienificant source of atomic C1 be- - 
cause the subseq~~en t  reaction of HC1 with 

OH is relativelv slow 112). Furthermore. , , 

the  reactions of acids and oxides of nitrogen 
are insufficient under some circumstances 
to account for the  measured C1- depletion 
(13) ,  and a photochemical reaction of 0, 
with aqueous sea-salt particles has been sug- 
gested as a n  alternative way of generating 

CIZ Although 0, does not  react at a sig- 
nificant rate with drv NaCl  11 4), laboratorv , , 

studies have suggested that a n  unidentifiei 
photolyzahle C1-contain~ng compound may 
form from sea-salt particles close to  the  
deliquescence point in the  presence of 0, 
and probably light (15).  

Field studies have identified photochem- 
~cal ly  active, gas-phase halogen colnpounds 
other than HC1 in the  troposphere (1 6-20), 
but specific colnpounds have been difficult 
to identify. Recently, C1, was identified and 
measured in  a coastal area 121) at concen- ~, 

trations up to  150 parts per trillion (ppt).  
This is a much larger concentration than u 

can be a t t r~buted to known reactlolls of 
sea-salt part~cles,  suggesting that there must 

Departinent of Chemistry, University of California, rvine, 
CA 92697-2025 USA. be an  unrecognized source producing a daily 

*Present address. Department of Chemistry and Bology, 
average of 280 ppt of C12 per day. 
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