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Understanding the high-pressure electronic properties of Fe still poses both theoretical and experimental
challenges. Here, we evidence the short-range magnetic collapse of Fe in the � phase by x-ray emission
spectroscopy carried out in situ under high-pressure and high-temperature conditions, up to 20 GPa and 1400
K. We find an abrupt decrease in the Fe spin state in �-Fe at high pressure similar in amplitude to the known
�-� magnetic collapse transition. A careful analysis of the Fe spin state in the � phase indicates a sluggish
diminution right above the transition pressure, bearing out recent predictions of residual, likely noncollinear,
magnetism in this phase. In the � phase, our results demonstrate that the dominant mechanism at high pressure
is a high-spin to low-spin transition. Implications for the elastic properties of Fe at extreme conditions are
analyzed.
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Fe is the constant, yet not exhausted, subject of studies
aiming at revealing its properties under high-pressure �HP�
and high-temperature �HT� conditions. The knowledge of the
Fe phase diagram is not only of importance for geophysics
and geodynamics, Fe being the most abundant element of the
earth interior, but also serves as a model system for the the-
oretical understanding of 3d electronic properties. High-
pressure magnetism more particularly is believed to play a
crucial role in the stability of the Fe structural phases and
elastic properties. Theoretical improvements beyond the
local-density approximation make it now possible to derive
the correct Fe magnetic ground state at ambient conditions.
However, puzzling results recently observed in Fe under ex-
treme conditions have spun the situation anew. Among these,
the superconductivity found in Fe along with ferromagnetism
at low temperature and HP �Ref. 1� and the anomalous split-
ting of Raman spectra2 in �-Fe, the nonmagnetic hcp HP
phase, reportedly due to antiferromagnetic coupling.3 Even
more poorly understood is the �-Fe fcc phase stabilized at
HT and HP. First-principles calculations favor a noncollinear
magnetism,4–11 but results in the � phase are extremely
scarce because of the HP/HT experimental constraints. Here,
we report on the collapse of the short-range iron magnetic
state in the HP/HT phases by x-ray emission spectroscopy
�XES�, a local probe of the 3d spin magnetic moment.

In the � phase, Fe supposedly adopts a spin spiral density
wave �SSDW� with a propagation vector q= �0,k ,1� 2�

a along
the XW direction of the Brillouin zone, with k�0.1 �Ref. 12�
close to that of a type-I antiferromagnetic system. This value
was derived from early neutron measurements of �-Fe pre-
cipitates contained in a Cu matrix, while the SSDW structure
was confirmed by first-principles calculations.4–11 In general,
these give a stable energy minimum for wave vector q
= �0,0 ,0.6� 2�

a along the �X direction at high volume and
solutions closer to the X point at low volume. But, as it turns
out, there is no direct investigation reported so far of the Fe

magnetic properties in the � phase under in situ HP/HT con-
ditions against which the calculations can be tested. One
might especially question the validity of the long-range mag-
netic structures calculated at T=0 K as a realistic starting
point to describe the high-pressure �-Fe properties. Addition-
ally, the supposed anti-Invar character of �-Fe �Ref. 13� en-
tails a coupling to the local spin state. This is likely to occur
at extreme conditions in the form of a magnetovolume insta-
bility, which needs to be accounted for. Providing clear-cut
evidence of such instability, however, requires it to be away
from any long-range magnetic ordering �which causes a de-
crease in Curie temperature� and applied pressure.

To that aim, we have performed a combined spectroscopic
and structural investigation of Fe in the �, �, and � phases
under HP HT conditions. The x-ray diffraction �XRD� and
x-ray emission spectra were measured on ID-27 at the Euro-
pean Synchrotron Radiation Facility �ESRF�. The incident
beam is monochromatized by double reflection on cryogeni-
cally cooled Si�111� crystals and focused at the sample posi-
tion in 4�8 �m2 spot by a pair of Kirkpatrick-Baez �KB�
mirrors. The sample, a high-purity 15-�m-thick Fe foil, was
loaded in a diamond anvil cell. We used 300 �m culet dia-
monds and a 40-�m-thick rhenium gasket. The sample was
thermally isolated from the diamonds on both sides by a
sandwich of compacted Al2O3 powder also serving as a pres-
sure transmitting medium. High-temperature XES measure-
ments were realized by double-sided laser heating technique,
following the pioneer work of Lin et al.14 The setup installed
on the ID-27 beamline is described elsewhere.15 It includes a
Nd-doped yttrium aluminum garnet laser with focusing op-
tics to produce a large and homogeneous heated area and
collecting mirrors for in situ temperature measurements.
Thus, temperature gradients are avoided to a large extent
�less than 2%� as the x-ray spot is about five times smaller
than the laser spot. Temperature was estimated by spectrora-
diographic method using Schwarzfield optics while pressure
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calibration was based on the ruby fluorescence technique.
The XRD pattern was recorded by angular dispersive method
on a MARCCD 165 detector at a fixed wavelength of
0.3738 Å. The corresponding energy �33.168 keV� is larger
than the 1s-Fe ionization threshold permitting the simulta-
neous measurements of the XES K	 fluorescence. The emis-
sion spectra were acquired by a 1-m radius spectrometer
placed on the optics table. The spectrometer was equipped
with a Si�531� spherically bent analyzer and a solid state
detector laid in the Rowland circle geometry. Since the x-ray
spot coincides exactly with the laser beam and the focal
point of the Schwarzfield optics, it is always possible to as-
sociate with a given XES spectrum the right structural phase
and temperature without any possible confusion.

Figure 1 shows the XRD pattern measured at 300 K and
1400 K for low and high pressures. As the laser beam is very
local, heating can be turned on and off fast and in a reliable
manner. The data confirm the stabilization of �-Fe at low T
and �-Fe at high T in addition to a weak contribution from
the nonmagnetic �-Fe phase, which emerges in the high-
pressure region. The other diffraction peaks can be associ-
ated to the pressure medium and tungsten carbide diamonds
seats as shown in Fig. 1. The lattice parameters summarized
in Table I for the different phases are consistent with the
reported values.16

The local magnetic state of iron was probed by XES at the
Fe K	 �3p→1s� line. The K	 cross section is proportional
to ��1s3dn�T1�3p3dn��2
�Ef −Ei−���, where T1 is the dipolar
operator, �� the emitted photon energy, and Ef�Ei� the final
�initial� state energy. The sensitivity to 3d magnetism arises
from the 3p-3d exchange interaction in the XES final state,
which splits the spectrum into principally a main peak and a
low-energy satellite. These features originate from the two
possible orientations of the 3p core-hole spin with respect to

the 3d majority-spin. When the 3d spin state is modified so
are the intensity ratio and energy splitting of the two
features.17,18 The pressure dependence of the XES spectra is
presented in Fig. 2 for both �-Fe�300 K� and �-Fe�1400 K�
states. The former set has been already measured19 and can
serve to validate the new HT/HP XES setup at ID-27,
whereas the in situ measurements of the Fe magnetic state in
the � phase are new. In Fe metal, the satellite is notably
weaker than that in the Fe oxides.20,21 We clearly notice,
nevertheless, a decrease in the satellite intensity at high pres-
sure, which suggests a change in the Fe spin state. The mag-
netic information contained in the XES spectra is not readily
usable in the absence of formal sum rules but can be ex-
tracted accurately, albeit on a relative scale, by means of
integrated differences. The phenomenological method devel-
oped in Ref. 19 has been successively tested in a large series
of transition-metal compounds �cf. Refs. 22–24�. We have
followed the procedure described in Ref. 25 to extract the
integrated absolute difference �IAD�, a quantity that is lin-
early related to the spin magnetic moment of the Fe atoms. It
is derived from the absolute value of the difference spectrum
between a given pressure P and the zero pressure P0, inte-
grated over the entire K	 spectral range in a 50 eV window:
IAD�P�=��IXES�P ,��− IXES�P0 ,���d�, with IXES as the K	
normalized intensity.
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FIG. 1. �Color online� X-ray powder-diffraction patterns of Fe at
ambient �panel a� and high temperature �panel b� in the � and �
phase, respectively.

TABLE I. Lattice parameters in Å for the different phases of Fe
observed at 300 and 1400 K.

300 K 8 GPa 12 GPa

�-Fe: a 2.825 Å 2.805 Å

�-Fe: a�c� 2.47�3.94� Å

1400 K 5 GPa 12 GPa

�-Fe: a 3.620 Å 3.535 Å

�-Fe: a�c� 2.505�3.975� Å
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FIG. 2. �Color online� XES spectra of the Fe K	 emission line
in Fe measured under high-pressure and temperature conditions in
the �- �panel a� and � phases �panel c�. The spectra are shown on
an expanded scale in panels b and d, respectively.
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Figure 3 shows the pressure dependence of the Fe spin
state from the IAD analysis. The results at 300 K in the �
phase agree well with our previous measurements that we
have carefully reanalyzed along the same lines, although the
number of pressure points is fairly reduced in the present
data set. As previously reported by different techniques in-
cluding XES and Mössbauer spectroscopy,26 the data bear
out the strong reduction in the spin state when Fe enters the
� phase at high pressure. Additionally, we observe here a
nonvanishing magnetism above the transition that decays at
higher pressure. This can be compared to recent first-
principles calculations of the magnetic moment of iron as a
function of pressure in �-Fe allowing for noncollinearity,3

and in Fig. 3�a�, the calculations �right scale� are compared
to the experimental data �left scale�. In contrast to the high-
spin �HS� to low-spin �LS� transition usually evoked at the
�-� structural change, the authors in Ref. 3 argue that the Fe
magnetic moment is not completely suppressed in �-Fe but
instead remains up to a fairly large pressure in presence of
type-II antiferromagnetic coupling. This would explain why
Mössbauer spectroscopy consistently finds the disappearance
of magnetism at the �-� transition pressure since the hyper-
fine splitting is significantly reduced in the � phase—in fact
well below the detection limit—while XES provides a non-
zero magnetic moment right above the transition. At higher
pressure above the structural transition, the magnetic mo-
ment is predicted to slowly decrease up to 50 GPa in fair
agreement with the experimental spin state derived from
XES up to 30 GPa.

The behavior in �-Fe shows remarkable resemblance with
the modification of the Fe magnetism in the � phase under
pressure. The IAD analysis reported in Fig. 3�b� indicates a
decrease in the magnetic moment with pressure of similar
amplitude. This suggests that besides the occurrence of the
SSDW, the mechanism of the magnetic transition in the �
phase primarily involves a high-spin to low-spin transition.
As further evidence, we show on the right scale in Fig. 3�b�
the theoretical magnetic moment of Fe computed from first-
principles calculations as found in recent literature �see leg-
end for details�. We used the equation of state of Ref. 28 to
convert the computed volume to pressure. At this point, two

different aspects have to be considered: the q dependence of
the Fe local magnetic moment m�q� and the stabilization of
the low-spin configuration at low volume. The top curves in
Fig. 3�b� show the calculated values of m�q� at q�0.6,
which minimizes the total energy of the system. We find a
fair agreement at low pressure between the XES extracted
values and the calculated moments for all the data sets, but at
high pressure the measured Fe magnetic moment is signifi-
cantly lower than the ones calculated at this q value. A better
agreement is found by considering limq→0 m�q� in the high-
pressure region �bottom curves in Fig. 3�b�	. The low q limit
of the SSDW corresponds to a magnetic state with saturated
ferromagnetism and a clearly defined HS-to-LS transition.
Uncertainty is large both in the experimental spin state at
high pressure and in the choice of the q value for the calcu-
lated magnetic moment. The results nevertheless suggest that
at high pressure �-Fe is in the LS state and adopts a more
collinear �if not a ferromagnetic� structure than usually con-
sidered, in agreement with neutron diffraction that demon-
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FIG. 3. �Color online� �Left
scale� IAD derived from Fig. 2
�filled circles�; �right scale� spin
state obtained from comparison
with theoretical calculations from
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and Refs. 4, 8, 10, and 11 in the �
phase �panel b� �open symbols�.
Solid �dashed� lines indicate high-
spin �low-spin� states.
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strates only FM short-range correlations in �-like Fe.29 This
minimizes substantially the role of SSDW in the magnetic
change at extreme conditions in the � phase.

The large decrease in the local spin state in the � phase
impacts not only magnetism as just discussed but also the
elastic properties of HP/HT Fe. The magnetoelastic effects
can be understood through the total energy analysis such as
in the fixed-spin-moment method; the case of fcc Fe was
more explicitly discussed in Refs. 30 and 31. The authors
considered an assembly of HS, LS, or nonmagnetic �NM�
ions with FM or AF magnetic arrangements. In �-Fe, the FM
state �HS� is found at slightly higher energies �several meV�
than the NM or AF state �LS�. The stable state at T=0 K is
the AF state while the FM state is stabilized above a critical
volume larger than the equilibrium volume where the AF and
FM branches cross. The FM stability range can be reached
by applying a negative pressure or increasing T, which is
indeed the case here. At high pressure, the system is forced

back to the low volume, LS region that is energetically fa-
vorable.

Thus, similar to Invar, where the LS state is stabilized at
high pressure, the magnetic collapse observed in �-Fe can be
correlated with a magnetovolume instability. To illustrate this
behavior, we have computed in Fig. 4 the spin state fraction
�nLS� from the total energy difference �E borrowed from
Ref. 30. In a Boltzmann statistics approach, nLS= �1
+gHS /gLS exp�−	�E�	, where 	=kBT and g�LS,HS� is the de-
generacy. Consistent with the picture provided by XES, the
HS-high-volume state is found to be stable on the low-
pressure and high-T side while the LS-low-volume state is
stabilized at HP and low T. That the LS configurations are
stabilized under pressure both at low ��-Fe� and high T
��-Fe� will affect the general structural stability of Fe at
extreme conditions.

We thank R. Cohen for useful discussions about the
SSDW state in �-Fe.
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