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In this work we investigate the magnetic and structural properties of bulk Fe and Fe nanoparticles under

pressure with x-ray absorption and emission spectroscopies providing answers to two fundamental

questions: (a) the chicken-or-egg problem for the magnetic and structural transitions and

(b) magnetism in the high pressure hcp phase. The two transitions, inextricably linked in the bulk, are

clearly decoupled in the nanoparticles, with the magnetic collapse preceding the structural transition.

Ultrafast x-ray emission spectroscopy detects remnant magnetism, probably antiferromagnetic fluctua-

tions, up to pressures of about 40 GPa in the hcp phase. This could be of direct relevance to the

superconductivity in �-Fe [K. Shimizu et al., Nature (London) 412, 316 (2001)] through the existence of a

quantum critical point and associated magnetic fluctuations.
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The high pressure magnetism of Fe is a key to the
understanding of electronic, magnetic, and structural prop-
erties of 3d electrons and of the geophysics of Earth’s
interior. Experimentally it is well established that the
high pressure � (bcc) to � (hcp) transition is simulta-
neously accompanied by a magnetic transition from ferro-
magnetic to purportedly nonmagnetic states, extensively
studied by Mössbauer spectroscopy [1–3], by x-ray emis-
sion spectroscopy (XES) [4], and x-ray magnetic circular
dichroism (XMCD) [5]. However, the possibility of weak
remnant magnetism in the hcp phase [4,6] has been in-
voked through indirect measurements of structural varia-
tion [7] or Raman mode splitting [8,9]. Theoretically, both
the ambient pressure bcc ferromagnetic ground state
and the structural and magnetic transitions are predicted
though the accuracy in terms of the pressure domain of
their existence is variable [6,7,10–13]. Practically all theo-
retical studies are consistent in predicting magnetism,
more often antiferromagnetic ordering or fluctuations in
the hcp phase as exemplified in [6]. These fluctuations
could in fact mediate Cooper pair formation in Fe, as
also proposed in other superconductors which have ferro-
magnetic phases [14]. Alternatively, they could just kill
superconductivity originating through more conventional
phonon pairing mechanisms. All these conjectures are
subject to experimental detection of this remnant magne-
tism which has to date remained a vain hope.

We first address the coincidence of the structural tran-
sition and the magnetic collapse. K-edge XMCD spectros-
copy shows that both transitions go strictly hand in hand
though a case has been made [5] for a slight precedence of
the magnetic transition. Theoretically it has been argued

that it is the magnetic collapse that precedes the structural
phase transition [10,11,13]. Magnetic states are character-
ized by unpaired electrons and aligned spins, which occupy
different orbitals as opposed to paired electrons occupying
the same orbital. The magnetic state thus tends to increase
cell volume and is more compressible than the nonmag-
netic state. A collapse of magnetism can open the way
for a structural transition. But is it possible to decouple the
structural and the magnetic transitions so as to clearly
establish the precedence of one over the other? This
chicken-or-egg question resurges when two phase transi-
tions, for example, structural and electronic, occur simul-
taneously. Many years ago, Kohn, while discussing charge
density wave transitions [15], proposed that in principle
one could establish a hierarchy. He evoked ‘‘tweezers’’
which could permit the experimentalist to block the atomic
structure at the transition, and hypothesized that in certain
cases the electronic deformation would nevertheless occur,
followed at a certain point by the structural deformation if
the tweezers were then released. In nanocrystalline matter
it is known that structure tends to be more stable, with a
shift of structural phase transitions to higher pressure with
respect to the bulk form [16]. The surface contribution of
the free energy (which is important for the nanoparticle)
implies a greater pressure before the transition becomes
thermodynamically favorable with respect to the bulk
value. Furthermore, often a kinetic barrier needs to be
overcome which also can generate hysteresis between the
increasing and decreasing pressure transitions [17,18]. In
our experiment we use these barriers as ‘‘Kohn tweezers’’
to solve this chicken-or-egg problem. Our second aim in
this work is the detection of any magnetism in the high

PRL 106, 247201 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
17 JUNE 2011

0031-9007=11=106(24)=247201(4) 247201-1 � 2011 American Physical Society

http://dx.doi.org/10.1038/35085536
http://dx.doi.org/10.1103/PhysRevLett.106.247201


pressure regime. We use two different synchrotron based
methods using high-energy x rays for compatibility with
the high pressure environment. The first is Fe K-edge
XMCD which [19,20], while lacking a formal link to the
magnetic moment, has been shown to be a reliable marker
of magnetism as a function of pressure [5,21]. XMCD,
however, cannot detect antiferromagnetism, the total pro-
jected moment being zero. To overcome this limitation we
use x-ray emission spectroscopy [22,23]. In particular, the
K� line shape depends on the spin state through the
multiplet structure and the interplay between the crystal
field and the exchange interaction. The variation of this line
shape can again be reliably used to follow magnetic tran-
sitions [24]. The femtosecond time scale of the experiment
is determined by the 1s core hole lifetime and so it is ideal
for detecting eventually fluctuating moments. For precise
structural information separate extended x-ray-absorption
fine structure spectroscopy (EXAFS) measurements were
made which permitted a standard structural adjustment.

Our experiments benefited from the availability of
high quality monodispersed Fe nanoparticles in the unoxi-
dized, bcc phase at ambient pressures prepared accord-
ing to a published procedure using the reduction of
fFe½NðSiMe3Þ2�2g2 in an environment of palmitic acid
and hexadecylamine [25]. Tuning acid concentration and
growth time allows control both on the shape (cubic for
dimensions of 10 nm or more) and on the size of the
nanoparticles. The size dispersion of our nanoparticle
samples is of the order of 1.5 nm. The magnetization of
nanoparticles at ambient conditions is equal to that of bulk
Fe (2:2 �B). XMCD and EXAFS measurements were
performed at SOLEIL (ODE beam line, Figs. 1 and 2) on
bulk Fe and nanoparticles of a mean size of 11.9 nm. A
1.3 T magnetic field was used for XMCD measured over
an energy range of 7060–7300 eV with a focal spot of
30� 50 �m (FWHM). K� XES was measured at ESRF
(ID16 beam line, Fig. 3) as a function of pressure for bulk
Fe as well as nanoparticles of a mean size of 10 nm. We
used a 1 m spherically bent Si(531) crystal analyzer as
energy filter for measuring the K� line in transmission
geometry through the pressure cell diamonds at a scatter-
ing angle of 20�. The beam size (50� 110 �m FWHM) is
comparable to the sample size ensuring optimum through-
put of the emitted x rays. We loaded nanoparticles in
diamond anvil cells under argon atmosphere of a glovebox
to avoid oxidation. Rhenium gaskets were used with sili-
cone oil as transmitting medium to prevent coalescence of
nanoparticles. Identical conditions were used for the bulk
foil sample. The medium is not fully hydrostatic especially
for pressures exceeding 20 GPa, and we have measured
the upper limit of the pressure gradient to be about 10%.
Unless mentioned, all experiments are at 300 K. In
Figs. 1(a) and 1(b) we show the structural transitions as
obtained from the variation of the distance in the 1st
and 2nd shell (nearest neighbor distances) in the EXAFS

measurements for bulk Fe and the 11.9 nm nanoparticles.
In the inset of Fig. 1(a) are shown the radial distributions
up to the 5th successive shell obtained from near ambient
pressure data showing a unit cell contraction in the nano-
particles with respect to the bulk. This phenomenon, ob-
served in some metallic nanoparticles, is attributed to the
consequent reduction of surface energy even though a price
is paid in terms of elastic energy [16,26]. The structural
transition appears by fitting the data with a bcc (hcp) model
and we can formally exclude oxidation and affirm that the
data are completely compatible with the expected phases.
The transition region, where both phases coexist, is shown
hatched, and for the nanoparticles fits in this region were
not significant. The transition in the bulk is very sharp and
occurs at 12 GPa with a width less than 1 GPa. In the
nanoparticles the transition is shifted to remarkably higher
pressures and, despite the initial lattice contraction, starts

FIG. 1 (color online). Variation of the interatomic distance in
the first shell for bulk (a) and nanoparticles (b) versus pressure.
The interatomic distance was computed by fitting the radial
distribution with a bcc (blue square) or a hcp (green circle)
model. The inset of (a) represents the radial distribution of the
first five shells for bulk [gray (red) curve] and nanoparticles
(black curve) versus the interatomic distance. The inset of
(b) is a transmission electron microscopy picture of the
11.9 nm nanoparticles.
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at 25 GPa and terminates at 38 GPa. Nonhydrostaticity and
size dispersion, which can contribute to broadening, are
estimated to introduce a maximum width of the order of
1–3 GPa. We propose that the very large transition width
observed is an intrinsic feature in an ensemble of nano-
particles due to the limited size of the individual nano-
particle. In bulk samples such a transition usually nucleates
at grain boundaries as well as defects. These should be
present in strongly unequal and, in general, very small
numbers in nanoparticles of this size, thus provoking a
large overall distribution.

In Fig. 2 we show the variation of the integrated dichroic
signal measured by K-edge XMCD. The bulk magnetic
transition (at 15 GPa with a width of 2.6 GPa) is at a
slightly higher pressure with respect to the structural one
that we measure using EXAFS. This, however, is not
conclusive since the measurements are not simultaneous
and changes of a few GPa in transition pressures in varying
experimental conditions have been observed. No magnetic
signal is observed in the hcp phase. The integrated dichroic
signal for the bulk at low pressures is weaker than in the
nanoparticles. We have verified that this is due to the shape
anisotropy of the foil bulk sample which the 1.3 T field
used in these experiments is not strong enough to over-
come. We find a weak magnetic signal in the high pressure
hcp phase of the nanoparticles which vanishes at a pressure
of about 50 GPa and could be compatible with a surface
magnetic component related to a lower coordination of
the surface Fe atoms and observed in Fe clusters or ultra-
thin layers ([27] and references therein).

The main conclusion, however, is that the change in the
magnetism starts significantly earlier than the structural
change, at a pressure of 10 GPa, and has a large width
(nearly 15 GPa), which could be attributed in good part to
the reasons invoked above. The structural and magnetic
properties of nanoparticles are sufficiently far removed

from the bulk to move the lines of the bulk Fe phase
diagram as a function of the pressure. While the structural
transition is retarded by our Kohn tweezers, the magnetic
transition actually starts at lower pressures than in the bulk
material because of the intrinsic unit cell contraction.
In Fig. 3, we show the variation of the integrated differ-

ence (see inset) between the measured K� line at a given
pressure and a nonmagnetic reference which is taken to be
the highest pressure bulk Fe data. Since this is a relative
measurement, the ambient pressure value is normalized to
unity and the variation of this signal with pressure is used
to follow the magnetic transition. The striking conclusion
is that bulk Fe remains clearly magnetic for pressures
greater than 20 GPa after the magnetic collapse accompa-
nying the structural transition. The measured XES signal
then decreases continuously to the last measured pressure
point which is at 43 GPa. For the nanoparticles, as already
seen by XMCDmeasurements, the magnetic collapse starts
earlier but again magnetism persists well into the hcp
phase. XES measurements exclude that the early collapse
of magnetism in the nanoparticles could be due to a col-
lapse of Curie temperature with pressure.
As mentioned earlier, we provide experimental confir-

mation of the findings of several theoretical studies. What
of other experiments? Mössbauer experiments [1–3] have
repeatedly failed to detect magnetism in the hcp phase.
Interestingly, magnetism in the form of fluctuations
would not be detected by the Mössbauer method due to
the much slower time scale of the experiment. More
recently, an x-ray diffraction study at high pressure on
annealed Fe samples [7] indicates that hcp Fe is
continuously compressible to a pressure of about 50 GPa

FIG. 3 (color online). Integrated absolute difference (hatched
area shown in the inset) between the Fe K� fluorescence
measured at a given pressure with respect to a reference for
bulk Fe (red circles) and 10 nm Fe nanoparticles (black squares),
used to follow the magnetic transition with pressure. The solid
lines are guides for the eye. The nanoparticles are seen to transit
at lower pressure with respect to the bulk. The signal continues
to diminish after the sharp transition indicating remnant magne-
tism both in the bulk and in the nanoparticles in the high pressure
hcp phase.

FIG. 2 (color online). Variation of the integrated XMCD signal
at the Fe K edge for bulk Fe (red circles) and 11.9 nm Fe
nanoparticles (black squares) showing the shifting of the
magnetic transition to lower pressures and a broadening in
the nanoparticles.
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after which the c=a ratio remains constant. In the absence
of structural change, this is interpreted as arising due to
changes in magnetism, notably persistent magnetism in
hcp Fe up to roughly 50 GPa. We have then directly
confirmed this hypothesis with our measurement.

We can exclude a ferromagnetic nature of this persistent
magnetism as it is not visible by XMCD, and the
Mössbauer measurements exclude static antiferromagne-
tism. Theoretical works do not favor a paramagnetic state
[14], which leaves us with antiferromagnetic fluctuations,
perfectly visible through the XES method. Our final word
concerns the proximity of this magnetism in the Fe phase
diagram (Fig. 4) with superconductivity in Fe. Several
authors [6,14,28,29] have discussed this proximity as in-
dicative of a possible exotic origin of superconducting
pairing mediated by spin fluctuations which could be
enhanced at very low temperatures. Current experimental
limitations do not allow us to perform XES measurements
at temperatures below 20 K and we did not find any change
in the magnetism of Fe in the hcp phase (21 GPa) between
300 and 20 K.
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FIG. 4 (color online). A composite phase diagram based on
our measurements for the structural transition (schematized by
cubic or hexagonal blocks) and the magnetic transition (sche-
matized by oriented spins) with pressure in Fe bulk and nano-
particles. The transition pressures are indicated by vertical lines.
The main results of this work, the decoupling of these transitions
and the direct measurement of remnant magnetism in the hcp
phase, are shown.
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