VOLUME 82, NUMBER 16 PHYSICAL REVIEW LETTERS 19 ARIL 1999

Pressure-Induced High-Spin to Low-Spin Transition in FeS Evidenced
by X-Ray Emission Spectroscopy
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We report the observation of the pressure-induced high-spin to low-spin transition in FeS using new
high-pressure synchrotron x-ray emission spectroscopy techniques. The transition is evidenced by the
disappearance of the low-energy satellite in the K@ emission spectrum of FeS. Moreover, the
phase transition is reversible and closely related to the structural phase transition from a manganese
phosphidelike phase to a monoclinic phase. The study opens new opportunities for investigating the
electronic properties of materials under pressure. [S0031-9007(99)08946-2]

PACS numbers: 62.50.+p, 71.70.Ch, 78.70.En

The study of the electronic structure of highly corre- K absorption edges, thef rare earthl. absorption edges,
lated transition metal compounds has been an importarand the5f actinidesM absorption edges, as well as their
subject in condensed-matter physics over the last secharacteristic emission lines. This problem can be over-
eral decades. The theoretical phase diagram proposed bgme by the use of beryllium as a gasket material in
Zaanen, Sawatzky, and Allen (ZSA) [1] is one of thediamond anvil cells [3], and allowing both the incident
key steps leading to a better understanding of the matexnd transmitted/scattered photons to pass through the low
rials. In addition to the on-sité-d Coulomb interaction absorbing Be gasket instead of diamond. With this tech-
(U) employed in the original Mott-Hubbard theory, the nique, the usable x-ray energy range can in principle be
ligand-valence bandwidtt¥), the ligand-to-metal charge- extended to include the important spectral region from 3
transfer energyX), and the ligand-metal hybridization in- to 10 keV, making possible a wide variety of x-ray spec-
teraction(7) are explicitly included as parameters in thetroscopic studies of the electronic structure of materials
model Hamiltonian. This classification scheme has beeander pressure.
very successful in describing the diverse properties and Here we present a study of the high-spin to low-spin
some seemingly contradicting behavior of a large numbe(HS-LS) transition in FeS using new high-pressure, high-
of these compounds. However, these high-energy-scalesolution x-ray emission spectroscopy (XES) techniques.
charge fluctuations are primarily characteristic of the elelUnder ambient pressure, FeS is an antiferromagnetic insu-
ments involved, and thus cannot be freely adjusted for sydator (Ty = 598 K) [4,5] and has a NiAs-related (troilite)
tematic study of their effects, although they can be variedtructure. More importantly, FeS falls at the boundary
somewhat by external temperature and magnetic field. Obetween charge-transfer and Mott-Hubbard insulators in
the other hand, pressure can introduce much larger pertuthe ZSA phase diagramA(< U and U relatively small
bations of these parameters than can either temperature [6]), so that its electronic structure is far more compli-
magnetic field. Hence, it is of great interest to study thecated, and has been very controversial. Pressure-induced
high-pressure behavior of these systems, and specificallgfructural phase transitions in FeS have been extensively
to correlate observed transformations with changes in elestudied, in part because the material is considered to be a
tronic structure. major component of the cores of terrestrial planets [7—

Unfortunately, high-pressure electronic structure stud412]. FeS undergoes two structural phase transitions at
ies have been severely handicapped because only anbient temperature, from the NiAs-related to a MnP-
few standard spectroscopic techniques are compatiblelated structure at 3.5 GPa, and then to a monoclinic
with high-pressure cells. Despite rapid developments iphase at 6.5 GPa. The latter transition is further accom-
synchrotron-based x-ray spectroscopy, there have begranied by an abrupt shortening of theparameter from
limited investigations at high pressure beyond a fews.70to 5.54 A[7]. Conventional Méssbauer spectroscopy
x-ray absorption studies that have focused mainly on locatxperiments [13,14] have shown that the structural tran-
atomic coordination and structure [2]. This limited studysition at 6.5 GPa is accompanied by the disappearance
is due to the strong attenuation of x-ray photons belowof the magnetic moment-induced hyperfine splitting. Re-
10 keV through the pressure cell (e.g., diamond anvils)sistivity measurements also hinted at a possible insula-
the energy range that covers all th transition element tor to semimetal transition at 3.5 GPa, and perhaps even
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a metallic phase above 7 GPa [15]. We report the ob-
servation of a HS-LS transition in FeS under pressure. 0.2[ o<pet.3 GPa
The spin state of the Fe in FeS is monitored by high-

32
resolution measurement of the Kg8 emission line. The _ s
emission spectrum of HS Fe is characterized by a main 2 %
peak with energy of 7058 eV, and a satellite peak located 5 °'5'0,1 £ 6.3<P<11.5GPa
about 12 eV lower in energy. When the pressure exceeds x ey vy "

6.9 GPa, the satellite vanishes, indicating the transition to

the low spin state with the collapse of the F& magnetic ‘

moment. _ _ 00 7035 7046 705 7065
The experiments were carried out at the X25 hybrid Energy (eV)

wiggler beam line at the National Synchrotron Light

. FIG. 1. Fe XES in FeS as a function of pressure. The spectra
Source (NSLS), Brookhaven National Laboratory. Thewere normalized with the intensity of the main peak set to

beam line consists of a Pt-coated double-focusing mirrofnity, and aligned so that the (pressure independent) energy of
located upstream of a two-crystal monochromator. Fothe main peak is set to 7058 eV. At low pressure, the satellite

cused white beam was used to maximize the incidenat 7045.5 eV is characteristic of the high-spin state (solid line),
xray flx forthe exciation of the emision ine. The typi-LLeeas i S2sence o Seelie oL ot pesure cenctes he
cal beam size at the sample p05|t|qn was afami?’. shows an intermediatg spectrugn obtained c))n decompression at
The spectrometer for the x-ray emission measurement i§1 Gpa. The sequence of pressures was 1.25, 2.0, 2.7, 3.5,
a 1-m Rowland circle instrument laid out in the horizon-6.3, 7.5, 10.0, 11.5, 8.2, 6.9, 6.1, 5.2, 1.4, and 0.2 GPa.
tal plane. A spherically bent Si(333) single-crystal ana-
lyzer crystal was used, with a Bragg angle corresponding
to the FeK B emission line (7058 eV) of 57.27 The range. The spectrum taken at 6.1 GPa shows intermediate
use of a 200um slit in front of the detector produced behavior between these two groups of spectra. It is
an energy resolution of about 1.2 eV at 7 keV. Two-probably due to the pressure gradient in the sample, which
dimensional scans were carried out to ensure accuratelg estimated to be less than 0.5 GPa. Moreover, the
measured line shapes [16]. The emission spectrum washserved changes are reversible as the pressure reduced
then reconstructed by extracting the maximum of intenback to ambient.
sity in the detector scan at each Bragg angle. Typical To illustrate the pressure-induced effects more clearly,
collection times were about 90 min per spectrum. the intensity of the satellite as a function of the ap-
High-purity FeS was loaded into a diamond cell to-plied pressure is shown in Fig. 2. The intensity of the
gether with 4:1 mixture of methanol-ethanol as the pres7045.5 eV satellite of each spectrum was determined by
sure medium [17]. The diamond-cell gasket was initiallysubtracting the spectrum at 11.5 GPa (with no satellite)
a 5-mm diameter by 1-mm-thick Be foil. The pressureand fitting the resulting profile with two Voigt functions
was measured by the ruby fluorescence technique. In ofat 7045.5 and 7056 eV). The difference spectra are
der to reduce background signal, the incident white bearshown in the inset of Fig. 2. In addition to the satellite
was collimated by150 X 50 um’ water-cooled 1-mm- peak in the difference spectra, a peak around 7056 eV is
thick Ta slits. The slit assembly was in turn mountedobserved, which is also a signature of the HS state (as dis-
on a water-cooled copper block located in front of thecussed below). Although the position and intensity of this
cell, which was oriented vertically so that both the inci- peak are subject to some uncertainty due to the subtrac-
dent and collected x rays passed through the Be gaskdion procedure, the peak disappears around 7 GPa (like the
The emitted x rays were detected at & 80attering angle 7045.5 eV satellite). From Fig. 2, a reversible transition
to further reduce background signal. To evaluate the sigeccurs between 6.0 and 7.0 GPa. Since the uncertainty in
nal from the Be gasket (known to contain a small amounpressure due to the relaxation processes and the pressure
of Fe impurities), a spectrum measured 1o® from the  gradient in the cell is about 0.5 GPa, the observed change
sample was subtracted from that measured at the sampleus coincides with the pressure of 6.5 GPa at which the
position. magnetic splitting disappeared in the Méssbauer measure-
Figure 1 shows the F&K B XES of FeS between ment. Notably, there is no appreciable change in the satel-
ambient pressure and 11.5 GPa. All spectra show a maiite intensity at 3.5 GPa, the pressure corresponding to the
peak located at 7058 eV, usually referred to askig s NiAs- to MnP-related structural phase transition.
line. More importantly, a well-defined satellite located To interpret the observed spectral changes, a brief
at 7045.5 eV, denotek 8’ in the following, appears review of the theory ofK 3 x-ray emission spectra is
only in spectra measured for pressures below 6.3 GPgiven. The KB emission lines are characteristic x-ray
The satellite intensity disappears in spectra for pressurdmes originating from the3p — 1s decay. For a large
ranging between 6.3 and 11.5 GPa. The width of theaumber of transition metal compounds, tke8 spectra
main line also shows significant narrowing in this pressurénas been interpreted using atomic multiplet calculations
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of a number of Mn [20-23], and Fe [23,24] compounds
recently. The sensitivity of theKB;3 emission line
shape to the spin state of the system is demonstrated in
Fig. 3, where the F& 3,3 line from FeO and FeSare
) shown. These spectra were recorded at ambient pressure.
108 ey ton The nominal oxidation state is-2 for Fe in all three
- compounds; however, Fe is in the HS state in FeO and
in the LS state in FeS Note the pronounced satellite
b structure in thekK 8 spectrum of FeO, and the lack of a
S — satellite feature for FeS Detailed inspection shows that
there is a small shoulder on the low-energy side of the
main peak for FeO, indicating the presence of the small
HS component discussed above. On the other hand, the
FIG. 2. Integrated intensity of the structure in the satellitemMain peak for FeSis narrower and more symmetric,
region of the spectra shown in Fig. 1 obtained from a Voigtsuggesting that in addition to the disappearance of the

profile fitted to the difference spectrum upon compressioniow-energy satellite, the higher energy HS component is
(circles) and decompression (squares).

calculated from the difference spectra obtai-rl;zg bi;ti[ljsbi;?/ac\tl\i/r? absent as well. These two examples clearly show that the
the 11.5 GPa spectrum from each scan (inset). The pressure ectral s_hape of t.hK'B emission line can be use_d to.
the inset follows from top to bottom the loop as indicated in theCharacterize the spin state of the transition-metal ions in
caption to Fig. 1 and given on the left-hand side of the insetthese systems.

The second peak in the 7056 eV region is distorted by the We can now describe more precisely the pressure
subtraction procedure; consequently its intensity is not showny, lectronic transition in F nder ambient
Spurious peaks in th&€ 8, ; shoulder at 7058 to 7062 eV arise duced electronic transitio eS. Under ambie

from uncertainties associated with the subtraction procedurec.ond't'on’ Fe in FeS IS cgnsgdelred © t_)e dlvale_nt with a

The solid line is a guide to the eye; the dashed line shows zerblS electron Conflguratlo(ngTegTIZgl)' This result is now

intensity level. well established through both Mdssbauer spectroscopy
and magnetic susceptibility measurements [14]. The

Mossbauer spectra clearly indicate divalent Fe. The
and configuration interaction. It is now widely acceptedisomer shift of +0.76 mm/s found in FeS is consistent

that the spectral shape &S emission line for these with F€* in the HS configuration, which is further
compounds is dominated by final state interaction betweeoonfirmed by the large effective moment (estimated to
the 3p core hole and the electrons of the partially filled be 5.5u45 by magnetic susceptibility measurements [4]).
3d shell. Qualitatively, the main effect is due to the In the LS state(3,15,), the two final states of the
exchange interaction between the core hole and the loca g8 emission line3p''3d, are degenerate because of the
moment, which results in splitting of th& 8 spectrum  absence of 44 magnetic moment, thus the XES spectrum

into HS and LS final states. This simple picture alsoreduces to a single peak as observed.
predicts that the energy separation between the two peaks

is given by the product of the exchange integrfahnd
(25 + 1), where S is the total spin of the3d shell,

P (GPa)

Intensity (a.u.)

0 5 10 15
Pressure (GPa)

and that the intensity ratio between the two is given by tr fi
S/(S + 1) [18]. Both the energy splitting and intensity R iocra It
ratio are modified when configuration interaction is taken 08 | | ==~ FeSatiGPa \;&
into account [19]. These calculations show that the

3p'3d' final state is characterized by a single peak that
constitutes most of the intensity of the main emission
line. On the other hand, thigp!34d' final state is further
split into two components, one at significantly lower
energy than predicted by simple theory and one at slightly

0.6

04 -

Normalized Intensity (a.u.)

lower energy than the main emission litsp'34") which >t \\

appears as a shoulder. However, the simplified picture . ‘ ‘ ‘ \ ]
does point out the qualitative changes expected for the 7025 7035 7045 7055 7065 7075
3d electrons going from HS to LS states, namely, smaller Enerey ()

energy splitting between the main peak and the satellite d9G. 3. XES spectra of FeS in the high-spin (room pressure)
well as a reduction in the satellite to main peak intensity2"d low-spin (11.5 GPa) states, along with room pressure
ratio reference spectra of two iron compounds witt2 oxidation

. states for iron, namely, FeO (HS) and kKefS). The
The above theoretical approach has been successfulfifference between the low-spin spectra of FeS and, FeS

applied to the interpretation of th€8 emission spectra within the measured error.
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