PHYSICAL REVIEW B VOLUME 60, NUMBER 21 1 DECEMBER 1999-I

Magnetic and structural a-e phase transition in Fe monitored by x-ray emission spectroscopy
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The iron structural and magnetic transition between the magfietice) and the nonmagnetithcp-€)
phases has been studied monitoring the pressure dependence of Ki fierescence line excited with
monochromatic synchrotron radiation. The relative intensity of the two multiplets shows an S-shaped pressure
curve with flex point at the known transition pressure of 130 kbar. $edth of ~30 kbar also coincides
with the one determined in structural determinations, and in magnetism studies ussspaver techniques.
This shows how the x-ray emission method can be used to probe the local magnetic properties of atoms under
extreme thermodynamic conditio$0163-182@09)03745-5

The investigation of the properties of condensed mattegetail on an experimental basis. Using tFi&e Massbauer
under extreme thermodynamic conditions has received gesonance, which shows a hyperfine splitting due to the in-
great impulse since the recent development of very highteraction between the nuclear spin and the magnetic moment
pressure techniques based on the use of diamond-anvil cells the magnetic electrons on the iron nuclear site, it has been
(DAC). Using a DAC, it is now possible to bring samples atpossible to establish the nonmagnetic state of the
pressures in the Mbar range. The DAC-based methods ha\&]asévm—lﬁ
been very successt!I also when used in _co_mbination to in- The recent development of high-energy resolution x-ray
tense and small size synchrotron radiation-based Xx-ra¥mission provides an alternative method to MS to probe the

beams, especially those produced at third generation X-1a).o| magnetic properties of atoms. The XES spectra show a

sources, .Wh'Ch a_IIpw to cgndense very efficiently the XT&Ysaries of features which reflect the energies of the different
intensity in submillimeter sized sample volumes. Using thes

weray beams. nowerful crvstalloaranhy methods are now rou(iélectronic configurations of the excited atdmTogether
y P y grapny with the Coulomb interactions between the electrons occu-

tinely applied to study the structure and, more generally, the . : . . .
equgtiorr)]pof statéEO% of the investigated samgle. Bes?:jes pying different orbital configurations, there are also those of

crystallography, thanks to the intensity and collimation of Mgnetic origin. In particular, we consider an excited atom
third generation x-ray beams, one starts to see the possibilityfich has valence electrons with unpaired spins giving rise
to develop as well x-ray based spectroscopy methods a magnetic moment. Here, the exchange interactions be-
x-ray-absorption spectroscopy, extended x-ray-absorptiofVeen these magnetic electro_ns _and the core electrons in the
fine structure;? Mossbauer spectroscopgiMS),® and x-ray ~ Orbital where the photon emission process has left a core
emission spectroscopyXES). hole are responsible for the appearance of multiplet families
Iron, and specifically iron under extreme conditions ofin the emission spectrum with a dominant spin character.
high pressure and temperature, is an element of great impofhe energy separation among these families, and therefore
tance for its geophysical and practical implicatidn.At  the possibility to observe them easily, is related to the
room temperature and with increasing pressure, iron showsstrength of these interactions, which are maximum when the
phase transition from a bceyrj phase to a hcpe) phase at hole is in an orbital with the same principal quantum number
a pressure of=130 kbar® This transition is found to take n of the magnetic electrons. In the case of iron, this situation
place in a~30-kbar pressure interval. Besides the structurals obtained for thé 8 fluorescence line, where the final state
phase transition, one finds also an important change in theole is in the 3 orbital and the magnetic electrons are in the
magnetic properties of the iron atom: namely iron which is3d orbitals.
ferromagnetic in thex phase becomes nonmagnetic in the In this paper we present an x-ray emission investigation
phase. The magnetic properties of iron under pressure araf the magnetism in pure Fe under high pressure. Thi Be-
their interplay with the structural phase transitions have beeline has been measured across dhie phase transition, tak-
the subject of various theoretical studies: the phase diagraing place aroundP=130 kbar. The disappearance at the
of iron under pressure is rather well described within thephase transition pressure of the satellite peak at the low emis-
fluctuation spin theory,showing the strong magnetovolume sion energy side of the A€ line indicates the collapse of
coupling in iron. In particular, magnetism is shown to be thethe magnetization ire-Fe, confirming earlier MS studies.
primary stabilizing factor of the bcc structure at ambientThis transition takes place at the same pressure of the struc-
pressure. Further band-structure-calculations-liketural phase transition, and its width is found to be as sharp as
technique¥~'2have also stressed the relevance of the magthat of both previous structural and magnetic studies. This
netovolume instabilities to understand the properties of irorobservation demonstrates that the XES method can be used
under pressure. It is therefore of prime importance that itsuccessfully to monitor the magnetic properties of materials
different structural and magnetic phases are studied in greats a function of thermodynamic variables as temperature and
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cence technique using a He-Ne blue laser. For a complete
characterization of the Fe structure, diffraction patterns were
also recorded from the sample in the DAC in both low- and
high-pressure phases. The diffraction measurements were
performed on the high-pressure station ID9 at ESRF using an
image plate technique.

Iron x-ray emission spectra are shown in Fig. 1 for pres-
sure ranging from 40 to 300 kbar at room temperature. The
spectra were arbitrarily normalized to the main peak inten-
sity, and aligned to the theoretical Rg8 fluorescence en-
ergy of 7058 eV. The spectra consist of an intense narrow
peak at 7058 eV followed on the energy-loss side by a broad
satellite located at=7045 eV. As shown in the inset of Fig.

1, this spectral feature decreases in intensity with increasing
pressure, and tends to disappear when the pressure exceeds
135 kbar, assuming afterwards an almost constant shape up
to 300 kbar, the highest measured pressure point. This satel-
lite peak, well established from experimental studies on the
KB line of other transition metals, as well as on the;s

lines in rare earths, and by theoretical calculations within the
multiple approach/® is predominantly due to final state
configurations where the total spin of the core orbitagb (8

FIG. 1. Fe XES spectra measured at increasing pressures. THEaNSition metals anddtin rare earthpis aligned opposite to
spectra were normalized to the intensity of the main peak set téhe magnetic moment of the valence electrond {{8transi-
unity, and aligned to 7058 eV. At low pressure, the satellite attion metals and # in rare earths Its presenceabsence

7045.5 eV is characteristic of the magnetic stéselid line

whereas the absence of satellite above 150 kbar denotes the transi-

tion to the nonmagnetic statdotted lines.

pressure. It is, therefore, an alternative/complementary
method to MS, particularly attractive on all those atoms

without easily accessible Msbauer isotopes.

The experiment was carried out at the inelastic x-ray scat- 15 |
tering undulator beamline 1D16 at the European Synchrotron

Radiation Facility(ESRB. The detailed setup of the beam-
line has been described elsewh&teThe white beam is
monochromatized by a cryogenic He-cooled1%il) double

crystal device, and focused on the sample position by a Rh-

coated toroidal mirror to a spot size of 20(vertical)
x 80(horizontal) wm?. This size is comparable and even

20 hcp-¢ phase |

r 300 kbar7

smaller than the gasket size in the DAC, thus maximizing the
incident flux for the excitation of the emission line. The fluo-
rescence signal is detected by a 1-m Rowland circle spec-
trometer operating in the horizontal scattering plane. The
analyzer consists of €631 single crystal wafer elastically
bent and glued onto a spherical substrate of 1-m radius. The
analyzer is operated at Bragg angles around the value of
73.12°, corresponding to the Ke8 emission line. The use

of these Bragg angles, the horizontal source size, and the
natural optical aberrations of the analyzer give a total-energy
resolution of~300 meV, a value smaller than the intrinsic
linewidth of the FeK 3 line. The FeK 8 emission spectra are
excited with monochromatic radiation of 11 KeV photon en-
ergy. This value is dictated by an optimal choice between
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FIG. 2. Integrated intensity of the satellite shown in Fig. 1
(crosses compared to thev-phase fraction determined by é®-
bauer spectroscopyRef. 16 (solid circles upon pressure increase.
The latter curve has been scaled to the low-pressure XES satellite
ntensity. The solid line is a guide to the eyes. The intensity of the

a\{a!lable Intensity, max,'mum Fe photon _abso_rpt'on' ancB(ES satellite was calculated from the difference spectra obtained
minimal photon attenuation by the 2-mm-thick diamonds ofy,, gyhracting the 230-kbar spectrum from each scaosses or

the DAC. The detector is a Peltier-cooled silicon pin diode.py sybtracting the spectra after normalization to the integrated in-
A high-purity Fe foil was loaded in a membrane-type DAC tensity (open circles The plateau at lowhigh) pressure corre-
with N, as pressure medium. The sample was inserted in gponds to the magnetimonmagnetig phase. The diffraction pat-
100-wm-diameter and 2@m-thick Re gasket. Pressure on tern measured in both phases, shown in the inset, confirm the

the sample was measured by the conventional ruby fluorestructural change.
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therefore testifies the presen@bsenceof a magnetic mo- cesses and to the pressure gradients in the cell, is about 5
ment arising from the considered valence orbital. The intenkbar. The plateau at lovhigh) pressure can be readily asso-
sity of this peak, among other contributions, strongly de-ciated with the magnetie- (nonmagnetice) phase. The cor-
pends on the spatial overlap between the valence orbitals amdsponding diffraction patterns shown in the inset of Fig. 2
those of the core electrons where the final-state core hole hasnfirm the structural transition. The value Bf coincides,
been created by the emission process: this explains why thisithin the indetermination, with the one determined in other
method is extremely sensitive, and, in fact, we believe alstructural studies for ther-Fe to e-Fe transition pressure.
most exclusively sensitive, to the magnetic moment induced’he pressure width of the transitiodP, found in the
by the considered valence orbitals of the excited atom. Theresent emission study is30 kbar, a value comparable to
result reported in Fig. 1 is therefore interpreted as the disapthat found in both structurabnd magnetic determinations as
pearance of a substantial amount of the magnetic momemhown in Fig. 2 where the-phase fraction determined by
due to the Fe 8 valence electrons. Mossbauer spectroscopy has been repdfted.

The fine analysis of the intensity decrease of the satellite In conclusion, this study shows that the K@ emission
peak is reported in Fig. 2. The satellite structure amplitude ispectra strongly depend on pressure, and the relative intensi-
determined as a function of pressure as follows: the amplities of the spectral features indicates the collapse of the 3
tudes are obtained calculating the integral of the differencelectron magnetic moment at thee phase transition. As
spectrum between the spectrum at pres$uend that atP already shown by MS, this confirms that the structural and
=300 kbar, after normalization of all the spectra to the peaknagnetic phase transitions take place simultaneously and in
intensity of the main peak at 7058 eV. An alternative methodhe same pressure range, and therefore that the iron atom in
consists in normalizing all emission spectra to the same inthe hcp phase has no longer a magnetic moment. Finally, this
tegral value, and then calculating the integral of the modulustudy, performed here with monochromatic beam, testifies
of the difference spectrum. The two methods give essentiallyhe power of the present technique to monitor important
identical results, which are reported in Fig. 2, that is, a plamodifications of the magnetic and electronic structure of
teau of high intensity at low pressure followed by a sharpcondensed matter under extreme conditions. In the specific
drop in intensity around®,=135 kbar and a low intensity case of iron, it has been possible to show that the structural
plateau at higher pressure. The uncertainty in the absolu@nd magnetic phase transitions take place simultaneously and
pressure determination, due to mechanical relaxation prdn the same pressure range.
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