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High-Pressure Chemistry of Hydrogen in Metals:
In Situ Study of Iron Hydride

J. V. BADDING, R. J. HEMLEY, H. K. Mao

Optical observations and x-ray diffraction measurements of the reaction between iron
and hydrogen at high pressure to form iron hydride are described. The reaction is
associated with a sudden pressure-induced expansion at 3.5 gigapascals of iron samples
immersed in fluid hydrogen. Synchrotron x-ray diffraction measurements carried out
to 62 gigapascals demonstrate that iron hydride has a double hexagonal close-packed
structure, a cell volume up to 17% larger than pure iron, and a stoichiometry close to
FeH. These results greatly extend the pressure range over which the technologically
important iron-hydrogen phase diagram has been characterized and have implications
for problems ranging from hydrogen degradation and embrittlement of ferrous metals

to the presence of hydrogen in Earth’s metallic core.

HE BEHAVIOR OF HYDROGEN IN

metallic environments governs the

physical properties of a wide range of
materials of fundamental, technological, and
planetary interest. These include pure metal-
lic hydrogen, which is formed at ultrahigh
pressures and is a subject of intense experi-
mental study (1), and metallic hydrides,
which are formed in chemical reactions be-
tween metals and hydrogen (2). Because of
the similarities in their dynamical behavior,
metal hydrides may share with metallic hy-
drogen unusual physical properties (3, 4).
Iron hydride, in particular, is important to
the technological problem of hydrogen deg-
radation of ferrous metals (5), and is of
geologic interest, because of the high cosmic
abundances of iron and hydrogen (6). Like
the transition elements to the right of man-
ganese in the periodic table, iron hydride
cannot be synthesized by direct reaction
with hydrogen at ambient pressure (7). Ev-
idence for its formation has been obtained
from experiments carried out at high pres-
sures and temperatures (8, 9). However,
detailed information about the iron-hydro-
gen reaction and the physical properties of
iron hydride is limited because the reaction
must be performed at high pressures and the
compound is unstable at ambient condi-
tions.

Because of recent advances in high-pres-
sure diamond cell technology (10), it is now
possible to study the physical properties of
materials at very high pressures, including
measurements in the 300 gigapascal (GPa)
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range (1, 11). Here we present the direct
observation of the iron-hydrogen reaction
by detailed study with a diamond cell. With
new synchrotron diffraction techniques, we
have determined in situ the crystal structure
and equation of state of iron hydride to 62
GPa. The high-pressure stability of this ma-
terial has implications for understanding hy-
drogen uptake in metals, including hydro-
gen storage (12) and embrittlement (5), and
the containment of hydrogen in high-pres-
sure devices (1). These results also provide
constraints on hydrogen as a light element
component of Earth’s core (6, 13).
Previous diamond-cell experiments indi-
cated that exposure to hydrogen at high
pressures results in large deformation and
embrittlement of steel gaskets used to con-
tain the samples. To characterize the pres-
sure-induced chemical reactivity of hydro-

gen and pure iron, a series of experiments
was performed in which iron samples were
loaded with hydrogen (initial molar ratio of
iron:hydrogen ranged from 1:16 to 3:1)
into a Mao-Bell diamond-anvil cell (14). The
iron samples were typically located at the
bottom of the sample chamber, surrounded
by fluid (<5.5 GPa) or solid (>5.5 GPa)
hydrogen at 298 K (15). In each experi-
ment, the volume of the sample abruptly
increased as the pressure was raised above
3.5 GPa (Fig. 1). This change was accom-
panied by a sudden streaming of the fluid
hydrogen surrounding the metal and a tex-
tural change in the sample from smooth and
lustrous to granular. These changes illustrate
the loss of integrity of the metallic sample by
hydrogen attack. To our knowledge this is
the first report of the direct optical observa-
tion of a pressure-induced expansion.

To examine whether the observed expan-
sion and morphological change are associat-
ed with a chemical reaction in the bulk
sample, we performed a series of x-ray dif-
fraction measurements as a function of pres-
sure. The first experiments were done with a
50-mm-radius Debye-Scherrer camera and
molybdenum radiation from a rotating an-
ode x-ray source. Below 3.5 GPa, only dif-
fraction lines from the body-centered cubic
(bcc) phase of iron, which is stable in the
absence of hydrogen to 13.1 GPa (16), were
present. Once the pressure was raised and
the iron had expanded, we observed new
lines accompanying those of bce iron. These
new lines were due to iron hydride (17), but
many were too closely spaced to be resolved.

To obtain higher resolution, we measured
the diffraction pattern using synchrotron
radiation techniques. Energy dispersive dif-
fraction with high-energy synchrotron radi-
ation has been found to provide excellent
resolution if low diffraction angles and high-
energy (>35 keV) radiation are used (18).

Fig. 1. Photographs of iron-hydrogen sample (initial molar ratio 1:16) at 2.8 GPa (A) and after
reaction at 4.3 GPa (B). The sample has expanded [see tracing of samples (C); gray area, 2.8 GPa; solid
outline, 4.3 GPa] and undergone a textural change. The iron was compacted from a powder into a shiny
foil (~50 wm diameter by 20 pm thick) much smaller than the sample chamber and contacted only the
culet of the bottom diamond. As fluid hydrogen filled the chamber, the pressure conditions were
hydrostatic. Reaction with the walls of the iron gasket is likely to have occurred (see text), but a large
excess of hydrogen remains.

REPORTS 421



The iron hydride diffraction lines in energy-
dispersive diffraction patterns, collected us-
ing a high-energy synchrotron source, were
better resolved (Fig. 2). Similar results were
obtained using film methods (19) and a
monochromatic synchrotron source. The
lattice parameter of bcc iron at 3.19 GPa
(Fig. 2) agrees within 0.08% with the study
of Mao et al. (16), showing that the bulk
solubility of hydrogen in iron at this pres-
sure is low. By 3.79 GPa, a multiplet near d
~ 2.2 A and four more diffraction lines have
appeared in addition to those of bcc iron.
After the formation of iron hydride, the bcc
diffraction lines gradually decreased in in-
tensity with increasing pressure and disap-
peared between 9.45 and 14.7 GPa. Except
for a shift in position and line width, no
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Fig. 2. (A) Energy dispersive x-ray diffraction
patterns at different pressures. A diffraction angle
of 9° was used except for measurements above 40
GPa for which 15° was used. The top axis shows
the reciprocal energy scale for the measurements
performed at 9°. The 101 diffraction line from the
solid hcp hydrogen (23) surrounding the iron
hydride sample was observed at 14.7 GPa, which
illustrates the extremely high sensitivity of the
synchrotron diffraction technique. (B) Expansion
of the multiplet near d ~ 2.1 A at a pressure of
3.79 GPa. The peaks were fit to a pseudo-Voight
line profile and indexed on the basis of the dhcp
structure. Measurements were performed at line
X17C at the National Synchrotron Light Source.
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significant change in the iron hydride dif-
fraction pattern was observed to the highest
pressure measured, 62 GPa. The diffraction
data also show that formation of iron hy-
dride is reversible: the reaction can be driven
rapidly toward iron or iron hydride by cy-
cling the pressure.

The diffraction lines can be fit (20) (Table
1) to the double hexagonal close-packed
(dhep) structure (Fig. 3) with measured
intensities in qualitative agreement with
those calculated for this structure (21). The
stacking sequence of closest packed layers
for dhcp follows the pattern ABAC, with a ¢
axis (~8.7 A for iron hydride) twice the
length of the hcp stacking AB, where A, B,
and C represent the three possible orienta-
tions of the layers. The dhcp structure con-
tains two different crystallographic iron sites
owing to the presence of both B- and C-type
layers (Fig. 3). It provides a basis for inter-
pretation of high-pressure Mossbauer spec-
tra, which suggest the presence of two iron
sites (22). The results are also consistent
with the structure determined by Antonov et
al. (9) for iron hydride synthesized at high
pressure and quenched to a metastable form
at liquid nitrogen temperatures.

The pressure-volume relations (Fig. 4)
determined from the diffraction data illus-
trate the large expansion in molar volume
caused by the hydrogen. The expansion in
cell volume upon reaction at 3.5 GPa, for
example, is approximately 1.8 A3 per hydro-
gen. This is much larger than that required
by packing considerations and illustrates the
large changes in the bonding induced by the
hydrogens (3). The data provide a determi-
nation of the stoichiometry, which has been
a difficult problem in metal hydride chemis-
try. For almost all transition metal hydrides
at ambient pressure, the increase in cell
volume is approximately 2.9 A* per hydro-
gen (3). By this analysis, with a difference in
the fitted zero pressure volumes of iron
hydride [55.6 (+ 0.5) A%] and hcp iron (2
x 22.35 A®) of 10.9 A3, a composition of
FeHy o, is obtained. Antonov et al. (9)
estimated the stoichiometry to be FeHy g6

Table 1. Observed interplanar distances,
intensities, and peak widths for iron hydride at
3.79 GPa. The calculated d’s and intensities for
a dhcp structure are shown as well. No
correction was made for the decrease in incident
beam intensity and scattering power with
increasing energy (>20 keV) of the synchrotron
beam. Therefore, the measured peaks at the
highest energies are considerably weaker than
the calculated values.

dobs dcalc M f“,hm
& & @& M Lo e ey
2.299 2.309 —-0.010 100 14 8 054
2.242 2.232 0.010 101 32 43 0.90
2.184 2.184 0.000 004 56 36 0.55
2.050 2.041 0.009 102 100 100 1.35
2.013 bcc Fe 69 0.44
110
1.809 1.809 0.000 103 4 23 1.18
1.587 104 5
1.422 bce Fe 3 0.56
200
1.393 105 10
1.333 1.333 0.000 110 8 22 0.70
1.232 106 18
1.160 1.154 0.006 200 vw 1 1.1
1.145 201 5
1.141 1.138 0.003 114 vw 24 0.51

from measurements of hydrogen evolved
during decomposition of pressure-quenched
samples. The discrepancy in stoichiometry is
likely attributable to failure to trap all of the
hydrogen in quenching. Based on the be-
havior of related compounds (3), we pro-
pose that the hydrogens in iron hydride
occupy the octahedral interstices of the dhcp
structure. If all these sites are filled, the
stoichiometry would be 1:1, in good agree-
ment with that determined from the cell-
volume expansion.

To determine if the stoichiometry can
vary, energy-dispersive diffraction data were
collected to 32 GPa on an iron-hydrogen
sample that contained sufficient iron (ap-
proximately 3:1 molar ratio) to insure that
an excess remained after reaction. The dif-
fraction patterns showed that both iron and
iron hydride coexisted above 3.5 GPa. The
cell volumes determined for iron hydride in
this sample agree within the estimated error

Fig. 3. (Left) Hexagonal close-packed (hcp) crystal structure of iron and (right) double hexagonal
close-packed (dhcp) crystal structure of iron hydride with interstitial hydrogens at octahedral sites.
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Fig. 4. Pressure-volume re- 1.0
lations for bcc iron, hcp e
iron, and iron hydride in the
presence of both excess hy-
drogen (runs 1 and 2) and
excess iron (run 3). The
equation of state of Vinet
(32) was used to fit the pres-
sure-volume curves [iron
hydride: ¥V, = 55.6 = 0.5
A3, K, = 121 = 19 GPa,
" Kp' =5.31 £ 0.9; hep iron:
V, = 22.35 *+ 0.03 A3, K,
=160.2 + 2.1 GPa, K,,' =
5.82 = 0.08 (23)]. The unit-
cell volumes are normalized
to the zero-pressure volume
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(9); it is slightly less than ¥/, due to contraction of the cell volume at 90 K. Iron hydride has four iron
atoms per unit cell, whereas bec and hep iron have only two iron atoms per unit cell. The errors are
estimated to be 3% in pressure and 0.3% in volume (T = 298 K).

of the measurements with those of the sam-
ple containing excess hydrogen (Fig. 4).
Since the cell volume is a sensitive indicator
of the amount of hydrogen incorporated (3),
we conclude that iron hydride must be of fixed
stoichiometry over this pressure range.

The equation of state of a material is
important for assessing its stability and
structure-property relations at high pres-
sure. Iron hydride, with a bulk modulus of
121 (= 19) GPa, is more compressible
than hep iron [160 (% 2) GPa]. At 3.5 GPa
the volume of iron hydride is 8.54 cm® per
mole (51%) less than that of an equimolar
iron-hydrogen mixture (16, 23). At 60 GPa
the measured difference is 5.46 cm® per
‘mole (24); by extrapolation of the equa-
tions of state of the products and reactants,
we estimate that iron hydride should be
stable to pressures in excess of 100 GPa.
Many transition metal hydrides have “in-
compressible” .interstitial hydrogens such
that the difference in cell volume between
hydride and metal is only weakly depen-
dent on pressure (3). In contrast, we find
that the difference in cell volume between
iron hydride and hcp iron decreases by
35% from 3.5 to 60 GPa (10.4 to 6.8 A3).
We infer that this decrease in volume must
be associated with changes in the electronic
properties of the hydrogens. Fukai (3) has
correlated the effect of pressure on the
volume per hydrogen in metal hydrides
with that expected for metallic atomic hy-
drogen at very high densities. Our results
give hydrogen volumes that are significant-
ly smaller than these estimates (1.7 A% per
hydrogen at 60 GPa).

At low pressures (>0.1 GPa) the iron-
hydrogen phase diagram has been thor-
oughly studied and the hydrogen concen-
tration in iron does not exceed 0.05 atomic
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percent (25). Though the bulk solubility
remains low below 3.5 GPa, iron and
ferrous alloys can be significantly weakened
and embrittled at these pressures (26). In
several experiments, for example, the stain-
less steel gaskets, 1-inch-diameter disks
that were 250 pm thick and subjected to a
pressure of 0.2 GPa of hydrogen during
loading, were embrittled and cracked into
large pieces after removal from the dia-
mond cell. In high-pressure diamond-cell
experiments with hydrogen, the steel sur-
rounding the gasket hole has greater ten-
dency to flow and the gasket holes tend to
deform severely, particularly at pressures
above 60 GPa (11). After unloading, the
steel surrounding the gasket hole was se-
verely disrupted and tended to flake into
small pieces. This is likely a result of for-
mation of iron hydride at the sample-
gasket interface. Formation of iron hydride
will expand, disrupt, and weaken the metal,
which then falls apart upon contracting
after unloading. Experiments with rhe-
nium as a gasket material result in smaller
hole deformation (higher sample stability)
in ultrahigh pressure experiments on hy-
drogen samples (27). Rhenium hydride has
been synthesized (28), but detailed infor-
mation about its formation and properties
at high pressure is not available. Character-
ization of such pressure-induced reactions
involving hydrogen will be important for
containment of hydrogen at still higher
pressures in the diamond cell.

Finally, the high-pressure stability and
equation of state measurements of iron
hydride have implications for the compo-
sition of Earth’s core. Seismological mea-
surements document that Earth’s core is
less dense than expected for hep iron under
core conditions by approximately 10%

(29). Iron hydride has been proposed as a
component to account for the decreased
density (6, 13), but no measurements of its
high-pressure stability and pressure-density
relations were available. Our measured
equation of state shows that at pressures of
the inner core/outer core boundary (330
GPa) and 25°C the density of iron hydride
is 12.5 g cm™3, which compares with a
density of 12.2 g cm™2 obtained from
seismology (29). If we assume core temper-
atures of 4000 to 6000 K and values for the
thermal expansion coefficient assumed for
iron under these conditions (8 X 107° to
16 x 107° K~1) (30), we find that a mole
fraction of iron hydride in the core ranging
from 40 to 95% can be consistent with the
measured core density (31). The effect of
other light elements and the amount of
hydrogen retained in Earth following ac-
cretion needs to be examined (29). Our
results show that a large hydrogen compo-
nent of the core is compatible with current
seismological data.
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Commensurability and Mobility in Two-Dimensional
Molecular Patterns on Graphite

JURGEN P. RABE* AND STEFAN BUCHHOLZ

Two-dimensional molecular patterns were obtained by the adsorption of long-chain
alkanes, alcohols, fatty acids, and a dialkylbenzene from organic solutions onto the
basal plane of graphite. In situ scanning tunneling microscopy (STM) studies revealed
that these molecules organize in lamellaec with the extended alkyl chains oriented
parallel to a lattice axis within the basal plane of graphite. The planes of the carbon
skeletons, however, can be oriented either predominantly perpendicular to or predom-
inantly parallel with the substrate surface, causing the lamellar lattice to be either in or
near registry with the substrate (alkanes and alcohols) or not in registry (fatty acids and
dialkylbenzenes). In the case of the alcohols and the dialkylbenzene the molecular axes
are tilted by +30° or —30° with respect to an axis normal to the lamella boundaries,
giving rise to molecularly well-defined domain boundaries. Fast STM image recording
allowed the spontaneous switch between the two tilt angles to be observed in the
alcohol monolayers on a time scale of a few milliseconds.

RGANIC MONOLAYERS OF MOLEC-

ular thickness play an important

role in many interfacial phenomena,
including wetting, lubrication and adhesion,
and molecular and biological recognition. In
addition, well-defined monolayers on inert
supports are suitable model systems for the
investigation of two-dimensional (2-D)
phenomena. Because of a lack of true crys-
tallinity in two dimensions, their in-plane
structure remains, however, a challenge for
both theory and experiment. For rare gas
atoms under ultrahigh vacuum and at low
temperatures, scattering methods have been
successfully used to elucidate their typical
2-D behavior (7). Langmuir-Blodgett layers
have also been investigated using, for exam-
ple, electron scattering (2), x-ray scattering
(3, 4), and Raman scattering methods (5),
both in vacuum or under ambient condi-
tions. With the help of STM (6, 7) it has
become possible to directly observe struc-
ture and dynamics at solid-fluid interfaces in
situ on the relevant length scales, that is,
from the atomic scale to the micrometer
scale and larger. In particular, STM images
provide detailed information on the com-
mensurability between molecular adsorbate
and substrate lattices. A related issue, the
mobility within the monolayer, can be ob-
served by STM on a time scale of a few
milliseconds (7). We demonstrate the coop-
erative reorientation in nanometer-size do-
mains in a 2-D polycrystal. Information of
this kind may improve our understanding of
the mechanisms underlying various interfa-
cial processes, including boundary lubrica-
tion, and may help in the development of
theoretical models for molecular dynamics
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simulations of molecular monolayers. Final-
ly, our increasing ability to characterize
these systems will be important for efforts to
generate a 2-D molecular patterns (8) on the
submicrometer scale approaching nanome-
ter dimensions. The latter may eventually
prove useful for information storage.

Adsorption isotherms and enthalpies of
adsorption (9-11) indicate that long-chain
alkanes, alcohols, fatty acids, and alkylben-
zenes adsorb as monomolecular layers from
nonpolar organic solvents to the basal plane
of graphite. However, there has been debate
about whether the alkane adsorption is driv-
en by the registry between the carbon lattic-
es of adsorbate and substrate (9) or by a 2-D
crystallization of the adsorbate on a flat
substrate, independent of the substrate lat-
tice (10). We present a detailed analysis of
the order in monolayers of simple long-
chain alkyl derivatives physisorbed at room
temperature at the interface between the
basal plane of graphite and an organic solu-
tion. It shows, in particular, the difference in
registry in the directions parallel with and
perpendicular to the alkane chains.

In order to observe nonconducting mo-
lecular adsorbates by STM, it is necessary
that the adsorbate modifies the tunneling
current sufficiently. This modification may
be caused either by a change of the tunnel-
ing barrier (12-15) or by a change in the
density of states within substrate or tip, due
to their electronic interaction with the ad-
sorbate (16, 17). In any case the image
contrast depends on the tunneling bias. If
under certain bias conditions the adsorbate
modifies the tunneling current strongly, the
image will be dominated by the adsorbate; if -
the modification is weak, the image will be
dominated by the substrate. Particularly in-
teresting for structure analysis is the case in
which the image contains information about
both substrate and adsorbate structure si-
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