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We present a new method to separate the crystallographic and electronic phase transitions in
hematite using x-ray emission spectroscopy and x-ray diffraction. Our observations, based on the
behavior of a metastable high-pressure phase in the stability domain of the low-pressure phase, show
that the electronic transition is preempted by the crystallographic transition. The former occurs only
afterwards in the high-pressure phase, possibly as a result of a Mott transition. The idea that the
electronic transition drives the transition in hematite is therefore invalidated. Such methods should help
elucidate the mechanics and the driving forces behind a number of first-order high-pressure phase
transitions.
DOI: 10.1103/PhysRevLett.89.205504
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It is often in high-pressure phase transitions that modifications are observed in several basic properties of a
material, such as crystal structure, electronic structure,
elastic, dielectric, thermodynamical, and transport properties, and so on. It is, in general, impossible to separate
the effect of these modifications, and therefore to pinpoint
the unique property which drives the transition; that
is, the property for which the free energy of the highpressure (HP) phase is necessarily lower than that of the
low-pressure (LP) phase.
The case of hematite is typical. Indeed, at a pressure of
roughly 50 GPa, hematite, a rhombohedrally structured
antiferromagnetic insulator [1], undergoes a transition to
a phase which has a totally different crystal structure
[2 –5] which is still unknown; different electronic [spin
transition from iron in a high-spin state (HS) to iron in a
low-spin state (LS)] [6] and magnetic properties, vanishing of magnetic ordering [3,7–9], and radically opposite
transport properties; the sample undergoes an insulatormetal transition [10]. Several studies dealing with the
phase transition and the properties of the high-pressure
phase briefly address the question of its exact nature, not
so much by proof or direct observation, but rather by
intellectual affinity towards one or the other of the plausible explanations.
In order to unambiguously separate the crystallographic transition from the electronic transition, one
has to be able to produce an intermediate state —that is,
neither the LP phase or the HP phase, but something in
between—where one finds either of the crystal structures

(LP or HP) present with the opposite characteristic from
an electronic point of view; e.g., either a rhombohedral
structured compound with low-spin iron or a sample with
the HP crystal structure and iron in the high-spin state. In
this case, it becomes obviously possible to separate the
effect of the driving force (the property that is modified
in the intermediate state) from that of any other physical
property (which remain identical in the intermediate
state), which then become instead consequences of the
transition. It is, of course, not always straightforward, if
ever possible at all, to obtain such a state. Yet, with the
scheme described below, it was possible to obtain this
intermediate state in hematite.
One way to obtain such a state is to allow the system to
relax in a metastable domain of the phase diagram, and to
observe changes — or relaxation— of the properties in
that domain. In order to understand the states produced
in the experiment, one has to recall what happens to
hematite at high pressure. Hematite undergoes a transition
at 50 GPa, and it is of importance to note that, close to
that pressure, the transition is favored (either due to
kinetics or to the slope of the phase line) when temperature is slightly increased. One has to be careful though, as
a large increase in temperature will end up in forming a
new high-pressure high-temperature phase [11]. Using
that property, one can start with a system in the stable
LP phase at or very close to the transition, heat the sample
to drive the transition (i.e., cross the phase boundary) to
the stable HP phase, and cool it down again to the starting
point where the HP phase is now metastable as this is the
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stability domain of the LP phase, and allow the system to
relax (Fig. 1). During that relaxation process, if a reverse
phase transition were to occur towards the initial LP
phase, then the problem could not be solved, as one would
not be able to separate the phenomena. On the other hand,
if only one of the properties (crystal or electronic structure) is affected but not the other, then the separation is
immediate and the driving force can be determined.
In order to probe the physical properties that have to be
separated, we combined two bulk-sensitive techniques:
x-ray diffraction for structural information, and x-ray
emission spectroscopy which is sensitive to the spin state
of iron as a probe of electronic structure. The sensitivity
of the latter technique to local magnetic moment has been
well established by many x-ray-emission spectroscopy
studies of TM elements and their compounds [12 –15],
and has been recently applied to the study of pressureinduced HS to LS transitions [6,16]. In this case, the
emission spectrum of HS Fe is characterized by a main
peak K1;3 with an energy of 7058 eV, and a satellite peak
K0 located at lower energy appearing as a result of the
3p core-hole 3d exchange interaction in the final state of
the emission process. Since the LS state of Fe3 (d5
configuration) is characterized by a total magnetic moment 5 times smaller than that of HS Fe3 , the eventual
collapse of the 3d magnetic moment as a consequence of
an electronic transition is signaled by the strong reduction of the low energy satellite’s intensity, as shown in [6].
The experiments were conducted on the undulator
beam line at Sector 13, Consortium for Advanced
Radiation Sources of the Advanced Photon Source at
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FIG. 1 (color online). A schematic sketch of the states obtained. In the initial state (1), the system is in the low-pressure
phase, very close to the transition, as shown by the x-ray
measurements. The sample is then heated (20 ) and cooled again
(3), and ruby pressure measurement shows the pressure did not
change (pressure probably increased slightly during heating
due to thermal pressure, but this effect is not reproduced here
for clarity), and x-ray measurements were performed. Then the
sample was allowed to relax for 10 h, and pressure and x-ray
measurements were performed one last time.
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Argonne National Laboratory and beam line ID30 of
the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. X-ray emission spectra were obtained
using white undulator radiation. The undulator gap was
set so that the first harmonic energy was at 12 KeV to
optimize the combined effect of the sample absorption
cross section and x-ray absorption in the diamond
window. The x-ray beam size was focused down to 10 
5 m using a pair of rhodium-coated Kirkpatrick-Baez
mirrors [17,18]. The measurements were made using a
870 mm diameter Rowland circle spectrometer arranged
in the vertical plane, which leaves place for the diffraction and laser-heating setup in the horizontal plane. A
spherically bent Si(440) single crystal analyzer was used.
At the K emission line energy, the associated Bragg
angle is equal to 66:20 . The angle between the incident
x-ray beam and the sample-analyzer direction was set to
90 to reduce elastic scattering background, with the
emitted x-rays going through a beryllium gasket (incoming x-rays go through one of the diamond anvils). X-ray
diffraction was collected at 29.2 keV on image plates.
High purity Fe2 O3 (99:998%) powder was used in the
experiment; nanocrystalline Al2 O3 was used as a thermal
insulator between the sample and the diamond in order to
reduce thermal leakage during laser heating and to cancel
any risk of chemical reaction of the oxide with carbon.
The gasket was a high-strength beryllium disk 5 mm in
diameter and 1 mm initial thickness. Pressure was measured using the ruby fluorescence technique.
Hematite was compressed in a diamond anvil cell to
46 GPa; x-ray diffraction and emission spectra were
recorded, and showed no crystallographic or spin (electronic) transition indicating the sample has not undergone
any transformation (Fig. 2). At that point, the sample was
slightly (below 1500 K) laser heated using a Nd:YAG
laser. In these conditions, the HP phase nucleated, and
was then quenched in temperature. Immediately after
heating, the sample is in the LP phase stability domain
but has the structure of the HP phase (metastability) as
shown by x-ray diffraction (a new crystal-structure) and
x-ray emission (a collapse of the magnetic moment)
(Fig. 2). The x-ray diffraction spectra are in agreement
with those obtained on cold compression of hematite at
60 GPa reported in Fig. 2, and indicates that the heating
process was delicate enough not to induce a transition
to the high-pressure high-temperature phase [11]. Pressure was remeasured using ruby fluorescence to make sure
thermal expansion of the sample and modifications in the
sample chamber during laser heating did not change the
pressure after heating. We then allowed the metastable
system to relax (46 GPa and 300 K) for ten hours, and
another measurement was made. X-ray diffraction
showed the same crystal structure as obtained after laser
heating (HP crystal structure), whereas the x-ray emission spectrum reverted to the high-spin state of the LP
phase (Fig. 2). During these ten hours of relaxation, the
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FIG. 2 (color online). The top figure shows integrated
angular-dispersive powder diffraction spectra taken at the
three stages of the experiment, as described in the text and
in Fig. 1. A reference pattern of the high-pressure phase taken
at 60 GPa on cold compression using neon pressure medium is
also shown. The diffraction lines in the high-pressure phase
were not indexed as the structure has not been determined, but
dashed lines corresponding to the diffraction lines are drawn
as a guide to the eye. In the 60 GPa pattern, the diffraction lines
due to the pressure medium (neon) are represented with an
asterisk. The figure below shows the x-ray K emission spectrum in those same conditions. In the first state, the system is in
the low-pressure phase and, in the second state, the system is in
the high-pressure phase. But in the third state, the system is
in an intermediate state with the crystal symmetry of the highpressure phase and the electronic structure on the low-pressure
phase. It can be noted that there is a residual signature of finite
spin in the high-pressure phase (see also Ref. [6]).

system underwent a reverse electronic transition from the
state characterized by low-spin iron to that of high-spin
iron. We interpret the fact that this intermediate state
accommodates a high-spin state in the HP phase as a
sign that the electronic transition is not required in order
to obtain the HP phase. It is therefore only a consequence
of the crystallographic transition, it occurs subsequently
to the crystallographic transition in the HP phase, and is
isostructural.
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In general, one expects such electronic transitions as
Mott transitions or HS-LS transitions to be isostructural.
A Mott transition, as defined by Mott [19] himself, is an
isostructural paramagnetic metal to paramagnetic insulator transition. A HS-LS transition does not have to be
accompanied by a metal-insulator transition, but leads to
a system with lower spin or atomic magnetic moment, due
to a rearrangement of electrons in the outermost electronic orbitals. Their isostructural nature implies that no
modification of crystal symmetry should be observed, but
rather changes associated with modifications of the internal degrees of freedom in the unit cell, as a result of the
change in chemical bonding between the anions and
cations induced by such radical electronic transformations. This characteristic is confirmed by our diffraction
measurements, as one may note that, although peaks
neither appear nor disappear (isostructural) during the
electronic transformation, their relative intensities vary
somehow, and reflect these changes and the rearrangement in the internal coordinates of Fe and O in the HP
structure. Also, the measurable K0 satellite in the LS
state (Fig. 2 and Ref. [6]) is the signature of a very small
yet finite spin and atomic magnetic moment. This shows
that this state which lacks magnetic ordering [9] is probably very weakly paramagnetic, and goes against the idea
that magnetism has vanished in the compound at high
pressure [9]. The high-pressure state could then be a
paramagnetic metallic state; in this case, this transition
could be a Mott transition, but we have not measured the
electrical conductivity of the sample, and our data therefore does not allow us to address this issue. Whether the
electronic transformation observed is the signature of a
HS-LS transition, or a Mott transition, remains to be
determined.
In conclusion, we provide a new scheme for separating
the crystallographic and electronic transitions in the
high-pressure phase of hematite. Our results show that
the crystal-structure change drives the transition, and
that the subsequent electronic transition is isostructural.
The electronic transition to the low-spin high-pressure
phase (which is a paramagnetic metallic state) occurs
only afterwards in the high-pressure phase, possibly as
a result of a Mott transition. The affirmation that the
transition is driven by a magnetic collapse towards a
nonmagnetic metallic state [9] is therefore invalidated.
Although this new method is not guaranteed to work in
all cases and for all phase transitions, it remains to
be tested in other such typical cases where it could
prove very helpful to understand the real nature of highpressure phase transitions.
We thank M. Rivers, P. Eng, and N. Lazarz for experimental help. We thank L. Dubrovinsky for his useful
comments on the manuscript. We acknowledge CNRS in
France, and NSF, NASA, and DOE in the United States
for support. This work was performed at Sector 13 of the
APS (GSECARS), which is supported by NSF,W. M. Keck
205504-3

VOLUME 89, N UMBER 20

PHYSICA L R EVIEW LET T ERS

Foundation, and USDA. The APS is supported by the
DOE under Contract No. W-31-109-Eng-38.

*Electronic address: james.badro@ens-lyon.fr
URL: http://james.badro.free.fr
[1] J. Hubbard, Proc. R. Soc. London A 277, 237 (1964).
[2] T. Yagi and S. Akimoto, in High Pressure Research in
Geophysics, edited by S. Akimoto and M. Manghnani
(Kluwer Academic, Tokyo, 1982), p. 81.
[3] T. Suzuki, T. Yagi, A. Akimoto, A. Ito, S. Morimoto, and
S. Syono, in Solid State Physics under Pressure, edited
by S. Minomura (KTK Scientific Publishers, Tokyo,
1985), p. 149.
[4] J. S. Olsen, C. Cousins, L. Gerward, H. Jhans, and
B. Sheldon, Phys. Scr. 43, 327 (1991).
[5] G. Rozenberg, L. Dubrovinsky, M. Pasternak,
O. Naaman, T. L. Bihan, and R. Ahuja, Phys. Rev. B
65, 064112 (2002).
[6] J. Badro, V. Struzhkin, J.-F. Shu, R. Hemley, H.-K. Mao,
C. Kao, J.-P. Rueff, and G. Shen, Phys. Rev. Lett. 83, 4101
(1999).
[7] Y. Syono, A. Ito, S. Morimoto, S. Suzuki, T. Yagi, and
S. Akimoto, Solid State Commun. 50, 97 (1984).
[8] S. Nasu, K. Kurimoto, S. Nagatomo, S. Endo, and
F. Fujita, Hyperfine Interact. 29, 1583 (1986).

205504-4

11 NOVEMBER 2002

[9] M. Pasternak, G. Rozenberg, G. Machavariani,
O. Naaman, R. Taylor, and R. Jeanloz, Phys. Rev. Lett.
82, 4663 (1999).
[10] E. Knittle and R. Jeanloz, Solid State Commun. 58, 129
(1986).
[11] Y. Ma, C. T. Prewitt, H.-K. Mao, and R. J. Hemley, EoS
Transact. AGU 81, S41 (2000).
[12] K. Tsutsumi, H. Nakamori, and K. Ichikawa, Phys. Rev.
B 13, 929 (1976).
[13] G. Peng et al., J. Am. Chem. Soc. 116, 2914 (1994).
[14] G. Peng, X. Wang, C. Randall, J. Moore, and S. Cramer,
Appl. Phys. Lett. 65, 2527 (1994).
[15] M. Taguchi, T. Uozumi, and A. Kotani, J. Phys. Soc. Jpn.
66, 247 (1997).
[16] J.-P. Rueff, C.-C. Kao, V. Struzhkin, J. Badro, J.-F. Shu,
R. Hemley, and H.-K. Mao, Phys. Rev. Lett. 82, 3284
(1999).
[17] P. Kirkpatrick and A. Baez, J. Opt. Soc. Am. 38, 766
(1948).
[18] P. Eng, M. Newville, M. Rivers, and S. Sutton, in X-Ray
Microfocusing: Applications and Technique, edited by
I. McNult (SPIE-International Society for Optical
Engineering, Bellingham, WA, 1998), Vol. 3449,
p. 145.
[19] N. Mott, Metal-Insulator Transitions (Taylor & Francis,
London, 1960).

205504-4

