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The authors present a systematic study of high-pressure effects on electronic structure and
magnetism in 3d transition metals �Fe, Co, and Ni� based on x-ray magnetic circular dichroism
measurements. The data show that the net magnetic moment in Fe vanishes above 18 GPa upon the
transition to hcp Fe, while both cobalt and nickel remain ferromagnetic to well over 100 GPa. The
authors estimate the total disappearance of moment in hcp Co at around 150 GPa and predict a
nonmagnetic Ni phase above 250 GPa. The present data suggest that the suppression of
ferromagnetism in Fe, Co, and Ni is due to pressure-induced broadening of the 3d valence bands.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2434184�

In ferromagnetic Fe, Co, and Ni, the partial filling of
narrow 3d bands following Hund’s rules and high electron
density of states near the Fermi level result in a spin polar-
ized valence band.1 Magnetism, in turn, influences the struc-
tural properties of these electron-correlated metals, stabiliz-
ing bcc Fe and hcp Co �instead of the hcp Fe and fcc Co
predicted without spin polarization�.2–4

Under pressure, the steeper increase in electron kinetic
energy versus potential energy diminishes the importance of
Coulomb correlations.4,5 Accordingly, at sufficiently high
pressures, Fe, Co, and Ni are all presumed noncorrelated
metals.5 However, this has been established only in the case
of iron,6–9 while virtually no magnetic measurements under
pressure have been reported in Co or Ni.

In Fe, previous Mössbauer,6 K� nonresonant emission,7

and x-ray magnetic circular dichroism8 �XMCD� spec-
troscopies show that the ��bcc�- to ��hcp�-phase transition
between 12 and 18 GPa �Ref. 9� is accompanied by the dis-
appearance of the magnetic moments, suggesting that the hcp
phase is nonmagnetic. Mathon et al. report K-edge XMCD
measurements of Fe up to 23 GPa, showing that the mag-
netic transition precedes the structural bcc-hcp transition in
Fe.8 In Co and Ni the magnetism dependence on volume has
been derived only indirectly, from measurements of struc-
tural and elastic properties. A pressure-induced suppression
of magnetic correlations is predicted to accompany the Co
hcp-fcc transition �105–150 GPa�.10–12 No structural transi-
tions have been reported in fcc Ni to above 100 GPa,13 and
density functional theory �DFT� calculations show fcc Ni to
be stable up to 34 TPa.5 Calculations predict slowly dimin-
ishing magnetic moments in fcc Ni up to 300 GPa, with
vanishing moments in bcc Ni for volumes below 0.62 a.u.3.14

Here, we report x-ray absorption near-edge spectroscopy
�XANES� and XMCD measurements at the K edges of all
three ferromagnetic 3d transition metals �Fe, Co, and Ni� for
pressures up to 100 GPa.

High purity iron, cobalt, and nickel samples �99.9% pu-
rity, 5 �m foil� were loaded in diamond-anvil cells using
mineral oil as pressure medium. To minimize diamond x-ray
absorption, we employed perforated diamond-backing plates
in conjunction with miniature anvils. Pressures were mea-

sured by ruby fluorescence method. Measurements were con-
ducted at ambient temperature �293 K�.

XANES and XMCD spectra were measured in transmis-
sion geometry at beamline 4ID-D at the Advanced Photon
Source. The incident monochromatic radiation with an en-
ergy resolution �E=1 eV was circularly polarized �Pc

= ±0.98� and focused to a �10�10 �m2 spot. A polarizing
field of approximately 3 kOe along the x-ray direction was
applied using high-field toroidal NdFeB permanent magnets
positioned around the diamonds. In each run, the XMCD
signal at low pressure was consistent with magnetizations
approaching full saturation �within 3%–8% from the stan-
dard XMCD for each sample�.

The K-edge XMCD data for all three metals have been
reported at ambient pressure and the XMCD signal has been
shown to scale with the 4p conduction band spin
polarization.16,17 Changes in the 3d moment affect the ex-
change splitting of the 4p band, and hence the XMCD. Thus,
the K-edge XMCD signal can be used as a measure of the
magnetic moment under pressure.8,17

Figure 1 summarizes the pressure-induced changes in
the K-edge XMCD in Fe, Co, and Ni. The spectra are nor-
malized to the edge jump and are shifted so as to align the
Fermi respective levels for Fe �7112 eV�, Co �7709 eV�, and
Ni �8333 eV�. The XMCD signal decreases with pressure in
all three metals. However, while in Fe the XMCD is virtually
null by 23 GPa, in cobalt and nickel, the dichroism remains
measurable up to 100 and 70 GPa, respectively �maximum
pressures reached�.

Figure 2 illustrates the XMCD versus compression fac-
tor �V /V0� for each metal. In Fe, the XMCD signal decreases
slightly but measurably in the bcc phase �up to 12 GPa�, then
declines sharply across the bcc-hcp transition �12–16 GPa�,
and virtually disappears in the hcp phase �23 GPa�. At this
pressure, x-ray diffraction confirmed a complete transforma-
tion to hcp Fe. Since the K-edge XMCD is proportional to
the spin polarization of p-projected density of states near the
Fermi level,15 the lack of XMCD in hcp Fe suggests a loss of
spin polarization in the 4p conduction states above the Fermi
level. Since spin fluctuations in conduction bands are respon-
sible for long-range coupling of magnetic moments, the rapid
decrease of dichroism across the bcc-hcp transition indicates
a loss of long-range ferromagnetic order in hcp Fe. Thisa�Electronic mail: iota1@llnl.gov
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result is consistent with previous magnetic measurements in
hexagonal iron under pressure.6–8,18

In cobalt, the decrease in dichroism with pressure is uni-
form, suggesting a gradual decline in magnetic moment over
the entire hcp-Co domain of stability. Our data show no first-
order magnetic transition in cobalt up to 100 GPa. At this
pressure, hcp Co remains weakly ferromagnetic with a mag-
netic moment of �0.3�B �Fig. 2�. This decrease of the
magnetic moment in hcp Co with compression is not
incompatible with the increase in the Curie temperature
suggested from previous phase-structural considerations.10

The two properties need not be correlated �e.g., in the case of
Fe and Co, with Curie points of 1043 and 1388 K, and am-
bient magnetic moments of 2.2�B and 1.7�B, respectively�.

The XMCD data show a much steeper decline in mag-
netic moment with pressure than that predicted by DFT cal-
culations theory �dotted red line in Fig. 2�.12 Our XMCD
data suggest that the magnetic moment in hcp cobalt would
completely vanish before a compression of �0.7V0, corre-
sponding to a pressure of �150 GPa, slightly lower than the
180 GPa value predicted from DFT calculations. Since the
hcp-fcc transformation in cobalt occurs between 105 and
150 GPa, the disappearance of magnetic moment occurs
within the stability domain of fcc Co. This result would be
consistent with a nonmagnetic fcc Co, as proposed earlier
from structural and theoretical considerations.10–12

In nickel, the magnitude of the moment at ambient con-
ditions is smaller �0.6�B�, resulting in a weaker ferromag-
netic coupling. As in bcc Fe and Co, the dichroism decreases
uniformly with compression, but that the rate of decrease
�2.5�10−3�B /GPa� is smaller than in either Fe or Co. The
smaller effect of volume on the magnetism in Ni is not un-
expected, considering the smaller contribution of magnetism
to the structural properties of Ni compared to Fe and Co.3,4,12

The XMCD results summarized in Fig. 2 suggest that the
rate of pressure-induced extinction of magnetism correlates
inversely with the magnitude of the initial moment. That is,
the material with the highest ambient pressure moment �Fe,
2.2�B� undergoes magnetic extinction at the lowest pressure
��12–18 GPa�, while nickel, the weakest ferromagnet of the
series �0.6�B initial moment�, is the last to become nonmag-
netic, well above 200 GPa. Furthermore, we find that in the
absence of structural phase transitions, the magnetic moment
decreases uniformly with pressure. This is in contrast to the
previous theoretical calculations11 suggesting that the mag-
netic moment of hcp Co remains nearly constant below
100 GPa �see Fig. 2�.

To understand this result, we measured the near-K-edge
x-ray absorption spectra for each of the three metals studied
�Fig. 3�. The relative intensity of the XANES peak �shown in

FIG. 1. �Color online� XMCD spectra for iron, cobalt, and nickel as a
function of pressure. The energy scale is relative to the K-edge energy:
7112 eV for Fe, 7709 eV for Co, and 8333 eV for Ni. All spectra are nor-
malized to the amplitude of the edge jump.

FIG. 2. �Color online� Net magnetic moment for iron, cobalt, and nickel as
a function of compression. The data points represent measured XMCD sig-
nal scaled to the standard moment for each material �Fe: 2.2�B, Co: 1.6�B,
and Ni: 0.6�B�. The solid lines represent linear fits of the data, extrapolated
to reach the x axis �vanishing moments�. The dotted lines represent the
results of DFT calculations for hcp phase of iron �in blue� �Ref. 22� and
cobalt �in red� �Ref. 12�.

FIG. 3. �Color online� XANES spectra in Fe, Co, and Ni with pressure. On
the right is a detail of the near-edge peak associated with transitions into
mixed 3d-4p final states. The increase with pressure of the edge peak sug-
gests increased delocalization of 3d electrons �band broadening�.
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detail in Fig. 3, right panel� is a measure of the 3d -4p band
hybridization in 3d transition metals.19

We observe significant increases in relative intensity and
bandwidth of the preedge peak with pressure �shown in de-
tail in Fig. 3�b��. This suggests enhanced 3d-4p band over-
laps �increased 3d bandwidth�, resulting in diminished 3d
electron correlations and a reduction in magnetic moment.

The Stoner criterion for an itinerant ferromagnet is given
by N��F�I�1.20 Here, N��F� represents the density of states
�DOS� at the Fermi level, and I is the Stoner parameter
�exchange integral�, measuring the strength of exchange in-
teraction and is sensitive to the localization of the wave func-
tions at the Fermi level.21 In a first approximation, the Stoner
parameter I is independent of volume, and the response of
magnetization to pressure is fully contained in the density of
states at the Fermi level N��F�.

Then, the observed increase in 3d bandwidth with pres-
sure lowers the 3d DOS at the Fermi level, reducing the
corresponding term in the Stoner equation and weakening
the condition for ferromagnetism. This is consistent with
ab initio calculations in bcc Fe showing a 40% decrease in
DOS�EF� corresponding to a volume reduction from
70 to 50 a.u.322 Our results support the conclusions that pres-
sure enhances the overlap of the atomic wave functions,
broadening the d bands close to EF and lowering the
DOS�EF�.

In Co and Ni the observed decrease is gradual, since no
structural transformations occur in the pressure range stud-
ied. Iron, however, undergoes its martensitic transformation
between 12 and 18 GPa, from a magnetic bcc to a nonmag-
netic hcp structure. In this case, in addition to the pressure-
induced electron delocalization observed in the bcc phase,
the 3d bandwidth W3d increases discontinuously due to the
jump in atomic coordination from 8 in bcc Fe to 12 in hcp Fe
�Fig. 4�. Across the bcc-hcp transition �12–18 GPa� pressure
affects the magnetic moment via two separate mechanisms
with converging effects. Increased pressure �i� diminishes the
proportion of magnetic bcc component in the mixed phase
and �ii� suppresses the net moment in the residual bcc phase
via 3d band broadening. This may help explain why the net
magnetic moment does not scale linearly with the bcc/hcp
ratio in the phase transition region, as reported in Ref. 8. A

similar but substantially smaller effect can be expected to
take place in cobalt between 105 and 150 GPa where both
hcp and fcc phases coexist, as both the residual hcp propor-
tion and the net moment in hcp Co are reduced by pressure.
In contrast, in Ni, no structural transitions are expected, and
we predict a gradual, second-order transition to a nonmag-
netic fcc-Ni phase above 250 GPa.

In summary, we have described the pressure-induced
electronic and magnetic changes in elemental iron, cobalt,
and nickel to 23, 100, and 70 GPa, respectively. While iron
shows a rather abrupt magnetic disappearance across the bcc-
hcp phase boundary, Co and Ni gradually lose their magnetic
moments but remain ferromagnetic over the entire pressure
range studied. The extrapolation of the present data suggests
the onset of nonmagnetic Co at around 150 GPa �within the
pressure range of the previously reported structural phase
transition� and a new nonmagnetic phase of Ni above
250 GPa. The suppression of long-range magnetic order in
all three materials correlates well with the pressure-induced
enhancement in 3d-4p hybridization �3d band broadening�,
which contributes to a lower density of states at the Fermi
level, NF.
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FIG. 4. �Color online� Intensity of the 3d-4p spectral feature as a function
of compression showing increased 3d-4p hybridization �Ref. 19�. The dis-
continuous jump observed in the Fe corresponds to a transition to a higher
coordinated hcp structure above 12 GPa.
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