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In Situ Determination of the NiAs Phase of 
FeO at High Pressure and Temperature 

Yingwei Fei and Ho-kwang Mao 

In situ synchrotron x-ray diffraction measurements of FeO at high pressures and high 
temperatures revealed that the high-pressure phase of FeO has the NiAs structure (B8). 
The lattice parameters of this NiAs phase at 96 gigapascals and 800 kelvin area = 2.574(2) 
angstroms and c = 5.1 72(4) angstroms (the number in parentheses is the error in the last 
digit). Metallic behavior of the high-pressure phase is consistent with-a covalently and 
metallically bonded NiAs structure of FeO. Transition to the NiAs structure of FeO would 
enhance oxygen solubility in molten iron. This transition thus provides a physiochemical 
basis for the incorporation of oxygen into the Earth's core. 

Ferrous oxide is a basic oxide component 
in the interior of the Earth. Its high-pres- 
sure and high-temperature behavior plays 
a n  important role in mantle composition 
and core formation models. Since shock 
wave studies (1 ) revealed the existence of a 
high-pressure phase of FeO at pressures 
above 70 GPa over a decade ago, the struc- 
ture of this phase has been the subject of 
speculation (1-4). Transition to this phase 
has not been observed in static compression 
experiments in the diamond-anvil cell up to 
120 GPa at room temperature (5). Addi- 
tional shock compression experiments (6) 
have confirmed that the density of FeO 
changes at 70 GPa. The discrepancy be- 
tween the static and shock compression 
experiments may be related to the experi- 
mental temperature difference in the two 
techniques. In this study, we report static 
high-pressure and high-temperature experi- 
ments on FeO that resolve this discre~ancv. . , 
In addition, in situ synchrotron x-ray mea- 
surements reveal the structure of the high- - 
pressure, high-temperature phase of FeO. 
We  discuss im~lications of the hieh-~res-  

u .  

sure structure of FeO for the incorporation 
of oxveen (in the form of FeO) into the 
~arth's-core and for the mineralogy of the 
lower mantle. 

We  have developed an  externally heated 

Geophysical Laboratory and Center for High-Pressure 
Research, 5251 Broad Branch Road, N.W., Washington, 
DC 2001 5, USA. 

high-temperature diamond-anvil cell (7, 8) 
that is capable of achieving pressures great- 
er than 125 GPa at temperatures up to 1100 
K in a mildly reducing atmosphere (Ar with 
1% H,). We  conducted experiments on  
FeO by using this high-temperature cell 
combined with in situ synchrotron x-ray 
diffraction measurements. A t  room temper- 
ature, we confirmed the transition from the 
cubic (B l )  to a rhombohedra1 phase at 16 
GPa under hydrostatic conditions (5) (Fig. 
1). The transition occurs at much lower 
pressure (-8 GPa) when no  pressure medi- 
um is used in the experiments. High-tem- 
perature and high-pressure experiments, 
carried out in neon pressure medium, show 
that the transition boundary has a positive 
pressure-temperature slope with P = -5.0 
+ 0.070T (for pressure in gigapascals and 
temDerature in kelvin). 

A t  higher pressure, we carried out two 
ex~eriments on FeO without a Dressure me- 
dium. The two experiments were identical 
in experimental configuration but different 
in the pressure and temperature ranges. We  
observed no  ~ h a s e  transition between 16 
and 84 GPa at room temperature, consis- 
tent with ~revious static com~ression ex- 
periments (5). Upon heating, new diffrac- 
tion peaks started to appear at 74 GPa and 
900 K in the first experiment and at 90 GPa 
and 600 K in the second experiment. In the 
first experiment, the diffraction peaks from 
the new phase became more intense with 
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increasing temperature and pressure, but 
the diffraction peaks from the rhombohe- 
dral phase were observable even at 1100 K 
and 80 GPa. The  s a m ~ l e  was not recovered 
from the experiment because the diamond 
anvil broke in the attempt to obtain higher 
pressure. In the second experiment, the 
transition was com~leted at 96 GPa and 
800 K. T o  observe the transition in reverse, 
we isothermally decompressed the sample at 
900 K. The back transition from the high- 
pressure phase to the rhombohedral phase 
was not observed during the decompression. 
Instead, the high-pressure phase trans- 
formed directly back to the cubic phase at 
45 GPa. The lattice parameter of the recoy- 
ered sample was a, = 4.324 ? 0.001 A ,  
virtually the same as that of the starting 
material (9), a, = 4.323 ? 0.001 A. O n  the 
basis of the two high-pressure and high- 
temDerature ex~eriments. the transition 
fro; the rhombbhedral phase to the high- 
pressure phase has a negative pressure-tem- 
perature slope with P = 118.0 - 0.051T. A 
triple point is therefore inferred to occur at 
66 ? 3 GPa and 1020 ? 50 K (Fig. 1). 

The diffraction pattern of the high-pres- 
sure phase consists of six observ2ble diffrac- 
tion peaks between 1.0 and 3.0 A ,  which we 
indexed by using a hexagonal cell (Table 
1). The calculations were based on a NiAs- 
type strucpre with lattice par?meters a = 
2.574(2) A and c = 5.172(4) A. It is clear 
that the observed new diffraction lines fit 

Pressure (GPa) 

Fig. 1. Experimentally determined phase diagram 
of FeO. Data are shown by symbols: open 
squares, rock salt structure (BI); open triangles, 
rhombohedral phase; and solid circles, NiAs-type 
structure (B8). The shock-induced transition point 
(1) is represented by an open circle. The open and 
solid arrows indicate metallization of FeO inferred 
from electrical resistance measurements in the 
laser-heated diamond-anvil cell (21). The melting 
curve (dashed curve) is from laser-heating exper- 
iments in the diamond-anvil cell (22). A higher 
melting temperature at high pressure has also 
been reported (21). 

the NiAs structure (B8) well. The density 
variation of the NiAs phase of FeO is com- 
parable to the variation in shock compres- 
sion data (Fig. 2). A least squares fit of the 
static compression data at 900 K to the 
Birch-Murnaghan equation of state (10) 
yielded isothermal bulk modulus KT = 172 
? 14 GPa and its pressure derivative @KT 
lap), = 4.3 ? 0.6 for the high-pressure 
NiAs phase of FeO. 

Our phase diagram of FeO (Fig. 1)  sug- 
gests that the observed density discontinu- 
ity at about 70 GPa along the Hugoniot 
curve from the shock compression experi- 
ment is consistent with the transition from 
the rock salt (Bl )  to  the NiAs (B8) struc- 
ture. The NiAs structure of FeO consists of 
hexagonally close-packed layers of 0 and Fe 
alternately stacked along the c axis. The 
structure is closely related to the rock salt 
structure and can be derived bv variation of 
the stacking along the body diagonal direc- 
tion (the [I 111 direction, corresponding to 
the c axis in the NiAs structure) in the rock 
salt structure(2, 4 ,  11 ). The NiAs structure 
can accommodate a greater degree of cova- 
lent and metallic bonding by changing its 
c/a ratio to bring metal atoms closer togeth- 
er and to create more distorted octahedrons 
(3). The c/a ratio is a good indicator of the 
volume change between the rock salt and 
NiAs structures, and the metal-metal dis- 
tance reflects thk effective radii of the ions. 
The experimentally determined c/a ratio for 
the NiAs phase of FeO is about 2.02 ? 
0.01, substantially larger than the ideal val- 
ue of 1.63. However, the result, in general, 
is consistent with the correlation between 
c/a ratio and the difference in cation-anion 
electronegativity (2). 

A density discontinuity exists aloiig the 
Hugoniot of FeO in the shock compression 
experiments (1, 6). However, the density 
change between the high- and low-pressure 
~ h a s e s  of FeO, derived from the shock com- 
pression data, has been uncertain because of 
the ambiguity in defining the phase bound- 
ary. Jeanloz and Ahrens (1) calculated a 
densitv increase of 4% at 70 GPa for the 
shock-induced transition, whereas Jackson 

Table 1. Observed and calculated x-ray diffrac- 
tion pattern of FeO at 96 GPa and 800 K. 

*Hkxagonal unit cell: a = 2.574(2) A and c = 5.1 72(4) A, 
which gives c/a = 2.01. ?The relative intensities of 
the peaks are described as strong (s), medium (m), very 
strong (vs), and medium weak (mw). 

and co-workers (2, 4) argued that the den- 
sity increase could be as high as 14 to 20% 
if the 101-GPa datum (compare with Fig. 2) 
was not used in characterization of the 
high-pressure phase. The  uncertainty in the 
density increase across the shock-induced 
transition resulted in a wide range of hy- 
potheses on the nature of the transition 
(1-4, 12). It has been proposed that the 
densification is caused by a phase transition 
either from rock salt (B l )  to CsCl (B2) or 
from rock salt to NiAs structures, a spin- 
pairing transition, or a Mott transition. Our 
experimental results show that the high- 
pressure phase has .a NiAs structure. The 
density of the NiAs phase of FeO, deter- 
mined from x-ray diffraction data, indicates 
that the 101-GPa datum in the shock wave 
experiment ( I )  is consistent with the den- 
sity of the high-pressure NiAs phase (Fig. 
2). The density increase across the transi- 
tion, determined from our static compres- 
sion data, is about 4%, consistent with the 
original evaluation of the shock compres- 
sion data (1 ). The 4% density increase can 
be explained by geometric rearrangement 
from rock salt to NiAs s,iructures and the 
measured c/a ratio of the NiAs phase (4). 
Based on the measured c/a ratio of the NiAs 
phase of FeO, the Fe-Fe distance in the 
NiAs structure is about 8% shorter than 
that in the rock salt structure. The Fe-Fe 

Density (glcm3) 

Fig. 2. Densities of the high-pressure NiAs phase 
of FeO as a function of pressure at 900 K com- 
pared with the shock compression data. Our stat- 
ic compression data are shown by the open 
squares; the size of the symbols represents the 
uncertainties in pressure and density. Hugoniot 
data are shown by the solid circles (1) and crosses 
(6). Hugoniot temperatures ( 7 )  are indicated by 
numbers. The dashed and solid curves are the 
calculated shock compression curve (1) and the 
best fit to the static compression data at 900 K, 
respectively. 
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bonding in FeO becomes more important at 
high Dressure. The shorter Fe-Fe distance 
acyoss' shared FeOh octahedral faces in the 
NiAs structure could lead to metallic con- 
ductivity in FeO by electron delocalization. 
The metallization will also be enhanced by 
the loss of local Fe moments (13). 

Earth's core is about 10% less dense than 
pure iron at core pressures and temperatures 
(14). This density deficit implies that a 
substantial amount of light elements, such 
as H,  0 ,  S, C, Si, or Mg, is incorporated 
into the core. Although there is no simole 

u 

answer to what light elements may be 
oresent in the core, recent ex~erimental 
iesults on the solubhty of ~ e 0 ' i n  molten 
iron 115-18) and the metallization of FeO 
(19-20) at high pressure and temperature 
imply that oxygen is the alloying element. 
The covalently and metallically bonded 
NiAs-type structure of FeO at high pressure 
would allow some solubility of oxygen (in 
the form of FeO) in molten iron. 

FeO is the onlv monoxide that has been 
found to have cdvalently and metallically 
bonded NiAs structure at high pressure and 
temperature, contrary to CaO, SrO, and 
BaO, which transform from rock salt (Bl )  
to CsCl (B2) structures. The changes in the 
structure and the nature of chemical bond- 
ing in FeO would allow FeO to form solid 
solutions with compounds of similar struc- 
ture and bonding, such as FeS and Fe (hex- 
agonal closest packing), at high pressure 
and temperature. This opens the possibility 
of incorporating both oxygen and sulfur in 
the Earth's core. 
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The Accumulation Record from the GISP2 Core 
as an Indicator of Climate Change Throughout 

the Holocene 
D. A. Meese," A. J. Gow, P. Grootes, P. A. Mayewski, M. Ram, 

M. Stuiver, K. C. Taylor, E. D. Waddington, G. A. Zielinski 

A depth-age scale and an accumulation history for the Holocene have been established 
on the Greenland Ice Sheet Project 2 (GISP2) deep core, providing the most continuously 
dated record of annual layer accumulation currently available. The depth-age scale was 
obtained with the use of various independent techniques to count annual layers in the 
core. An annual record of surface accumulation during the Holocene was obtained by 
correcting the observed layer thicknesses for flow-thinning. Fluctuations in accumulation 
provide a continuous and detailed record of climate variability over central Greenland 
during the Holocene. Climate events, including "Little Ice Age" type events, are examined. 

T h e  GISPZ ice core was drilled from sur- 
face to bedrock to obtain a paleoclilnatic 
history spanning the last 200,000 years. The 
summit drilling site is located at 72.6"N, 
38S0W, at an  elevation of 3200 m. A Eu- 
ropean companion study, the Greenland Ice 
Core Project, has obtained a parallel ice 
core at a site approximately 30 km east of 
the GISP2 site. The Holocene accumula- 
tion record (1) from the GISP2 core pro- 
vides a continuous, detailed history of cli- 
mate fluctuations over central Greenland. 
In this report we describe the accumulation 
record spanning the last 11,000 years (Ho- 
locene) and its relation to climate change 
( 2 )  but we make no comparison with other 
records, which tend to vary. 

Although the degree of climate change 
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during the Holocene has been small in " 

comparison to events such as the Younger 
Dryas, the events that have taken place are 
important to our understanding of future 
changes and the effect they may have on 
our society. Although the accumulation 
record cannot necessarily answer these 
questions, it can provide initial detailed 
information on when climate changes have 
occurred. In addition, layer thickness (ac- 
cumulation) as determined in the field also 
provides investigators with immediate in- 
formation on where to sample the core in 
detail. 

We  dated the ice core throughout the 
top 1640 m by identifying and counting 
annual layers using a number of physical 
and chemical parameters, including mea- 
surements of visual stratigraphy (3), electri- 
cal conductivity (ECM) (4), laser light scat- 
tering (from dust) (5, 6), oxygen isotopes, 
and chemistry. Each of these parameters 
exhibits a distinct seasonal signal. The de- 
finitive summer stratigraphic signal at the 
GISP2 site throughout the Holocene is 
coarse-grained depth hoar (3). These layers 
are easily recognized in a core examined in 
transmitted light. Annual stratigraphic lay- 
ers are visible to a minimum of 55,000 cal 
B.P. (equivalent to calendar years before 
the present). 

A relation between S180 and surface 

SCIENCE VOL. 266 9 DECEMBER 1994 




