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X-ray synchrotron experiments with in situ laser heating of iron in a diamond-anvil cell 
show that the high-pressure E phase, a hexagonal close-packed (hcp) structure, trans- 
forms to another phase (possibly a polytype double-layer hcp) at a pressure of about 38 
gigapascals and at temperatures between 1200 and 1500 kelvin. This information has 
implications for the phase relations of iron in Earth's core. 

R e c e n t  s tuJ~es  on iron 11-3) ha1.e led to , , 

greater understanding of the l>eha\-ior of Iron 
~ lnder  the extreme pressure-temperature 
conditions of Eal.th's core. For example, the 
lnelting curve ot  iron is non- known to a 
pressure ot  nearly 2 Mbar and it is recognizeJ 
that iron ma!; occur in ad~litional poly- 
morl3hs. T h e  structures of tour phases of iron 
are \yell known: cr (hoily-centered-~LIITIC, 
hcc), y (face-centered-cul~~c, fcc), E (hcp),  
and the high-temperature forin 6 (bcc). 
Boehler (1 )  anJ  Sasena r t  ill. ( 2 )  presented 
exr~erimental el-iclence fior the occurrence o t  
a nenr iron phase, n.hic11 was tentati\rely 
called P by Saxena r t  L I ~ .  (Fig. 1) .  This de- 
termination xas  made bv heatinp iron under 
pressure in a Lliamond-anl.~l cell ~vlt1-1 a Nd- 
y t t r i u r n - a l ~ ~ ~ l ~ i ~ l ~ ~ ~ ~ ~ ~ y a r ~ ~ e t  (YXG) laser and 
plotting the laser power against the corre- 
sponJing temperature measured t'v thermal 
radiation spectroscopy (2).  X change In 
slope on 2~1ch a plot is conslilered to signin. a 
phase transit~on or melting. A l t l l o ~ ~ g l ~  the 
laser power-temperature technique nlay l ~ e  
~lsed successf~~lly in cleternlining meltillg and 
phase transformations (1 ,  2 ,  4)) s t r ~ ~ c t ~ l r a l  
inforlnation on the iron phase transt'orina- 
tion is necessary to understand the state of 
iron 111 the core. Here. 1l.e renort the result of 
an  x-ray study on phase transtormation of E 

(hcp)  iron into a 11ex~ phase. T h e  result 
sho\vs that one or more new iron phases nlay 
be present in Earth's core but to recognize 
them, great care is neeJed In ilesigning the 
experiments. 

T o  ol~ta ln  x-ray data, we used the syn- 
chrotron X- l7C heam line at the 
Brookhaven Kational Lalwrator!;. W e  load- 
eLl an  iron foil (99.9% pure) in a iclao-Bell 
LliamonLl-anvil cell, n-ith predried periclase 

the new iron phase at any possible temper- 
ature, n-e made no  attempt to measure the 
temperature. T h e  pressure lvas generallv he- 
tween 35 and 4L? GPa. A t  such pressures, 
lron should change to the y (tcc) if 
the temperature el.er exceeded 14C2 K (Fig. 
1 ) .  .qs we did not ol~serve an!; tcc phase, 
either during 11eatin.r or after the samr3le n-as 
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quenched while mainta~ning pressure, the 
temperature in our study must not  ha^^ 
exceeiled 1500 K. Our  other exnerinlents 
11al.e sho\r:n that the fcc phase can be 
i l~~encheLl  ~t the  pressure 1s maintaineil (5). 
A t  pressures o t  - 10 GPa (Fig. 1)  we coulil 
recognize the fcc phase quite clearly, both 
during 111 situ heating and in the qaenched 
p o d ~ ~ c t  at high pressure. A t  higher pressures 
bet\veen 35 and 42 GPa (Fig. I ) ,  ul.on heat- 
illg we ol~servecl phase transformat~on of E 
(hcp)  to a nem. phase (Figs. 2 ancl 3) ;  al- 
t h o ~ ~ p h  this new nhase mas not noted on 
unheated spots or where the laser absorption 
was poor, it was noted a t  all other spots both 
Juring in situ heating am1 atter iluenching at 
high pressure (6). 

T h e  sinlulation of the  x-ray diftract~on 
tor the new phase is on the  basis of a 
superlatt1ce of hcp. W e  modeleLl the  new 
phase as a tour-layer close-packeJ hcp struc- 
ture analogous to that of C e  anLl some other 
inetals (7). T h e  calculateJ ditfraction pat- 
terns (Fig. 2 )  are based o n  the assumptions 

(LlgO) as the pressure m e d n ~ m  and the stall- o 
dard for pressure measurement, and heated 0 10 20 30 4 0  5 0  6 0  

Pressure (GPa) 
the iron ianlple w ~ t h  an  18-V(: laser 111 con- 
t i n ~ ~ o u s  wave TEXlc2;, moilc. Xi the purpose Fig. 1. Part of the iron phase diagraln showing the 

of tllc jtLl,jV \vai ti) citablisll the presellce of P'essu'e-temPerature f e d s  of our study. On laser 
heatng, iron at lov~er pressures was largely con- 
vertedto the fcc phase. Teinperatures shown are 
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Fig. 2. Energy-dispers~ve x-ray data on iron. (A) 
The top cuwe sholnis the x-ray dffracton (energy- 
d~spersive, 28 = 21') pattern for the unheated 
iron. lnihch IS all hcp at pressures between 35 and 
10  GPa. The mddle curve shows s~milar data for 
iron after laser heating, dur~ng whch temperatures 
must have reached 1000 to 2000 K. As no fcc 
peaks are visible, vie estmate that the average 
temperature was below 1500 K. The m~ddle curve 
d~splays a clear development of a nevi peak below 
18.5 keV (arrow) The bottom cunie shows a cal- 
culated pattern for a mixture of MgO. hcp Iron, 
and the new phase (assumed to be the dhcp 
phase of iron). (B) The data shown are s imar to 
those In (A). The peaks are less d~stnctve than 
those n (A), but a comparison of the data for 
heated and unheated Iron sholnis a clear deveop- 
ment of the two add~t~onal peaks (arrows) In this 
energy range, wh~ch tvoulci belong to the dhcp 
phase. 

that ( i )  the  phase mixture is ideal ( that  is, 
primary orientation of any one pl-~ase is 
ahsent), ( i i)  the diffraction peaks are de- 
scrlbeil by pseudo-Voigt t ~ ~ n c t i o n s ,  and (ill) 
x-ray intensltv iloes not depend o n  energy 
range. T h e  1.ackground is taken fro111 the  
exnerimental data. T h e  data 111 the  leu- 
energy range are well simulated bv this ap- 
proach (Fig. 2A).  A t  the high-energy range 
(Fig. 2B) the patterns are not as distinct, 
hut when we compare the  heateel and un- 
heateJ samnles, there rernains little d o u l ~ t  
that we are looking at the transformation of 
E (hcP)  to a 11en- double-layer hcp (Llhcp) 
phase. 

W e  checkeLl our sample for the  presence 
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of anv other phaic formation resultinil frc)m 
reaction h c t \ ~ ~ e c n  the Iron anLl the  pressure 
mecl i~~m.  Alt11c)ugh the  .;am131e co~ltaineii  
only hlgO x l d  iron,  mall traces of dxvgen 
and m t c r  call ne1-cr be totall\- rulcLi out. 
\X!e I\-atched the saniple o n  the  monitor anLl 
observed n o  1-~sible react io~l  during heating. 
After the experiment, the  yres>urc n-as rc- 
leasti1 a n ~ l  the  ~ r o n  ci)ml~letely re\-crteil to 
the bcc phaie. None  c-f tllc x-r'ly ycal;n in 
F I ~ .  7 corres~~o11~1 to any lro11 oxides (mag- 
netite, hematite,  or wustite). Xitllouph 
there are a i l J i t~onal  peaks that ilo n c ~ t  bc- 
lo~ lg  ti7 E (hi-p) i r i ~ n ,  the analysis i \  compli- 
cateii by tllc fact that tllc s-ra!- lx t tern  
~ n c l u ~ i e ~  rcabs fiom the ~~n t ra~n i f i~ rn led  hcp 
iron: thii  i.; because the laser h e , ~ m  heats 
~1111y part of the  iron ivhile the s-rayi p a s  
thro~lgh the  clltlre thicl\ncsi nf the sample. 
Therefi~re,  the ilhc17 peaks neccs<ar~ly in- 
volve the peaks from the hey Iron a< well. 

T h e  calc~11,itcd lattice yaramqter> ( -3s  
GPa a11~1 39L? 1 0  are n = 2.396 X anLl i = 

3.SI-t ;A for the E ( 1 1 ~ ~ )  yhasc and il = 
2.417 A x l d  i = 7.66 .A i;)r the ilhcl1 phase 
(Fie. 3 ) .  T h e  ~uo la r  ~ o l ~ u ~ l l e s  for [he E anti 
iilhcr rhaies  arc 5.71 anil 5.59 c11l'in1ol. , , 

resyect~r.ely ( 1 ~ 1 t h  u ~ l l < n o ~ v ~ l  errorb); thcic 
values are consistent with the thcrmody- 
naluic assesiment of such data (4) if the 
nen. phase 1s coniidcrccl as p ISL>II. T,ihle I 
showi the calculated diffriacticin pattern of a 
sainple (heateii k7r 3.5 min)  and after tcm- 
perature quc~ lch  ( 1 7 r e s ~ ~ ~ r c  ma~n ta ineJ ) .  
hlany of thcsc realts corres~iond to the r 
hell phase anrl not necesiar~l\- to the new 
phase. T h e  c ~ l c ~ ~ l ~ t e i l  ~llolar volume of the 
heated bamplc I 6.246 em' ,  a i  cc)ml>arcci 
with 5.91 e m '  fo r  the q u c ~ ~ c h e i l  sa~llplc 
~1nr1cr n pressure of 35 to 49 GPa.  

T h e  s-ray study c o ~ l f ~ r ~ l l s  that Iron oc- 
curi as at  lca.;t foul- dlfkrent cry~talloyrayh- 
ic structures. Because the E (hcp)  Iron was 
the only phaie rccL~qn~;ed ,ii a >u~ tab le  

Table 1. Calculated x-ray d ~ i j r a c t ~ o n  p a t t e ~ ?  for 
dhco la = 2427 A, c = 7.666 A, lvlo Kc?, ~ a d a i o n .  
P = 3 5  t o  LO GPa, T = 3 0 0  K). I ,  relarive ~ n t e ~ n s t y .  

hqh-pressure phase for Earth'> core, ;ill qeo- 
physical moclels i,t the core have hecn I~asecl 
~ ) 1 1  propertlcq c ~ t  the F iron. W e  must no\\. 
co11s1~1er that OIIC or 1110re adiiitidnal Iron 
phasei in Earthl,i core ,ire pos \~ l~ lc .  

Not? nddeci in proof: R e c e ~ l t  s-ray cliffsac- 
tion-laser heatiny measurements (8) alio 
yrovicic c ~ i i l e n c e  for a ncn. phaic in a yrei- 
sure- temycrat~~rc  range similar to that itud- 
ied here. 
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Excitation of Spirals and Ghiaai Symmetry 
Breaking in RayIeigh-B6naird Convection 

Robert E. Ecke," Yuchsu Wu, Ronnie Mainisri, Guenter Ahlers 

Spiral-defect populations in low-Prandtl number Rayleigh-Benard convection with slow 
rotation about a vertical axis were measured in carbon dioxide at high pressure. The 
results indicate that spirals act like "thermally excited" defects and that the winding 
direction of a spiral is analogous to a magnetic spin. Rotation about a vertical axis, the 
spiral analog of the magnetic field, breaks the zero-rotation chiral symmetry between 
clockwise and counterclockwise spiral defects. Many properties of spiral-defect statistics 
are well described by an effective statistical-mechanical model. 

T h e  d ~ s c o ~ e i - y  of spiral-iicfect c h a w  
(SDC)  111 Rayle1gl1-B6naril convcc t~on  ( 1 )  
nraz co~nplctcly ~ ~ n c x p e c t c d  and challenged 
long-itandin,o thcoretlcal iiiea\ ( 2 )  al30~1t 
the  pubiihle stares and Llyn,unics of conrec- 
t ~ ~ ) n .  Since the initial experimental obscr- 
r a t ~ o n i .  1li11ller1cal s1111~1lat1ons (-3) and es-  , , 

pcrlmcntal n.orl< (4, 5) h a ~ c  cr~nf~rmeci tlie 
rohuit nature o l  the q ~ i r a l  state (Fig. 1 X ) .  
i3nc aspect o t  .;piral defects that ci~tterenti- 
ares t l ie~ll  from ilefecti in other qstcills (6) 
1s tllat the \  arc not  constrained to 1.e crc- 
atcd 111 pairs. T h e  zp~rc~l-iiefect .;rate displavs 
~ntiiviclual spir'ds with clock\vise or c o ~ l n -  
terclockn1ze a - ~ n ~ i i n g  (FIE. 1, B and C),  
targets (Fig. I D ) ,  Ll~poleb \v1t11 the  s x n c  or 
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opposite \vlnd~nqi; (Fig. 1 ,  E anil F) ,  and 
multlyle-arnlcd spirals (Fig. 1 ,  G a n ~ l  14). 
T h e  mcchan~sm for the crcClt1on of such a 
1-ariety of forms ii ~~nknovvn ,  but, a \  dcm- 
i)nstr,lteil by n ~ ~ n l e r ~ c a l  s~mulations ( 3 ) ,  a 
cl .~~cinl element 1s the strength of the mean- 
drift field, ~vhic l l  plays an  important role 111 

lo\v-Praniltl numhcr c i~n \ . ec t~on .  
I11 111a11y arcas of phFics an  external 

field is hel1>f~ll in proli~ng the i tate of a 
given s\-stem. For exanlple, a ~naenet lc  t ~ c l d  
a1lon.s for a iietei-rui~latio~l of magnct~zation 
a n ~ i  ~ l l ag~ lc t i c  susccptihil~ty, nh ich  are 1111- 

portant cllaracteristics of \ystcms \\-it11 m ~ g -  
nctic spins. S~rullarly, rotat1011 about a vcr- 
t ~ c a l  as15 1s uneful 111 yrobing the S D C  state. 
.Analogies hetm.cc11 r h c ~ l o ~ l l c ~ i a  111 noneiiul- 
l ihr i~un and thcrmod\-namic 51-stems (for 
csample, hctn.een bl f~l rcat~ons  and phase 
transitii)ns) and concepts tl.i>m co~~cienseci- 
matter phys~cs (such as o r ~ c ~ l t a t ~ o ~ l a l  order) 
have bccil helpful l3cforc 111 the analpis of 
nonlinear, n o n e i l ~ i ~ l ~ h r ~ ~ u l ~  z>-stems (7 ) .  W e  
have fo~mcl that a "thcrmal escitation" Lie- 
i c r ip t~on  of spiral-iiekct poy~~la t ions  n-orls 
very \vcll. Rotation abi)ut a rert1cal asis 
l.1-caks the chiral svmmetr\- hetlveen clock- 
wise and countcrclocknisc spirals, in anal- 




